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ABSTRACT 

The thickness and refractive index of thin films determines their 

performance. Thickness variation due to the deposition process is well 

understood and correctable. Variation in the refractive index due to the 

deposition process is a considerably more complex problem. In this work two 

important members of the class of high index refractory materials: Tantalum 

pentoxide and Titania are investigated. These materials are known to produce 

very high quality films. Ion plating of tantalum results in the extremely high 

quality films, but ion plating of titania results in films with absorption that is 

too high and the process in now no longer used. Ion assisted deposition of 

titania, however, results in high quality films. 

The variation in refractive index due to the columnar microstructure of these 

materials has been eliminated but the subtler aspects of the thin films 

behavior is more difficult to improve. It is this aspect that I have investigated. 

In particular what improvements can be made by post deposition annealing of 

ion plated and ion assisted deposition of Tantalum pentoxide, and can the ion 

bombardment of Titania result in films with increased birefringence. If this 

anisotropy can be increased a number of interesting polarizing elements can 

be produced. These investigations were performed in distinct methods. The 

absorption of these films required the design and construction of a specialized 

highly sensitive waveguide apparatus. The investigation of anisotropy 

involved examining the evolution of form birefringence in situ by 

polarimetry. 

A further parameter of interest, although not as yet widely studied in thin 

films as the effects are small and difficult to observe is material nonlinearity. 

In the future the design of dynamic filters or coatings for powerful laser 

systems will require a good means of determining this kind of behavior in 

thin films. To this end we have designed our absorption instrument to be able 

to determine changes in refractive index due to a strong external pump beam. 

These effects are described in chapter three as an indication of future trends 

in this area. 



CHAPTER I 

INTRODUCTION 

In optical systems one must be able to alter the optical performance of 

the materials used in the construction of the system. Optical coatings 

have been developed that are capable of selectively reflecting. 

transmitting. or absorbing light in almost any prescribed mannerl . 

These coatings include: edge filters. which pass either long or short 

wavelength; beam splitters that separate light by its polarization state 

and others that are nonpolarizing; mirrors that are either simple metal 

layers or multilayer dielectrics; narrow band filters; narrow band 

reflectors; anti-reflection coatings... The list continues to grow along 

with new applications of optical systems. 

The early development of the field of thin film coating was 

distinguished by mostly empirical and very applied materials research. 

This development has recently been dominated by technological 

improvements. The first thin films were produced at the end of the 19th 

century by the explosive decomposition of metal wires. With the 

development of vacuum technology (pumps in particular) less violent 

means such as evaporation were developed. With this came the 

production of thin films whose behavior was determined not by 

absorption as in metal mirrors but through interference. the heat 

mirror and the all dielectric Fabry Perot filter are prime examples. In 

order to completely eliminate absorption. which severely limits the 

interference effect new materials and processes have been developed to 

the point that these effects are negligible for many applications. 

But we. as thin film physicists are not yet out of work. Those who have 

come before us have managed a great deal. but the dependence of thin 

films on the process has not vanished. It is our ability to alter the 

microstructure that allows us to tailor and thus further refine the 

performance of these materials to suit our needs. In order to accomplish 
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this tailoring and refinement we must continue to develop more 

sensitive apparatus and techniques2 . 

The greatest portion of the current work in thin films is not the 

creation of new designs but the improvement in the performance of 

existing structures. Refining designs to improve their resistance to 

intense light for use in laser cavities and in their beam lines will serve 

as an example. The refinement consists both theoretical3 and 

technological4 aspects. The theorist model the mechanisms of 

breakdown caused by the high flux levels and then alter the design to 

reduce these effects. This modelling includes thermal, electronic, and 

mechanical properties of the filmS. The technological aspects revolve 

around improving the performance of materials and manufacturing 

techniques 6-12 in order to further reduce scatter and absorption that 

are implicit in many breakdown mechanisms. Inherent in material 

improvement is the characterization of the materials 13- 18 . 

Although thin film devices differ in the details of their construction, all 

except for the single layer metal mirrors, are based on the principle of 

interference. This principal determines the material parameters of 

prime interest to the thin film designer. In the ideal case the properties 

of a thin film are completely determined by just two parameters: 

thickness and refractive index. In this simple model a thin film is 

thought of a slice of homogeneous isotropic material of thickness, d, and 

index of refraction, N. 
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The refractive index is used in this text with the following convention: N=n-ik. 
Here, n=c/v the real part of the refractive index is defined by the velocity of a , 
the light wave in a material relative to the speed of light in a vacuum. The 

extinction coefficient , k, is a measure of the losses at the frequency of the 

incident wave. It is a purely macroscopic quantity. 

Abeles 19 has shown that the performance of a simple thin film could be 

represented by a matrix of the form: 
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cos Bi 
iThsin( Bi) ( 1-1) 

where the phase thickness is written as 

and effective admittance 

for s (TE) polarization \ 

for p (TMJ polarization { 

where YO =1/377 Siemens is the admittance of free space. no is the index 

(assumed real) of the incident medium and eO the angle of incidence. 

This matrix transfers a plane electromagnetic field from the exit face of 

the thin film to the entrance face. The great utility of this set of 

equations is in the calculation of the physically measurable quantities 

of transmission (T), reflection (R), absorption (A) and phase shift of not 

only a thin film but any number of thin films in a stack. This reduces to 

a problem of matrix multiplication of the series of 2x2 matrices which is 

quickly performed by computer. 

(1-2) 

(1-3 ) 

The thickness and its variation are relatively easy to control in a modern 

deposition system20- 23. The laws governing the directionality of various 

types of sources are well known and the manufacture of masks that produce 

large areas with variation of less than a few tenths of a percent are well 

established. 

The refractive index is more problematical. The Handbook of Chemistry and 

Physics 24 lists about 3000 inorganic compounds. Of these Macleod 25 lists 

about 30 that are in common usage in the thin-film community. This drastic 

restriction is a result of considerations such as the region of transparency, the 
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refractive index, mechanical properties (hardness and abrasion resistance), 

chemical properties(solubility, resistance to chemical attack), toxicity, price 

and availability. Even this limited choice of materials still leaves an infinite 

number of designs as the thickness of the individual layers remains 

continously variable. The wavelength range of interest usually determines 

the materials that are used. For the visible region of the spectrum ZnS, MgFa, 

Si02, Ti02, Zr02, Ta20s, (5NaF3)AIF3, Na3AIF6 are the most commonly 

encountered materials. Of these only the oxides and MgF2 are robust 

physically, the other are popular as they offer good optical properties 

combined with extreme ease of manufacture. 

There have been attempts to extend this list of materials through the 

evaporation of mixtures or the simultaneous evaporation of multiple materials 

to produce a material of intermediate index26, 27. These have been successful 

in the labortory, but might be difficult to adapt to production environments. 

Successes include the production of hard amorphous coatings, and the 

reduction of stress. There are difficulties in maintaining a constant 

stoichiometry and reproducibility of index. 

The real challenge of thin films is that, with exception of the soft materials, 

they do not behave as simple thin slabs of the bulk material from which they 

are made. The optical properties of thin films depend on many variables that 

pertain to the method used for there fabrication 7, 28 Many papers have been 

presented on the alteration and improvement of the more popular coating 

materials, and a great number of techniques exist for determination of their 

properties. Nevertheless there remains much to be done. 

I have selected two important materials, both high-index refractory oxides. 

These are perhaps the most commonly used high index materials in high 

performance coatings. Methods have been developed 6, 10, 20, 29-34 which 

impressively improve the performance of these materials, but there remain 

certain subtle aspects of their behavior which are neither fully understood 

nor, as yet exploited. These two materials, Ti02 and Ta20S and the techniques 

used for there deposition are Ion Assisted Deposition (lAD) and Ion Plating 

(lP). Of particular interest are their absorption and form birefringence. 



Quantification of absorption in materials of extremely high optical quali ty is 

achieved with a waveguide apparatus which we constructed based on a ccd 

camera. The evolution of the birefringence was observed with an in situ 

polarimeter. These form the major part of this dissertation. However a 
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further aspect of the properties thin films that is of growing interest is their 

stability of coatings under the influence of large fields. In. order to study this 

effect I have simulated a series of possible nonlinear interactions with thin 

film structures and propose a method of investigation. Although somewhat 

speCUlative and thus far purely theoretical I have thought it useful to include 

a short account of this work also. 

OPTICAL PROPERTIES OF MASSIVE MATERIALS 

Bulk materials. and particularly crystalline materials form the typical subjects 

of study by what is known as Solid State PhysicS35-37 These materials. by 

virtue of infinite periodicity,.. allow for analytic calculation of many 

parameters of interest. These regularly repeating lattices allow direct 

calculation of heat capacity. thermal or electrical conductivity. bandgaps. 

excitons. etc .... i.e. the collective behavior of the atomic or molecular species 

that compose solid matter. The response of these materials to a plane 

monochromatic wave is described by: the refractive index, N. the dielectric 

function E. the suceptibility X. and the polarizability p. which are related 

through the following set of equations: 

E(ro) = 1 +X(ro) 

P(ro)=EX(ro) 

D(ro)=EE(ro). 

Where E is the electric field. D the electric displacement and (0 is the 

frequency of the wave. 

( 1 -4) 

(1-5 ) 

(1-6) 

(1-7) 
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Any arbitrary wave can be written as a superposition of plane wave 

components through Fourier decomposition38 , I, therefore, consider only a 

single plane wave traveling in the 1C direction with frequency ro, of the fonn: 

E(k,ro)=Ae-i(K' r-rot). (1-8) 

Where the vector amplitude A contains the direction of field polarization. 

In a crystal these relations must be applied to each of the principal indices. N 

is in general a function of both frequency and direction39 . It can be written 

as a complex second rank tensor whose values depend on the frequency. 

Crystals can be divided into three optical types: isotropic, uniaxial, and biaxial. 

These classes are defined by the number of distinct directions of propagation. 

In an isotropic material the dielectric function is a scalar quantity since 

isotropic media have no preferred directions. In a uniaxial crystal, the 

principal dielectric functions are related by El =E2:;a!:E3 In a biaxial medium 

El :;a!:E2:;a!:E3. In uniaxial and biaxial crystals two distinct plane waves can 

propagate with different phase velocities and mutually orthogonal linear 

polarizations for any given input direction. These two waves, the eigenmodes. 

are referred to as the e· (extraordinary) wave and the 0 (ordinary) wave, and 

can be calculated for any incident polarization through a construction known 

as the index ellipsoid. Briefly, the semi-axes of the index ellipsoid are 

detennined by the principal indices of refraction which are the defined as the 

indices in the frame of reference where the dielectric tensor is orthogonal. To 

find the prin~ipal polarization directions for a given angle of incidence. one 

determines the ellipse formed by the intersection of a plane through the 

origin the normal to the direction of propagation, and the ellipsoid. The 

directions of the ellipse axes are the principal polarization directions and half 

the inverse of their lengths times the free space velocity are the phase 

veiocities40 . 
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In linear optics the fields associated with the light are small in comparison to 

those associated with th~ atomic binding energies. In this regime, light 

propagates through materials without changing the materials' optical 

properties. The response of the material to a plane wave is characterized by 

the refractive index. As the energy in the plane wave increases , particularly 

near material resonances, deviations in the response of the material occur. 

The regime of non-linear optical phenomena is entered. As the flux levels are 

further increased these changes become more pronounced and lead to 

"irreversible" changes in the material, which usually implies damage. 

In the nonlinear optics region the response of the material is represented by 

an expansion of the susceptibility tensor in a power series of the total field 4 1 

(1-9) 

This nonlinear susceptibility is then used to define the polarization of the 

materi al 

(1-10) 

In these equations the total field E and can be composed of many different 

polarization states, frequencies and directions and matrix operations are 

implied in the multiplication. The non linear polarizability introduces a 

driving term into the wave equation 

(1-11) 

that can lead to the creation of new fields. Here c is the speed of light, JlO is 

that magnetic permeability and is assumed constant at optical frequencies, and 

cr is the electrical conductivity of the medium at optical frequencies. 

Associated with the various terms in expansion 1-10 is what is referred to as 

the order of the interaction. The order is determined by the appropriate power 

of the field in the polarizability expression. The first order, x( 1), terms 



correspond to linear optics and such phenomena as the index of refraction, 

linear absorption, gain, and birefringence. 

The second order terms , X (2) correspond to processes such as three wave 

mixing, second harmonic generation, optical rectification, parametric 

oscillation and the Pockels effect. In order for a bulk crystalline material to 

exhibit second order effects it must lack inversion symmetry. 
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The third order effects, that occur in all materials irrespective of inversion 

symmetry which have received the greatest interest and investigation. 

Among the effects are Kerr-like nonlinearities, four wave mixing, stimulated 

Brillouin scattering42 , stimulated Raman scattering, third harmonic 

generation, and two photon absorption41 . 

There are higher order effects, beyond X (3), but as they are usually vanishing 

small I will not consider them here. 

Nonlinearities can be associated with local effects such as molecular 

orientation, as in liquid crystals, or non-local effects, such as the changes in 

free carrier concentration in semiconductors. 

It must be noted that there are many additional sources of nonlinear behavior 

in thin films that are not directly related to the intrinsic material properties. 

These include thermal effects such as temperature dependent changes in the 

moisture content of the film, impurity induced absorption (which mayor may 

not saturate), and particularly important, changes in refractive index due to 

heating. Although the temperature dependence of the refractive index is an 

intrinsic property of the material. the source of this heating is not 

necessarily due to the intrinsic absorption of the material, This 

thermorefractive effect is not considered a 'real' nonlinearity although it 

results in a change in refractive index with incident power as it is a result of 

two linear processes, absorption and temperature dependence of refractive 

index. 

Kerr like nonlinear index changes are of particular interest. This type of 

response is characterized by a refractive index of the form: 
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(1-12) 

Where 

is the local irradiance. The factor NO is the linear refractive index and 

contains nonsaturable absorption and background refractive index effects and 

the '" indicates complex conjugation. The second term, nonlinear Kerr 

coefficient N 2, is the "effective nonlinearity" of the material and combines all 

the microscopic changes in the material that lead to intensity dependent 

refractive index. 

The real and imaginary portions of the refractive index are not independent. 

Due to the principle of causality they are related by the Kramers-Kronig 

relations35 : 

(1-14) 

(1-15) 

Because of this correlation any change in the absorption or index is reflected 

by a change in its compliment. A second observation of these equations is 

that as the denominator is the difference in the squares of the frequency 

variable. This implies a strong coupling for nearby frequencies, but as all 

wavelengths are integrated, a weak change over a broad band can have a 

greater effect than a large perturbation in a very localized region. 

Thin films, as we shall see, depart from ideal behavior in a number of 

significant respects. Most of these departures can be attributed to the 



22 

microstructure, which is in turn related to the manner in which films grow. 

Impurities also contribute, but they can be controlled through proper material 

handling. Changes in the microstructure demand fundamental changes in the 

deposition technique. 

MICROSTRUCTURE OF TIDN FILMS 

The most common technique for the production of optical thin films is 

evaporation/condensation under vacuum, referred to as physical vapor 

deposition (PVD). This process tends to produce layers with a pronounced 

columnar structure8, 43, 44. The fibrous columns, the principal feature of the 

microstructure of the thin films, are responsible for many observed 

phenomena. In fact the limiting factor in the manufacture of the highest 

quality coatings is the microstructure that results from the growth process. 

The detailed dynamics of the structure formation are complex, but the limited 

mobility of the condensing atoms (adatoms) or molecules is an essential factor. 

This importance has been amply illustrated through many simulations 45-48 0 f 

thin film growth and in the different growth regions introduced by Movchan 

and Demchichin49 in their structure zone model. If we assume that the vapor 

flux is incident at an angle other than normal, and that the mobility of the 

adatoms is limited, it is easy to see that once a column begins to form no 

material can be deposited in the shadowed region behind the column. This 

results in a lower film density in the plane of deposition than perpendicular to 

it. The structure zone model, as modified by Thorton to include sputtering 

effects is illustrated in Figure 1.1. Where of particular interest is the zone 

2/zone 3 transition region. In this region the films are dense but amorphous 

or polycrystalline. This results in isotropic behavior that is closest to the ideal 

performance. The ratio of the substrate temperature to the melting point of 

the material is of prime importance in this model. The mobility is increased by 

raising the temperature of the substrate. In figure 1.2, this increased mobility 

is shown to increase the density of simulated thin films. These simulations are 

very powerful tools in understanding the dynamics of thin film growth. 
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Zone 1 Zone 2 Zone 3 
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Figure 1.1 The structure zone model. 



Figure 1.2 The change in density with increasing mobility as seen through 
computer simulation. In these simulations the angle of incidence is 400 • 

(courtesy R.B.Sargent) 
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Figure 1.3 Thin film micrograph of Ti02 showing pronounced columnar 

structure.(courtesy of F.Flory) 
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Unfortunately. heating the substrate is not always feasible or desirable as it 

increases crystalite size. For many substrate/film combinations the 

temperature required to increase the density of the film is too high to be 

practical. for example. plastic substrates or semiconductor devices cannot 

withstand any significant heating. This has led to the development of ambient 

temperature energetic coating processes such as Ion Assisted Deposition 

(lAD)6. Sputtering50 • Ion Beam Sputtering51 • Activated reactive deposition52 

• Ion Plating (lp)53. 54 • and so forth. These processes alter the kinetics of the 

deposition process and lead to much denser films which exhibit a large 

reduction in adverse microstructurally induced effects. 

Convincing evidence of this structure are secondary electron micrographs5 5 

of fractured thin film samples such as figure 1.35 6 

A THIN FILM STRUCTURE MODEL 

The effects of microstructure are present in all thin films to varying 

degrees 11. 43, 46. 49. 57. 58. 59. A model which accounts for most of the 

observed departure is that of an array of conic columns of elliptical 

crossection whose axis is inclined with respect to the substrate and whose axes 

are derived from a prescribed distribution law45• 60. This model is illustrated 

in Figure 1.4. where for simplicity the columns are cylindrical. At this point 

must interject a word of caution. the labeling of axes is somewhat arbitrary 

and there are at least two commonly used conventions in the literature I cite. 

So care is advised when comparing the refractive indices found in different 

papers. 

A variety of problems can be attributed to the presence of these columns. 

These include: reduction of refractive index. increased absorption loss, 

scattering losses. short and long term instabilities, temperature instabilities. 

inhomogeneity. anisotropy. and adhesion failure. 
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Figure 1.4. Model of columnar structure illustrating the definition of the 

refractive indices for the calculation of anisotropy. 



Figure 1.5. Columns of more complex growth result in index inhomogeneity. 

The linear columns at the right offer ease of calculation. 

28 
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REDUCfION IN REFRACTIVE INDEX 

The most common measure of the quality of a thin film is· the packing density 

which is defined as : 

the volume of the solid part of the film p 
the total volume of the film (1-13) 

This coefficient61 is a measure of the solidity of the film and for useful 

materials is generally in the range of 0.8 to 0.9543 . As the packing density is 

almost always less than unity one is immediately led to the conclusion that the 

observed index of refraction will be reduced from the values observed for 

massive materials, regardless of whether the films are crystalline, 

polycrystalline or amorphous. This is seen by considering the thin film to be 

made up of two components. The first component is the thin film material 

which make up the columns, the second is the voids. The index of the voids 

index is nv. For simplicity consider the columns to be isotropic of index Nc . 

The easiest calculation is to assume a linear dependence of refractive index on 

packing density 

(1-14) 

A more physically realistic model can be deduced from Maxwell-Garnett (MG) 

theory. The MG is an effective medium theory based on the small size of the 

columns with respect to the wavelength of light. One can assume that the 

average field is determined by the mean response of the materials. 

predicts the index of the composite material will be: 

n2 n~( I-p)(nz+2)+n~p(n~+2) 
(l-p )(n~+2)+p(n~+2) 

This 

(1-15) 
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Figure 1-6 the simple configuration for uniaxial birefringence 
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Packing density is useful a concept for the evaluation of thin films as it is a 

single number that predicts the overall performance. It can be determined 

through direct measurement or more commonly by what is known as the 

vacuum to air shift. This shift is a change in the transmission or reflection of 

a thin film sample or the frequency of a quartz crystal microbalance6 1 

observed upon venting, that is allowing air into the vacuum chamber. In the 

optical measurements the apparent thickness, changes toward longer 

wavelengths. This shift can be interpreted as an increase in the mean 

refractive index of the film as the voids are filled with water and nv changes 

from 1(vacuum) to 1.33(water) As the quartz crystal measures the mass of 

material deposited on its surface a s the heaver water bearing air replaces the 

vacuum In direct measurement of p,one measures the physical thickness of 

the film with a mechanical profilometer and by weighing the sample finds the 

mass of the film. Knowing the area coated the density of the material present 

is obtained. If one assumes that the columns have bulk density the ratio of the 

film density to the bulk density is the packing density. In the optical 

measurement one observes the transmission characteristic of the film before 

and after venting. Once again the index of the columns is assumed to be the 

bulk index and the thickness of the film is assumed constant. The change in 

index of the material is then associated with the change in the index of the 

voids and the packing density is determined. 

INCREASED ABSORPTION 

The increase in absorption observed in thin films can be related to at least 

three mechanisms: impurities. the decrease in symmetry of the lattice, and 

nonstoichiometry of the material. These effects can be particularly important 

at the grain and column boundaries. Impurities contribute to absorption by 

providing electrons in the gap, trap levels, and interstitial irregularities. The 

decrease in the symmetry due to column edges causes the atoms to experience 

inhomogeneities in the local field which disturbs the energy levels and 

extends the intrinsic absorption band of the material resulting in the Urbach 
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tail 62 . Nonstoichiometry is often observed in thin films as in the evaporation 

process molecular compounds dissociate and fail to completely recombine. 

INHOMOGENEITY 

Another consequence of columnar microstructure is a variation in the index 

as a function of thickness known as inhomogeneity. In figure 1.5 one sees 

that, depending on the morphology , the index can increase or decrease with 

thickness. If the packing density is a function of thickness the index must 

change as seen in equation 1-14 or 1-15. 

The columns can either increase (positive inhomogeneity) or decrease 

(negative inhomogeneity) in circumference as the film grows. If one assumes 

that the columns are perpendicular to the substrate then a convenient 

analytic form for the refractive index is 

N(x)= (N)+.1N(X)IX_ ~ 
d a+l (1-16) 

where: .1N is the difference between the index at the top and the bottom of the 

layer; <N> is the average index of the layer; d is the geometrical extent of the 

layer and IX is a constant that characterizes the curvature of the 

inhomogeneity. If one sets IX equal to one, a linear approximation (a or b in 

figure 1.5), then this introduces only one more parameter into the calculation, 

.1N. 

These films are generally modelled in a stepwise approximation as a series of 

very thin sublayers which are homogeneous as this allows direct application 

of characteristic matrix formalism. 
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Prism complex 

air gap /3 purely imaginary 

Thin film /3 complex 

Substrate /3 purely imaginary 

Figure 1.7 Principle of the prism coupler. ~ is the propagation constant 
defined by snells law. 
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ANISOTROPY 

The presence of columns can be shown to lead to a biaxial birefringent 

medium. This anisotropy is also observed in other physical characteristics of 

thin films such as the thermal conductivity63 and electrical resistivity 64 . 

Form birefringence can be seen to arise from the microstructure through a 

simple argument39 ' for the uniaxial case. Consider a stack of dielectric plates 

whose face dimensions are large but whose thicknesses are small in 

comparison to the wavelength of the incident field. as in figure 1-6. Under 

these assumptions the field in the plates and between the plates can be 

considered uniform. Let us consider a linearly polarized field perpendicular to 

the plates. As the normal component of the displacement D is continuous it 

must have the same value in both regions one and two represented by their 

respective permitivities eland £2 . Then if El and E2 are the corresponding 

electric fields the mean field must be: 

Where the effective perpendicular dielectric constant is: 

E1. = D (t1 +t2)£l E2 
E t1E1+t2E2 

(1-17) 

0-18) 

If on the other hand the electric field is polarized parallel to the plates. In this 

case it is the tangential component of E which is continuous across the 

interface. and E is the same in in the the two regions and thus 

Ell = D tl El +t2E2 
E t1 +t2 

(1-19) 

is the parallel dielectric constant. 

Another suitable starting point for calculating anisotropy is the Bragg and 

Pippard65 equations. which for densely packed films are void defined57 . The 

index in the principal planes are given by: 
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j=l,2,3 ( 1-20) 

The L's are the depolarization factors associated with the shape of the columns. 

The limited size of the column reduces the the polarization in the material 

through the formation of dipoles at the column edges. P is the packing 

density. The BP equations imply that a large depolarization factor reduces the 

refractive index. For elliptically cylindrical columns the Lj are limited to 

Ll>0.5~L2<0.5~ L3=0~ and constrained by Ll+L2+L3=145 . 

This anisotropy is referred to as "form birefringence" as it is due to the 

structure rather than the material's properties. It can be linked to the "self 

shadowing" of the growing film. 

SCATTERING LOSS 

Scattering can be classified into two forms, volume and interfacial56 , 66-70 . 

Volume scattering losses are due to variation in the index and thickness with a 

periodicity on the order of, or greater than, the wavelength of light. 

Therefore in the visible and infrared regions of the spectrum the columns, 

typically 20-30 nm in diameter, induce little scattering. It is the local 

inhomogeneities, for example the microcrystals or impurities (dust) which 

create volume scatter. Dust is particularly troublesome as it is much larger, on 

the order .1 to 1 J.lm, and thus acts efficiently i'n light scattering. The greater 

percentage of the scatter is caused by interfacial roughness. An important 

parameter in light scattering is the correlation in the roughness between 

surfaces. This correlation is strongly dependent on the grain size of the 

material and thus on the clustering of the microstructure. The size of the 

grain limits the spatial frequencies that can be reproduced and the degree of 

correlation between interfaces. This correlation is important in multilayer 

dielectric coatings as the interference of the light scattered by various 

interfaces inside the multilayer determines the overall scatter from the 

device. 
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INSTABILITIES 

Optical coatings also suffer from instabilities of various characteristic time 

dependencies, ranging from essentially instantaneous to months. These time 

dependencies are symptomatic of different rates of percolation, principally of 

moisture, through the thin film system and it's effects on the structure as it 

does. 

MOISWRE PENETRATION 

The most rapid change is observed immediately on venting, that is 

introducing air into the coating chamber. This change, referred to as the 

vacuum to air shift can be interpreted as a change in the average refractive 

index of the layers as the voids between the columns fill up with moist air. 

This change is only partially reversible. The introduction of moisture into the 

system changes the structure of the films. 

After the initial change on venting, coatings deposited in the classic manner 

continue to age over long periods of time. The main factor in this long term 

aging process is the adsorption of moisture through the pores (between the 

columns) followed by radial dispersion out into the film. This moisture 

penetration often results in a decrease in the optical absorption and increased 

temperature instability. The absorption is reduced as water molecules and 

radicals coat the edge of the columns and increase the symmetry of the column 

edge molecules. This also reduces the number of unpaired electrons or 

"dangling bonds" in nonstoichiometric molecules. As water is mostly 

physisorbed and only loosely bound to the surface of the columns it is easily 

displaced by heating. Increased temperature instability results. 

The presence of loosely bound moisture also contributes to the difficulty of 

interpreting the results of nonlinear experiments in thin films as the high 

power levels cause local heating and migration of the moisture and a 

nonuniform change in the effective index in the region of the beam. 

For the manufacturer of thin film devices the most insidious effect of moisture 

penetration is the reduction in the work necessary to delaminate the coating 7 1 
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The water acts as a wedge between the coating and the substrate reducing the 

energy of the two surfaces in contact with it. This makes it easier for internal 

or external stress to peel the coating off the substrate and leads to failure of 

the device. 

Since structural perturbations strongly affect the linear properties of thin 

films and one can reasonably assume that the underlying electronic states are 

equally perturbed. This perturbation is reflected in the nonlinear properties, 

for example in second harmonic generation 72 . 

Thus we have seen that the structural properties due to the growth 

mechanisms in thin films complicates the manufacture of thin film devices. It 

is only through convenient and highly accurate methods that the worker in 

this field can continue to improve the quality of the product. The following 

describes several methods of optical characterization of thin films. 

OPTICAL DETERMINATION OF TmN FILM PROPERTIES 

The underlying problem in the determination of the optical constants of thin 

films stems from the inherent inverse nature of the problem. While it is quite 

straightforward to calculate the transmittance (t), absorbance (a) and 

reflectance (r) given the thickness and refractive index of a thin film, the 

determination of the thickness and refractive index from the intensity 

transmission (T) or reflection (R) measurements is not single valued. 

Photometric measurements of the reflection and transmission over a large 

spectral band allow the determination of the index, the extinction coefficient, 

the thickness and inhomogeneity of a single film 73. This is not always 

sufficient to characterize a material optically. These measurements cannot 

distinguish between losses due to absorption and scattering of light. One must 

therefore augment the characterization by the direct measurement of either 

the absorbed or scattered light. 

To the designer and user of optical coatings dielectric materials with very 

small intrinsic absorption are of the greatest interest. The precision of 

photometric methods is such that weak absorption is difficult to measure, and 
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therefore other means must be employed for accurate determination. This can 

be seen by applying the rule of thumb that the length absorption product a/= 1 

for high precision measurements, where a is the sample absorption and I the 

path length in the film. As the thickness of the film is generally on the order 

of 2 micrometers the absorption in the sample is limited to large values. 

Guided wave methods offer greater sensitivity than classic spectroscopic 

methods. This increased sensitivity is intimately related to the amount of 

material traversed in the measure. In guided wave determinations of loss one 

has interaction lengths on the order of millimeters or centimeters as opposed 

to a few micrometers in photometric transmission measurements. Waveguide 

techniques also offer a means of investigating anisotropy of the refractive 

index, the "sandwich" effect of placing the material in a multilayer, and light 

induced material instabilities. 

PHOTOMETRIC METHODS 

The photometric measurement of the reflectance, R, and the transmission, T, of 

a thin film over a large spectral range can, with great care, be achieved with 

an absolute precision on the order of 10-3 13-18, 73. With these measurements 

of R & T it is possible to determine the refractive index to within 0.01 via a 

numerical search. The thickness is then determined to within about 2 nm. 

Unfortunately the extinction coefficient must be greater than 10-4 to be 

detected. 

The simplest and most widely utilized method of extracting refractive index 

data from spectrophotometric measurements is the envelope method 17 . In 

this technique one measures the transmission of the thin film/substrate 

assembly and then constructs envelopes along the interference maxima and 

minima. These envelopes of maximum and minimum transmissions, T m a x and 

T min act as continuous functions of the wavelength, A,. This allows the 

determination of the refractive index n in terms of T m a x' T min' the index of 

the support, n 1, and the incident media, nO, for high index layers via: 
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(1-21) 

s o6+nf 12non1 (Tmax-Tmin) 
2 Tmax Tmin 

(1-22) 

The thickness t, can then be calculated from the two maxima or minima and 

the order of interference, m: 

t = mA1A,2 
2(n(A,1 )A,2-n(A,2)A,1) 

The absorption coefficient is found from: 

(n+no)/(n+n1)(1-Tmaxffmin) 
ex 

(n-no)/(n1-n)(1+Tmaxffmin) 

(1-23) 

(1-24) 

For low index layers the roles of T m a x and T min are exchanged in the above 

equations. The restrictions on this technique are that the loss due to 

absorption is small (as the change in reflectivity of the sample due to the 

imaginary part of the refractive index has been neglected) and that the 

sample is thick enough to have a sufficiently large number of interference 

fringes in the region of interest. This method is capable of an accuracy of 

roughly 3-4% in the index and thickness of well behaved samples far from the 

absorption edge. 

This method has been extended by several authors and applied to regions of 

higher absorption 14, 18, 74, 75 and greater accuracy is attained through 

addition of reflection measurements. Inhomogeneity can severely limit the 

accuracy of spectrophotometric measurements 76 . 



MEASUREMENT OF SCATIERED LIGHT 

One can distinguish between two types of scattering apparatus: those that 

determine the global sum of the scattered light in the full sphere (total 

integrated scatter or TIS) and those that measure the angular dependence of 

the scattered light: angle resolved scattering (ARS) 77-79 TIS measurements 

allow one to distinguish between absorption and scatter losses through the 

energy balance equation 
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A=l-{R+T+S}. (1-25) 

Where A is the energy absorbed, S is the total energy scattered, R, and T are as 

defined above. 

In addition ARS measurements can be interpreted66, 67, 80 with the aid of a 

model to yield the roughness spectra of the sample interfaces, the degree of 

correlation between the interfacial roughness, and the grain size of the 

material. 

ABSORPTION MEASUREMENTS 

Absorption can be measured by several different means 73, 81 Calorimetry 

consists of measuring the temperature increase in the sample and is capable of 

determining an absorption coefficient between .01 and 1O-6cm -182 . In 

collinear Photothermal Deflection Spectroscopy (PDS) absorption of a pump 

beam induces a temperature gradient in the film. This introduces a gradient 

in the index of the substrate as seen by the probe beam. The probe beam is 

thcr~fore deflected and the amount of deflection is proportional to the 

absorption of the material. The extinction coefficient can then be calculated. 

This method can detect extinction coefficients on the order of 10-7 9 . 



INHOMOGENEITY 

Inhomogeneity in thin films has. been studied by many authors. Bovard and 

coworkers at the University of Arizona 15 and Borgogno et al in Marseille 8 3 

have measured the inhomogeneity of thin films by utilizing an in situ 

spectrometer. In an extension of Manifacier's technique Bovard et al show 
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that if the properties of a film are stable and the deposition rate constant that 

the inhomogeneity can be directly inferred from the transmission as a 

function of time instead of wavelength. In the deposition of Ti02 films they 

found that the refractive index decreased from 2.297 at the substrate interface 

to 2.012 at the air interface for a wavelength of 400 nm. This interpretation 

relics on the assumption that the material is stable after deposition. In cases 

where this is unjustified the results are also unstable. 

ANISOTROPY 

The degree of anisotropy in optical thin films6S, 84-86 has been observed 

through observation of changes in the peak wavelength of Fabry-Perot filters 

deposited at oblique incidence, by anisotropy in moisture penetration 87 , by 

elipsometeryS8, 88 , through fringes of equal chromatic order89 , and with 

polarimetric measurement in situ during deposition 57, 90 . 

WAVE GUIDE METHODS. 

Waveguide methods 91-98 of thin film characterization differ from the 

methods previously described in the self evident fashion that they rely on 

confining the optical radiation in the material under study. The all dielectric 

waveguide that we are interested in confine the light through total internal 

reflection (TIR). TIR occurs whenever a wave is incident upon an interface at 

an angle greater than the critical angle, 9c The critical angle between two 

materials, 0 and 1, is defined by Snell's law 

ec=sin-l[~~] . (1-26) 
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Beyond the critical angle in lossless material the wave in the second medium is 

evanescent and carries no power. Thus all the energy is returned to the 

incident medium. Energy is transported but the direction of energy flow is 

along the interface. For finite beams this can be observed as a shift in the 

position of the reflect beam from the geometrically predicted reflection point 

and is known as the the Goos Hanchen shift. Through TIR light in a material 

of finite lateral extent can be confined and propagate without loss. In order 

for this wave to exist it must replicate itself on a round trip lest it 

destructively interfere with itself. The total round trip phase change 

reflection from the interfaces plus the optical path in the guide must be a 

mUltiple of 2I1, 

<Pfg+ <prs + 2ndcos8=2m 1t. (1-27) 

Here <I> fg is the phase shift on reflection from the film gap interface. 

Similarly <l>fs is the change at the substrate film interface. Equation 1-27 is 

known as the transverse resonance or modal condition. The phase change on 

reflection is determined from equations 1-1 to 1-3. The transverse resonance 

condition is therefore a transcendental function of the index and direction of 

propagation. 

In order to use a waveguide technique one must first get the light into the 

guide. There are three popular methods for imparting optical energy into a 

waveguide: endfire, prism and grating couplers. Endfire coupling is the 

simplest and is utilized with fibers and channel waveguides. One simply 

focuses the light source with a lense or microscope objective onto the input 

face exciting all the modes in the fiber. This requires a waveguide with a 

polished endface into which one focuses the light; it is not particularly useful 

in thin-film characterization. Gratings couple the light by diffractively 

matching the propagation constants of the guided mode and the incident field. 

In thin films gratings can be etched into the substrate or the film or attached 

directly and temporarily to the surface. Prisms employ Frustrated Total 

Internal Reflection (FTIR) and couple through an evanescent field. Both 



prisms and gratings are referred to as distributed couplers as the coupling 

takes place over an extended region. 

In our work the coupling has been done with prisms. Thus a more detailed 

description of the coupling process is presented. For simplicity consider the 

43 

arrangement shown in figure 1-7. A plane wave is incident on the base of an 

infinitely large prism of index np at angle 9p . separated from a thin film of 

index nf and thickness d by a a gap thickness h of index ng . The thin film is 

supported by a substrate of index ns. Let all the materials be nonabsorbent 

isotropic and of infinite extent in the y direction. This then reduces the 

complexity of the problem to two dimensions. In order to be specific let the 

indices be arranged in the order np > nf>ns>n g . Thus the angle of propagation 

in the various media are 9p<9r<9s<9g . This assures that all the modes in the film 

can be excited. 

The plane wave is incident at an angle greater than the critical angle at the 

prism/gap interface and produces an inhomogeneous wave in the gap. In the 

thin film the plane wave is once again homogeneous and energy propagates. 

It can be either homogeneous or inhomogeneous in the substrate depending 

on the specific angle. In the case of interest. i.e. guided modes in the thin 

film. the angle of 9p is such that the wave is evanescent in the substrate. 

In the waveguide the constant of propagation is real and if the modal condition 

equation 1-27 is satisfied, energy is transferred into the guide. The system of 

prism and guide is coupled through the evanescent field and the energy from 

the guide is returned to the prism and soon achieves steady state. If the prism 

is of finite extent then the energy imparted at the end of the prism will not be 

able to tunnel back into the prism and thus remains in the guide. 

The prism coupled waveguide has been used to measure many types of 

structures since it was independently introduced by Midwinter and Tien in 

1969. At the Laboratoire d'Optique des Surfaces et des Couches Minces in 

Marseille. prism coupled waveguides have been employed in a number of ways 

for the analysis of optical thin films. Of particular interest is the 

determination of, and the variation in, thickness and refractive index 2. the 



measurement of the uniformity of deposition under the influence of ion 

bombardment20 • the deviation from isotropy and homogeneity and the 

determination of the index of a layer when placed in a multilayer86 . 

WAVEGUIDE DETERMINATION OF REFRACTIvE INDEX 
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The determination of refractive index2• 99-103 via the waveguide method is 

essentially one of angle determination. This method is capable of measuring 

refractive index to a few parts in a thousand and thickness to within 1 nm if 

the angles are determined to within a minute of arc. In this technique it is 

assumed that the index and thickness of the sample are already known to a 

fairly good precision This is not a prerequisite. but searching for the correct 

coupling conditions with a completely unknown index and thickness can be a 

very frustrating and time consuming project. The transverse resonance 

condition produces a narrow band of light which is not directly reflected from 

the base of the prism but in coupling into the guide is shifted from its original 

position. If one is looking at the reflected signal this produces a dark line, 

referred to as an m (mode) line. The location of these lines determine the 

effective index of the mode. If the sample is isotropic and homogeneous then 

any pair of modes can be utilized to determine the index and thickness of the 

sample. If more than two modes are available, checks can be made. In all too 

many experiments one finds that differing pairs of modes yield different 

thicknesses and indices. If the discrepancy is between modes of the same 

polarization the premise of homogeneity is dropped. One then is driven to 

more numerically intensive searches which proceeds as a fit of a minimum of 

three observed coupling angles. The solution is determined by a figure of 

merit. such as minimum rms deviation of the calculated and observed angles. 

A limitation of this calculation is that the sign of the inhomogeneity is 

undetermined. 

As we have seen, thin films are often anisotropic and, in general. exhibit 

biaxial form birefringence. For a guided wave the index as seen by a 

propagating mode will depend on the projection of its electric field vector onto 
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the various principal axes and thus on the the polarization and propagation 

direction20, 86, 90, 104. If one limits one's investigations to propagation in the 

principal directions (which can be determined from the deposition geometry) 

then transverse electric, TE, mode will be in the plane of N2 and any pair of TE 

modes can be utilized to determine this index and the thickness of the film. 

Knowing the thickness, one then measures the other two principal indices 

using TM modes. 

The determination of the indices of a film in a multilayer completes this 

introduction. It is generally assumed that once the optimum conditions for the 

deposition of a single layer are found, these conditions can be repeated and 

will produce the same optical constants when the film is placed in a 

multilayer99 .105 This simplification ignores the fact that each layer after 

the initial layer is deposited onto a surface that is strikingly different from the 

substrate. Using a guided wave technique it is possible to measure the indices 

of the materials within a multilayer. 86 . The assumptions are: that the optical 

thicknesses of the layers are all known in advance, not unreasonable in a 

well-constructed plant with a good optical monitor; and that the individual 

layers are homogeneous and isotropic. The measurement proceeds by 

assuming that all the layers of a particular material have the same refractive 

index. One then calculates the index from the propagation coefficients. If the 

indices for the different modes differs then one considers the electric field 

distribution in the multilayer. The various modes have their maximum power 

in different layers. One then calculates the index from these modes and assigns 

this index to the layer in which the mode has the greatest percentage of the 

power. 

WAVEGUIDE LOSS DETERMINATION 

The determination of loss in thin film materials is critical in applications such 

as ring laser gyros and high power density optics. In these applications even 

very small amounts of loss, either by absorption or scatter can cause the 

device to fail by coupling the two counterpropagating waves. The 

measurement of losses by waveguide techniques offers a simple and accurate, 

up to 0.01 db/cm but generally in the range of 0.1 db/cm, method of film 



46 

characterization. There are several methods of measuring the decrease in the 

guided wave irradiance: the naked eye; two prism; three prism fiber; optic 

bundle ; camera; dye accentuated camera; and guided wave photothermal 

deflection; to name a few. 

The first estimates of waveguide loss were those of Tien94 . By using a rule of 

thumb that the eye had a dynamic range of 37 db, he measured the length of 

the visible streak and directly estimated the waveguide loss. 

In the two prism method one measures the outcoupled power as a function of 

separation between the input and output prisms. The two prism method relies 

on the assumption that one can achieve 100% outcoupling in the second prism 

and that the input coupling does not change with time. The three prism 

method removes these constraints but is quite cumbersome. Both of these 

techniques tend to damage the surface of the sample. 

Guided Wave Photothermal Deflectometry 9 measures the local heating of the 

film due to the guided pump beam. The probe beam is scanned across the line 

and along the sample and the change in deflection yields, after some 

calculation, the attenuation coefficient. 

The camera methods. which we have used. measure the rate of attenuation 

through the intermediary out of plane scattered light. In the dye 

enhanced 103 camera method one observes fluorescence due to the evanescent 

field in a dye placed on top of the guide. Although this method eliminates the 

intermediary light scattering the dye must perturb the guiding characteristics 

of the film as it changes the index of the exterior medium and introduces a 

new source of loss. 

Finally Himmel's32. 106 fiber optic bundle scanned with an apertured 

photomultiplier (PMT) offers a noncontact and relatively low cost alternative 

to the camera. In this technique a coherent fiber optic bundle is aligned with 

the guided mode close to the surface of the film. Light is scattered from the 

film into the guide. A photomultiplier with a small aperture is scanned along 

the output face of the bundle. This eliminates the problem of the angular 



47 

spectrum of the scattered light as all the scattering points of the film are 

collected in the same direction as defined by the acceptance angle of the fibers 

that make up the bundle. Unfortunately. this also limits the f/# of the system 

and the ability to measure low level scatter. 

The waveguide methods we have mentioned offer a powerful analytical tool, 

but they are not the final word in thin film research. Among the drawbacks 

are: the need for at least one high index layer; the difficulty of separating 

scatter from absorption; the necessity of just the right amount of losses to yield 

a measurable signal; and finally the difficulty in relating the losses 

encountered to thin film applications. 

CONCLUSION 

We have seen in this section that waveguide methods offer great sensitivity in 

the determination of the optical constants (index and extinction coefficient) 

and thickness of thin films. This sensitivity. particularly to small variations 

in refractive index suggests that they offer an ideal tool for determining 

changes in refractive index due to external perturbation. The ability to 

measure the refractive index of films in a multilayer is extremely interesting 

as the field enhancement effects of all dielectric Fabry Perot filters allows one 

to obtain substantially greater irradiance in the central layers Thus by 

measuring the effects of an external pump beam on the synchronous angles of 

the propagating modes one should be able to determine the change in 

refractive index. This determination is possible as the electric field 

distributions of the various modes differ substantially. If the effects are local, 

the different modes will be affected to varying degrees depending on the 

overlap integral between the pump and probe beams. On the other hand if the 

effects are highly diffusive then all the modes will be affected to a similar 

extent. 
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CHAPTER II 

In the previous chapter we explained how thin film materials differ from bulk 

materials because of their microstructure and how one determines these 

differences using optical measurements. In this chapter we will present how 

the specific methods of Ion Plating (IP) and Ion Assisted Deposition (lAD) have 

altered the performance of optical thin films of titanium dioxide. and tantalum 

pentoxide. 

IP and lAD are both variations on vacuum deposition by evaporation. 

Historically they derive from the observation that sputtered films do not suffer 

from many of the microstructural drawbacks of evaporated films 107. 108 . In 

sputtering. instead of heating the material to evaporation. the vapor flux is 

produced through ion impact. Sputtering processes generate incident 

energies that are much greater than the thermal energies of evaporated films. 

They are also accompanied by a significant ion bombardment of the substrate 

from the plasma used to sputter the targets. The major drawback of sputtering 

is the generally low deposition rates. In order to overcome this drawback the 

gas plasma was incorporated in evaporation systems. 

ION PLATING 

Ion plating has been used extensively in metallurgical109-112 coatings such as 

the plasma coating of TiN as well as many carbides for wear protection of steel. 

In metallurgical coating high voltages and pressures are used to increase the 

'throwing power' or ability to coat portions of the tool that are not in the line 

of sight of the source. Metalurgical ion plating is more closely related to 

chemical vapor deposition than PVD. In these applications slight 

substoichiometry or impurities are not critical, whereas in optical applications 

they result in unacceptably high losses. This has resulted in the adaptation of 

the technique to low pressures52• 54.111.113-116 and voltages as the ability to 

coat around corners is generally not important in optics. 
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Figure 2.1 Plant for Ion Plating, The low energy electron beam has a large 
ionization crossection and efficiently ionizes the gases in the chamber, This 
ionization produces the plasma that enhances the film properties, 
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Figure 2.2 Schematic of Leybold 1560 emphasizing the location of the various 
important components used in ion assisted deposition. 
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Figure 2.3 This is an lAD Ti02 produced in similar circumstances La Figure 1.3. 
The total lack of observable microstructure is quite impressive. Even so, this 
film does not have bulk properties. 
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Ion plating53 • depicted in Figure 2.1 is a deposition process in which the 

substrate surface is coated with a film deposited from an activated source and a 

pre-induced ionized plasma 117. In optical applications a low voltage (50-80 v) 

high current ( 40-100 A)116 electron beam source produces a plasma. This 

plasma source creates a highly energetic environment for the evaporating 

species. because the material source serves as the anode and the gas inlet the 

cathode. The substrates arc insulated from ground and are self biased at about 

-10 to -20 V relative to the plasma. Self biasing results from the relatively 

greater mobility of the electrons relative to the ions. In reactive ion plating a 

reactive gas. such as oxygen is added to the chamber and reacts with the 

plasma and the evaporant stream on the substrate. 

This technique. which requires a conductive source material. has been shown 

to produce coatings with substantially higher refractive index 118 • with 

greater adhesion 119 • and improved hardness 120 • than reactive evaporation. 

ION ASSISTED DEPOSITION 

Ion assisted deposition6• 10. 20. 29. 30. 31. 32. 34. 121. 122 is the direct result of 

the adaptation of a compact ion source developed by Kaufmann as a deep space 

thruster (Figure 2.2) 123. These sources produce a neutral ion beam 

consisting of equal amounts of ions and electrons. The energy of the ions can 

be varied over a range from 30 eV to 1.2 KeV with a very well defined narrow 

energy spectrum. This low energy dispersion allows great control over the 

ion beam-surface atom interactions. Another appealing aspect of these 

sources is that they are commercially available in grid diameters ranging 

from 3 to 30 cm. The grid diameter limits the total ion flux and the area of 

uniformity. 

The physical mechanism through which ion bombardment enhances the 

performance of thin films has been of great interest. There have been several 

competing models. the two most successful being referred to as thermal spike 

and momentum transfer. The thermal spike model asserts that the incident ion 
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deposits its energy by the creation of hot spots of locally high temperature 

that melt the film and allow the atoms in the growing film to relax into more 

energetically favored positions. The momentum transfer model supposes that 

the incoming particle imparts its momentum in a series of billiard ball elastic 

collisions knocking loosely bonded surface atoms into voids creating a denser 

film. Both theories predict an increase in density of the film, but differ in 

their dependence on velocity of the incoming ion. Muller simulations and 

Targoves experiment indicate that momentum transfer is the dominant 

mechanism. 

Both lAD and IP result in films of high quality, but the narrow energy 

spectrum of lAD and the direct control of the process makes it much easier 

process to analyze. In both processes the improvement in the film properties 

is do to ion bombardment of the surface of the growing film. These effects 

include sputtering, crystallographic disruption, defect production,surface 

morphology change, gas incorporation, temperature increase, changes in 

surface composition, physical mixing of near surface materials. 

There are several criteria which are commonly utilized as evidence for this 

improvement they are reduction in absorption, increase in refractive index, 

decrease in vacuum to air shift, decrease in amount of scattered, and direct 

observation of the microstructure through electron micrographs. This last 

method is the most striking as it is direct. In figure 2.3 we see that all the 

observable microstructure in an lAD Ti02 thin film has been eliminated. 

Unfortunately this process is very time consuming and destroys the sample. 

The impact of ion assisted deposition on the other aspects of film evolution is 

less well understood, and less studied. In particular columnar growth has some 

very interesting device application due to the large birefringence. It is well 

known that lAD can increase the refractive index and homogenize the film. 

We investigate the possibility that it can be used to increase the birefringence 

under certain circumstances. 
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Titanium dioxide (Ti02) is a technologically important thin film material due to 

its high refractive index, large window of transparency in the visible and 

infrared, and resistance to chemical attack and abrasion. It has three 

naturally occurring phases Brookrite, Anatase and Rutile. Although rutile is 

the most common, anatase is energetically more stable by 8-12 Kj/mole. The 

refractive indices of bulk Ti02 are 2.609 and 2.901 for rutile and 2.488 and 2.561 

for anatase 124 . 

In their extensive work on reactive evaporation of titania Pulker, Paesold and 

Ritter 28 investigated a number of parameters and their effect on the 

structure and index of the film. Specifically they examine evaporation of Ti, 

Ti 2 ° 3, Ti 3 ° 5, Ti02 starting materials from Wand Ta boats and electron-beam 

sources. In reactive evaporation instead of a pure vacuum, the pressure in the 

chamber is deliberately increased with a reactive gas, in this case oxygen. 

They target the effects of deposition rate, substrate temperature, and oxygen 

pressure. They found that the refractive index increases with increasing 

temperature of the substrate, decreases with increasing 02 pressure, increases 

with deposition rate, and that the crystal structure goes from noncrystalline at 

200 0 C to a combination of anatase and rutile at 3100 C to purely rutile above 

3800 C. They also observed that the final film index depended on the starting 

material, both the particular suboxide and the number of coatings produced 

from the material. Ti3 ° 5 was the most stable starting material.. This reduces 

the optical absorption in the thin film due to substoichiometry. Unfortunately 

the high pressures result in films with reduced packing densities. The index 

observed for these films found to vary between 2.18 and 2.41 depending on the 

deposition conditions. No mention is made of the absorption coefficient but it 

is stated that the films were "free from absorption in the visible". 

lAD has been found to produce Ti02 films that are amorphous and have a high 

refractive index, n=2.49 and a reduced extinction coefficient 6 from 10-3 to 10-

4, and no vacuum to air shift. Perhaps the most thoroughly investigated set of 



samples in the history of thin films are the titania samples produced for the 

Optical society of America's Optical Materials and Thin Film Technical group 
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for the 1986 meeting 7,9,80 These samples were produced by a 14 groups in a 

variety of processes, the lAD having films indices of refraction between 2.34 

and 2.51, extinction coefficients generally below 10-4 . 

For lAD the lowest loss films are produced using oxygen in the gun. This is 

problematical though, as it leads to shortened filament and grid life. 

Ion plating 118 of Ti02 has been reported to yield films of refractive index, 

2.48-2.55., with no observable microstructure, no measurable moisture 

sorption, and an absorption coefficient of 7 xl 0-5 with a knoop hardness 

approaching bulk. 

Ion Assisted Deposition of Tantalum Pentoxide to, 125 has been demonstrated to 

increase the packing density of the material by eliminating the vacuum to air 

shift in single films and multilayers. The refractive indices were reported to 

be between 2.15 and 2.27 and the extinction coefficient between 2 x to-4 and 4 

xl 0-3. One paper on the reactive sputtering of Ta205 in Nitrogen 50 reported 

birefringence as high as .035. 

Ion plating of Ta2 0 5 118 yields amorphous dense homogeneous layers that are 

hard, have good adhesion, low stress with refractive index of 2.24 and an 

absorption coefficient of 4x 1 0- 6. 

CONCLUSION 

Ion plating and ion assisted deposition have been shown by many researchers 

to produce high index low loss thin films of Ti02 and Ta2 05. The losses are 

generally in the range of just barely detectable by sectrophotometric 

measurements and thus have been measured by laser calorimetry and 

photothermal deflection. These two techniques are seen to differ mainly in 

the properties of the ion beam. In lAD the beam is neutral. directed at the 

substrate and has a generally small current, a few amps per square meter. IP 
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on the other hand utilizes the high ionization crossection for electron impact 

at low voltages to create a plasma which excites the evaporating flux. The 

greater mobility of the electrons induces a 'self bias' of the substrates which 

accelerates the ions and enhances the films properties. 
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CHAPTER III 

WAVEGUIDE LOSS MEASUREMENTS'" 

The measurement of losses in a thin film is of significant technological 

importance in the production of high quality coatings and in particular in the 

development of novel materials or processes. Losses fall into two general 

categories: scatter and absorption. Absorption refers to all processes that 

remove light from the incident flux and do not reradiate light. Scattering is 

then all processes that result in radiation into directions other than that of the 

incident beam. These two classes of loss are then further refined by division 

into those effects associated with the interior of the film. and those effects 

associated with the interfacial regions. 

The distinction is made as these "bulk" or "surface" effects arise from different 

physical mechanisms. True bulk absorption. that is absorption which occurs 

in massive materials is an characteristic parameter of the material and can be 

intrinsic or extrinsic in origin. In thin films one finds that the 

microstructure. among other factors. introduces a strongly process-dependent 

component to the interior absorption. Surface or interfacial absorption is 

often associated with the perturbation of the environment of the molecules of 

the transition region (the interface between two films of different material) 

as well as impurities or residue from the gases in the coating chamber. Light 

is also scattered in these physically different processes. Index 

inhomogeneities and film granularity result in volume scatter. Interfacial 

scatter can be related to roughness and the correlation between the roughness 

spectra of the surfaces. 

Light scattering by thin films is a significant factor in determining the 

performance of a thin film device. The separation of absorption losses and 

"'This work was performed at the 
Laboratoire d'Optique des Surfaces et des Couches Minces 
Ecole Nationale Superieure de Physique de Marseille 
France 
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losses from the scattering of light is essential in some cases, such as in the 

analyses of crosstalk between channels in a communications system, however, 

this is not attempted in this work. 

A good spectrophotometer, with a precision of a few parts in a thousand over a 

large spectral range, allows one to measure the extinction coefficient, k, on 

the order of 10-473 . Any absorption in a material smaller than this value is 

indeterminate. The waveguide coupling measurement of total thin film loss is 

a very sensitive test because, one gains sensitivity to small losses by 

integrating over the mms or cms of the propagating mode instead of the J.l.m s 

available in transmittance measurements. It is best applied to materials with 

small absorption losses. 

We have therefore developed a simple and easy to use system based on 

waveguide propagation in a thin film in order to characterize the processes 

utilized in the manufacture of thin films. We have utilized this system in the 

analysis of performance of thin films deposited by Ion Assisted Deposition 

(lAD) and Ion Plating (IP). The effect of post-deposition baking on Ta20 5 films 

has also been investigated. 

DESIGN CONSIDERATIONS 

The instrument intended use for the character~zation of thin films requires 

that it be stable from day to day, that it be easy and quick to use and that the 

results are unambiguous. In addition we have configured the device so that it 

can be extended to the determination of nonlinearities in refractive index. 

This last consideration was the determining factor in many of the design (if 

not funding) decisions. For example in a waveguide measurement of any type 

one must be able to adjust the spacing between the prism and the guide in 

order to obtain efficient coupling. It is common practice to more or less 

permanently mount the prism in a rotating stage and then loosely clamp the 

substrate to be observed against it. Because we wished to be able to irradiate a 

sample with a high-power laser the sample was held in a fixed position and the 



prism brought in contact with it. Thus in order to select the various 

propagating modes the input arm had to be able to rotate about the corner of 

the prism. As this arm had to be stable the weight of the input optics was 

minimized. This was accomplished through the use of fiber optics. As the 

instrument was eventually to be used with two prisms an output arm was 

symmetrically placed for output coupling. This leads to very stringent 
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manufacturing tolerances as the two prisms must both be independently 

adjustable and parallel with the substrate surface. This proved to be one of the 

more difficult problems. It was relatively easy to get one of the prisms 

aligned. but the platforms rigidity made decoupling difficult. A modification 

of the platform that allows the second prims to be tilted was necessary. 

DESCRIPTION OF APPARATUS 

The device that we have constructed is illustrated in figure 3.1. The light from 

a red (A,=0.6328 J.1m) 2 mW Spectra-Physics helium neon laser (1) is coupled 

through a multimode optical fiber (2.3)" and polarized(4). before being 

focused (5). onto the base of a right angle rutile prism (6). This prism provides 

the evanescent field which couples into the film (7) at the synchronous angle. 

The portion of the light which is scattered(8) into the aperture of 55 mm 

Schneider Optik f/0.95 lens (9) is focused onto a 512X512 ceo array in a eORU 
solid state camera (10). The output of the camera is digitized (8 bits) using a 

Matrox IDS 542 imaging system residing in an Olivetti M280 personal computer 

and displayed on a ROB monitor (12). The Olivetti is based on the Intel 80286 

and is equipped with a math coprocessor (80287). The analysis of the signal is 

then performed using e language software developed for this purpose with the 

aid of Vincent Leleu. Maryanne Semjen. and Klaus Rl)ettger based on 

Pcscope(tm) image acquisition software. 
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1 HeNe laser 2 mW 
2 Microscope objective 
3 Fiber Optic lightpipe 
4 Polarizer 
5 coupling lens 
6 Ti02 Prism 

7 Sample 
8 Scattered light to be analyzed 
9 Camera lens 
10 Solid State Camera 
11 coaxial cable 
12 Olivetti computer 

Figure 3.1 Schema of linear loss measurement apparatus. 
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EXPERIMENTAL PROCEDURE: 

The sample to be measured is examined and the dust present on the surface is 

removed with a light blast of air. Knowing the synchronous angle from 

calculation or previous experience one adjusts the pressure on the prism, 

changing the separation between the guide and and prism and hence the 

interaction. Several different locations on the substrate can be tried in order 

to find the location where the coupling is optimized and a long streak obtained. 

One then arranges the camera choosing the distance and aperture that yields 

the longest unsaturated line, an example is shown in figure 3.2. 

The gain and offset of the card are then optimized and the image recorded. A 

second image is taken after changing the coupling so that no streak is 

observable. The difference of these two frames is then analyzed. The 

advantage of taking a difference is it removes most of the parasitic light of the 

system. A third image, containing a ruler aligned with the streak is utilized in 

the calculation of the loss. This ruler is aligned with the streak, as shown in 

the figure 3.3, and allows one to convert from loss in I/pixels to I/cm and then 

to the standard literature unit for waveguide loss dB/cm, 

~{ dB/em} = [10 10glO e]~{ em-t). (3 - 1) 

To convert from inverse cm to k extinction coefficient utilize the relation 

a.=41tklA., (3-2) 

. which for a film of index 2.23 at a wavelength of .633 Ilm implies a conversion 

of 

k = 2.26 x 10-6 a(cm- 1) = 5.2 xlO-7 a(dB/cm). (3-3) 

One then chooses the region of the image to be analyzed using a mouse. The 

criteria for choosing a window are fairly straightforward. Choose the largest 

window that does not contain too many saturated pixels or too many pixels in 



Figure 3.2 A streak observed in sample 812B, a single layer of Ta205. In this 
figure the label in the upper left hand corner is the measured angle of 
incidence, uncorrected for zero offset. the white box is region to be saved and 
analyzed. 
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Figure 3.3 Ruler used in converting from inverse pixels to inverse 
centimeters. 
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(a) (b) 

Figure 3.4 The window of analyses is the region boxed in white in (a). The fit 

provided by the least squares is shown in (b) where the actual measurement 

values for the line are white and the exponential fit the data in grey. 
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the noise. To facilitate this choice false color is used: red designating saturated 

pixels; and blue the background level. The data and the fit are then displayed 

on the monitor as well as the total loss coefficient, its variance, and its 

probable error. Figure 3.4 shows the window selected. 

Even though there is insufficient information to determine the divergence of 

the mode one must consider the two dimensional nature of the signal in order 

to fit the one dimensional model of loss. In Figure 3.5 one sees a three

dimensional representation of the data. 

This data has been reduced in two ways, referred to as average and peaks. It 

can also be smoothed with the optional filters. In the peaks method one draws 

a straight line from the brightest pixel at the left hand end of the analysis box 

to the brightest pixel at the right hand edge of the box. One then uses the 

values along this line for the analyses. Unfortunately, if there is strong local 

scattering near the tail of the streak the line measured can diverge 

significantly from the bright line. This problem is readily observable and can 

be avoided by choosing the area of analyses carefully. In figure 3.6 two 

different analyses boxes are shown. At the top of the figure one sees the 

streak(l) the line(2) chosen, and the deviant pixels(3). At the bottom the least 

squares fit to the data is in grey and the actual data in white. The attenuation 

measured in B is twice that of A. It is evident that the line in B does not 

represent the true mode losses as the line of analyses does not follow the streak 

and must be rejected. 

In the averaging technique one averages over all the pixels in the transverse 

direction in the analysis box. This technique reduces the effect of local scatter 

by increasing the area studied and minimizes saturation effects by utilizing 

the nonpeak values of the transverse gaussian profile. 

The filters that we have employed are the moving window and the exponential. 

The moving window filter is well known and one can vary its width in our 

calculations. This allows one to see the larger scale variation in the signal 

when the data fit is displayed as long as the window is not too large. In figure 

3.7 the width of the moving window increases from left to right. The stability 



1O-2/p ixel 1O-2/p ixel 

0 1.926 ±.02 2.026 ±.006 

3 1.889 ±.02 1.976 ±.006 

5 1.896 ± .02 1.978 ±.006 

11 1.939 ±.02 1.999 ± .006 

21 2.00o± 02 2.053 ±.007 

51 + 1.975 - .03 1.996 ±.011 

Table 3.1 Effect of changing width of median window on calculated value of 
attenuation coefficient ~ in inverse pixels. In this table the probable error 
listed is calculated directly from the least squares fit using the sample 
variance. 
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Figure 3.5 Three dimensional representation of a streak measured in a single 

layer of Ta20 5 on a fused silica substrate. 
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Figure 3.6 The dfect of too largc a box on thc peaks :.In:.lly~is. In, .1" :!1-: 
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an:.lIY'ie~ box is too largc as rctlcctcd by fact that the line for the m-:;l'·.l~: ,!\'," 

not follo'x thc ..;ignal and the hugc number of int;:rpnl:.ltcJ pixels. 
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(a) (b) (c) 

Figure 3.7 The effect on the line profile of increasing the size of the moving 
average window. In these images the streak is 1.3 cm long and the number of 
pixels increases from (a) the unfiltered data to (b) 3 pixels to (c)21 pixels. The 
increasing number of pixels in the median window reduces the number of 
pixels for the fit. 
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Figure 3.8 Effect of exponential filter on measure of attenuation rate. The 
image on the left shows the raw data in white and the least squares fit to the 
unfiltered data in grey. On the right the exponential filler has been applied to 
the data giving the appearance of a good fit, by removing the large scattering 
centers. 
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Figure 3.9 .Schematic illustration of the index and thickness distribution of 
an arbitrary j layer coating on glass in air. Where large variation in 
thickness and index are shown as departures from the ideal straight lines for 
emphasis. 
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coefficient e r ro r 

gain offset dB cm- 1 dB cm- 1 

0 0 8.370 0.380 

0 51 12.740 0.210 

0 102 11.280 0.140 

0 153 8.010 0.120 

0 204 5.090 0 .. 099 

Table 3.2variation of loss determination with change in digitizer offset. 

coefficient error 

gain offset dB cm- 1 dB cm- 1 

0 153 8.010 0.120 

51 153 9.460 0.120 

102 153 9.830 0.120 

153 153 9.460 0.130 

204 153 9.100 0.150 

255 153 9.460 0.160 

Table 3.3 Variation observed in the loss measured as a function in the gain 
of the digitizer card. 

73 



74 

of the attenuation measurement to changes is shown in table 3.1. The average 

method shows much the same behavior as the peaks when the length of the 

window is increased. 

The exponential filter fits the peaks data with a linear regression and then 

any value that differs from the calculated exponential by more than 10 bit 

levels is replaced with an interpolated value and the line refit. This is 

illustrated in figure 3.8, where the unfiltered peaks data and the result of the 

exponential filter are compared. This filter has not been used in the following 

analysis as it forces the data to fit the model and is included here for 

com pleteness only. 

METHOD OF LOSS DETERMINATION 

In the determination of the linear loss we have modelled the films as being 

essentially planar dielectric multilayers of piecewise continuous dielectric 

function with small scale irregularities that produce scattering in a 

continuous fashion 126. We assume that the loss due to both scatter and 

absorption are continuously and homogeneously distributed in the sample 1 27 

The refractive index distribution of an arbitrary multilayer can be 

represented in the form of figure 3.9. Where the index and thickness 

variations are represented by slight variation in the height and width of each 

layer. 

Under these conditions, the intensity of the scattered light, which is our 

signal, is directly proportional to the intensity present in the waveguide 

(3-4) 

Where.Q is an undetermined coefficient which characterizes the scatter in the 

direction of the camera, Is is the scattered intensity and If the film intensity. 

The form of the signal is: 

(3-5) 



which can be reduced to a linear equation suitable for regression analyses by 

taking it's natural logarithm, 

In(Is (z»=ln(lo)+ln(n)-~z. (3-6) 

75 

A least squares fit is the maximum likelihood estimate. The slope of this fit is 

the total loss coefficient,~. It should be noted that taking the log of the signal 

changes the relative uncertainty in the measurement 128. Assuming a 

constant uncertainty in the signal. the log magnifies the error in the small 

values relative to the large values. In order to compensate a weighted least 

squares fit has been used. The weight utilized is the value of the signal. This 

model predicts a smooth exponential decrease in the scattered signal. 

Evidently this method is limited by the condition of the substrate surface and is 

strongly affected by the cleanliness of interface. If the substrate has been 

well prepared and is of adequate quality the measurement is valid. If not. the 

large local defects will present serious drawbacks. Strong localized scattering 

results from point defects in the film. pits. sputters. dust on the surface. and 

blemishes on the substrate. If the dust is on the surface it's contribution can 

be minimized. if not completely eliminated. by proper handling of the samples 

and their environment. 

Another limitation of the method of measurement is it treats scatter and 

absorption in the same way. 

sample immediately. It can be 

another mode. This in plane 

propagates. This increase in 

Scattered 

scattered 

scattering 

the beam 

light 

in the 

causes 

width 

does not necessarily leave the 

plane of the guide or into 

the streak to open as it 

can serve to estimate the relative 

amounts of scatter and absorption. The eye picks up the differences between a 

strongly scattering film and a weakly scattering film quite readily. A strongly 

scattering film produces a streak that opens quite rapidly as it propagates. A 

film with very low continuous scatter but a few and local scatterers can 

produce multiple fine beams. In a very good film one will see a long narrow 

streak. Thus the test provides more information than the single number. 

however this information is qualitative. An attempt was made to quantify the 

divergence of the guided lines vis a vis the propagating gaussian profile. 
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however the number of pixels available for the transverse fit was insufficient 

to obtain any meaningful measure. This is not an absolute limitation. If the 

magnification of the camera was greater, one could increase the number of 

pixels in the transverse direction and obtain a significant measure of the 

beam divergence in the guide by making measurements of the profile at 

several locations. A bi-axial zoom, with independent magnification in the x 

and y axes, would enable the utilization of the entire detector array for the 

analysis. 

ANALYSIS OF SYSTEM RESPONSE 

In any experiment one is concerned with the accuracy and precision, as well 

as the range of accessible values. The use of an array detector compounds this 

problem with variation in response from one detector element to another. In 

this experiment the analysis is performed on the image of the data and thus 

the response of the combined camera with digitizer is needed. 

The response of any instrument changes with time as electronic parts 

deteriorate and calibration is required. In order to adjust the output levels we 

have access to gain and offset on the digitizer card. The manual defines these 

as follows: the offset "is a dc voltage that is applied to the input analog signal 

in order to clamp the black level at 5 volts. The gain is then used to adjust the 

white level to 0 volts. These two controls have the same effect as brightness 

(gain) and contrast (offset) in a household television" (PIP VIDEO DIGITIZER 

BOARD hardware manual). There is also the gain of the camera that can add up 

to 6 dB. The manual (COHU 4710) indicates that the camera has 50 dB 

unweighted signal to noise ratio if utilized with a gain of zero. This condition 

is obtained by setting a strap in the camera to disable the automatic camera 

gain. The optimum gain and offset are then obtained for the particular 

settings of the camera utilized for the exposure. In the next two sections the 

system will be characterized with respect to the linearity and the stability of 

the system response. 



DENSITY TRANSMITANCE A VERAGE PIXEL VALUE 

% 

in f 0.000 0 0 0 

1.2 0.063 3.7 4.0 4.1 

l.0 0.100 4.7 5.3 5.3 

O.S 0.158 6.9 7.1 7.5 

0.6 0.251 19.0 IS.3 19.2 

0.4 0.398 45.7 52.1 5l.4 

0.2 0.631 64.9 79.5 6S.5 

0 1.000 140.1 

Table 3.4 The average pixel value observed as a function of the attenuation 
of the laser source, three different measurements. 
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LINEARITY 

In order to characterize thc response of the camera the output light from an 

optical fiber bundle was reflected off a diffuse reflector into the camera. A 

series of measurements was then made while reducing the irradiance at thc 

diffuse reflector by placing attcnuators of known optical density in thc beam 

between the laser and the input lens to the fiber. The irradiance was also 

adjusted prior to attenuation by varying the separation between the fiber and 

the reflector. The results arc shown in table3.1 and graphs figure 3.10 and 11. 

This data was obtained using the full aperture of the camera, with the camera 

gain at 0; the card offset of 81 and gain 161 , typical optimized valucs for 

measurement. 

The pixel average which has been used as a measure of the system response is 

thc average value of all the pixels on the scrcen. As all irradianccs greater 

than saturation result in the same measured value this cstimate systematically 

undervalues large irradiance. To avoid this saturation effect the data, the 

irradiance has been adjusted so that the undiminished beam saturates a small 

portion of the pixcls, on the order of 2%. In thc graph of this data, figure 3.12, 

one sees a good linearity but the values for low transmission appear in doubt. 

One notcs immediately that the straight line fit docs not pass through zcro, 

Although the correlation is quite good. 

In ordcr to examine the dynamic range of the camera the scparation between 

the end of thc fiber and the reflector was decrcased in ordcr to give a largcr 

signal at the low end of the range, as secn in figurc 3.12. Thc experimcnt was 

then repeated in the reverse order with the irradiance increasing with each 

step.lf one then neglects the last data point (for which close two half of the 

pixels were saturated), one finds the straight line figure 3.13. 



DENSITY TRANSMITANCE A VERAGE PIXEL VALUE 

% 
inf 0.000 0 0 0 

1.2 0.063 12.0 13.3 14.2 

1.0 0.100 30.6 27.4 24.1 

0.8 0.158 45.3 44.9 44.3 

0.6(a) 0.251 84.1 82.5 81.5 

0.6(b) 0.251 67.7 68.4 68.1 

0.4 0.398 110.8 114.4 113.8 

0.2 0.631 160.2 169.3 170.8 

0.0 1.000 209.7 209.6 209.4 

Table 3.5 Linearity measurement with irradiance adjusted to yield 
information about the highly attenuated signal The two values of D=0.6 were 
obtained for comparison: (a) is the NDF labeled 0.6 and (b) is obtained by 
combining(0.2&0.4); the difference between these two values implies that the 
nominal density given by the manufacturer are not very accurate. 
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Figure 3-10 The response of the system as measured by the average of the pixels on 
the screen as a function of the transmission through a series of neutral density 
filters for unsaturated conditions. 
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The conclusion is that the average system response is linear over roughly 

90%,of the dynamic range, and sufficiently linear over the entire range as too 

make correction factors unnecessarily cumbersome. The error introduced by 

this nonlinearity in the system response can be estimated directly from the 

linear fit to be on the order of 3%. 

The next aspect of the system response is stability. We have a method for 

obtaining the optimum response,i.e. gain and offset, but how critical are these 

factors on the measure of the total waveguide loss. 

In order to characterize this effect a series of measurements was made for a 

single waveguide mode. The sample chosen was a high quality Ta20 5 film 

deposited by ion plating which had been annealed after deposition for 24 

hours at 400°C in air. The data in this table was obtained using no filtering 

and the "peaks" method. 

A comparison of the two tables(3.1 and 3.2) reveals that the system is much less 

stable with respect to changes in the offset then gain. This reflects the fact tat 

we derive our measure of attenuation from the slope of the line. Thus by 

raising the offset we decrease the dynamic range of the camera and reduce the 

slope. When the gain is increased we change the portion of the line sampled 

but the dynamic range is unchanged. 

ESTIMATE OF SYSTEM RANGE 

If the total losses in the sample under study are to great the samples can be 

characterized by classic spectrophotometric measurements. The essence of 

this limitation is that, even if a line can be found, the number of sampled 

points in the light streak is too small to get a statistically significant measure. 

This results from the dynamic range of the camera & digitizer being limited to 

256 grey levels of resolution. At the other extreme, the minimum value of the 

loss which is determinable is limited by the background noise. 



Thus if one takes the value of 10 pixels for the dynamic range as a minimum 

length yields a total loss of around 200 dB/em. 

The minimum value measurable is when the losses are so small that the 

absorption value is on the same order as the rms error, a=0.2 dB/em. 

Another limitation is that if the sample scatters very little light then the 

streak is very faint and the sampled data can be too small to measure. 
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Figure 3·11 The response of the system as measured by the average of the pixels on 
the screen as a function of the transmission through a series of neutral density 
filters for saturated conditions. 
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Figure 3-12 The response of the system as measured by the average of the pixels on 
the screen as a function of the transmission through a series of neutral density 
filters for saturated conditions. In this figure the highly saturated 100% 
transmission data has been suppressed. 
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Figure 3·13 The response of the system as measured by the average of the pixels on 
the screen as a function of the transmission through a series of neutral density 
filters for saturated conditions. A quadratic fit is shown illustrating the inherent 
nonlinearity of the system response. 
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Samples Produced by Ion Plating 

Sample deposition background gas 

rate (nm/s) pressure 

02(0.01 mbar) Ar(mbar) 

807 0.7 0.8 2.6 

808 0.7 0.8 2.6 

810 0.5 0.8 2.6 

811 0.7 0.9 2.6 

812 0.7 1.0 2.6 

813 0.7 2.0 2.6 

814 0.7 2.0 2.6 

Table 3.6. Deposition conditions for Ta205 single layer films. 



ERROR ANALYSIS 

Local scatter results in strong contributions to the signal that can bias the 

measure. If these spots occur where the signal is strong, their effect is 

minimized by saturation of the camera. Away from the prism, where the 

signal is already strongly attenuated, this strong scatter results in a 

apparently larger value of the intensity of the film, and hence decreases the 

measured value of the loss. A second source of error in this system is in the 
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conversion of inverse pixels to centimeters. In this conversion one measures 

a ruler aligned with the streak and the accuracy is at best plus or minus 2 

pixels. Taking as an example case an errol' in the determination of the length 

of the cm as 5 pixels in 120 pixels introduces an uncertainty of 4% in the value 

of the coefficient of total loss. A third source of error is the nonlinearity of 

the detector. Although the straight line fit is good, a better fit is obtained with 

a quadratic as seen by comparing figure 3.12 with 3.14. This error source 

introduces a systematic error in the loss measurement which is dependent on 

the gain and offset 

CHARACTERIZATION THE LOSSES OBSERVED IN TA20S OPTICAL THIN FILMS 

The effect of gas pressure and deposition rate. on the loss characteristics of 

Ta205 films produced by Ion Plating is presented. The samples were deposited 

in a Balzers BAK 800 on to unheated substrates. The substrates were all optical 

quality fused silica flats of 35 mm diameter. All of the samples have an optical 

thickness of 6').,/4 at 0.6 J.Lm. The parameters of interest are shown in table 3.6 

The samples were then analyzed as described above and the losses measured in 

mode TMI are presented for comparison in table 3.7. In this table the samples 

labeled a and those labeled b were cleaned in different manners and serve to 

indicate the sensitivity of this test to the condition of the film substrate 

interface. Technique a consisted of wiping the substrate with a mixture of 

methanol and acetone and a cloth just before insertion into the coating 



sample name dB/em description of streak 

807a 32.16 broad smooth line, medium length 

807b 27.05 broad smooth line, medium length 

808b 31.63 broad line, medium length, some 

local scatter 

810a 27.99 broad line, medium length, some 

local scatter 

8l0b 16.57 longer line ,a few local scatterers 

811 b 46.13 short streak strongly tapered, no 

local scatter observed 

812b 36.48 short streak, one large local scatter 

in center 

813b 40.33 short broad streak, strongly tapered, 

almost no local scatter 

814b 24.70 short broad streak, lots of localized 

scatter 

Table 3.7 Measured losses for samples in mode TMI with short qualitative 
description of line. 
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deposition rate D2 loss 

nm/s 0.01 mbar dB/cm 

810 0.5 0.8 16.57 

814 0.7 2.0 24.70 

807 0.7 0.8 27.05 

808 0.7 0.8 31.63 

812 0.7 1.0 36.48 

813 0.7 2.0 40.33 

811 0.7 0.9 46.13 

Table 3.8 Comparison of the observed losses with the deposition parameters. 
The variation in the total loss is much greater than the uncertainty of the 
measurement. 
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sample after baking 

name 24 hrs at 400°C 

dB/em 

807b 12.24 

808b 12.50 

810b 6.40 

81tb 7.26 

812b 5.96 

813b 8.26 

814b 8.33 

Table 3.9 Measured losses after baking in mode TMl. 
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chamber, while b utilized scrubing with cerium oxide. The samples with the 

same name were deposited at the same time and one sees immediately that the 

technique utilized for b is preferred for low loss samples. For the remainder of 

this study only those sample prepared in this manner will be considered. If 

one orders the above table by loss coefficient one notes a correlation between 

the deposition rate and the 02 pressure, the sample deposited at lowest rate has 

clearly smaller losses than the others and for the most part the losses are 

inversely proportional to the 02 pressure for a given deposition rate. The 

high loss in sample 813 stands out as the exception and indicates that further 

study is warranted as their must be other significant sources of variation. One 

possible source of variation is the surface roughness of the substrate. 

DETERMINATION OF THE EFFECT OF BAKING ON TA20S FILMS PREPARED 

BY ION PLATING 

It is known that for films of this material deposited in the classic manner that 

a post deposition anneal in air results in much lower losses. The question that 

we address here is are the significantly denser films attained with Ion Plating 

and Ion Assisted Deposition affected in the same manner. The films that we 

measured are those listed above. In order to determine the best conditions for 

baking sample 810b was chosen as a test piece. It was baked in air for 24 hours 

at 2S0°C and the losses reduced to 13.86 dB/em. This sample was then baked at 

400°C and the losses reduced markedly to 6.4 dB/em. An additional 24 hrs 

resulted in insignificant changes. The rest of the samples were then annealed 

at 400°C for 24 hours with similar results as shown in table 3.9. Thus we 

conclude that Ta20s films produced by Ion Plating can be effectively improved 

in terms of their total loss by a post deposition anneal in air. As these results 

were so encouraging, we attempted the same experiment with lAD films. These 

films were deposited in a Balzers BAK 7S0, once again at ambient temperature 

onto the same type of substrates. The sample that we baked was single layer of 

Ta2 0 S 2 waves in optical thickness at 600 nm deposited with an ion current 

between 200 and 230 J,1Acm-2 at 2S0 eV. The gases utilized were O.IS mbar of 02 

and 0.02 mbar of Ar introduced through the gun. This sample, number 113, 
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had a TMI loss of 8.99 db/em and a long narrow streak with a significant 

amount of local scatter. The sample was then annealed with those above in air 

at 400°C for 24 hours but was destroyed by crazing. The low loss observed in 

these samples, indicate that little improvement could be expected from this 

baking. Additional measurements on the IP samples made by Liu Xiu using 

guided wave PDS indicate that the absorption has been virtually elimnated at 

loss level of 5-10 dB/em and that the residual loss we measure is due almost 

exclusively to scatter. This scatter should not be appreciably modified by this 

sort heat treatment because it primarily results from surface roughness. 

In conclusion the baking of Tantalum(5) Oxide single layer films produced by 

ion plating results in films with much lower losses than unbaked films. 

However it appears that the ion assisted deposition technique, although quite 

similar, may be unsuited to this type of post deposition treatment. The exact 

reason for this difference is unclear, but may be related to the inclusion of the 

working gas (Ar) in the film. This inert gas does not bind with the atoms of 

the film, but is free to migrate. On heating one increases the mobility of these 

atoms and their rearrangement may lead to pockets that introduce large local 

stress and serve as instigators in delamination or crazing. However further 

study is indicated. Ion plating quenches the high temperature amorphous 

phase with high compressive stress. Ion assist has lower temperature phases 

but its ion bombardment leads towards compressive stress but depends on the 

degree of bombardment. So perhaps the ion plated films could accommodate a 

greater increase in tensile stress due to baking than the ion-assist . Maybe 

increased bombardment would lead to better performance. 

CONCLUSION 

We have developed an easy to use method for the characterization of optical 

thin films based on waveguide propagation. This instrument is capable of 

measuring losses in the range between 1.0 and 200 dB/em with acceptable 

accuracy. These are not intrinsic limitations of the waveguide method but are 

determined by the magnification of the lens, the number of bits utilized in the 

digitization and the dynamic range of the array and could thus be extended 

quite readily. We have demonstrated its use by analyzing the effect of post 
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deposition anneal on films produced by ion plating and ion assisted deposition. 

The chief limitation on the determination of single layer films is that the 

layers must be high refractive index and thickness sufficient to support 

guided modes. The method is preferred over two and three prism 

determination of absorption in that only one prism need be used, reducing the 

probability of damaging the surface. 
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CHAPTER IV 

ANISOTROPY AND ION BOMBARDMENT'" 

The anisotropy resulting from microstructure is generally regarded as a 

drawback in the use of thin film devices84• 86. If films exhibit birefringence 

their optical properties depend on the polarization state and direction of the 

incoming wave. For unpolarized. or natural. light this results in unacceptable 

degradation. such as broadening of the passband in a narrow band filter. 

Recently the utilization of form birefringence in thin films has been 

demonstrated in application to large area polarizers 129. This study of a large 

number of materials by evaporation at large angles. and the recent work on 

the ion etching 130 of metals engenders the utilization of ions to increase the 

anisotropy in oxides. One possible application of this technology is in liquid 

crystal polarizers. These long chain organic molecules tend to align with 

applied electric fields as they are polar. but they also align preferentially 

because of surface structure such as the porous microstructure of a thin film. 

The birefringence of the aggregate(film and liquid crystal) could be tuned 

between two different degrees of rotation with an applied field. The result has 

applications to high definition television. liquid crystal displays of all sorts. 

and to spatial light modulators. To this end we have investigated the effect of 

bombarding Ti02 with argon ions. The argon ions were incident from two 

different directions. one perpendicular to the direction of column growth. the 

second parallel. The complexity of the TiOx phase diagram suggests that the 

microstructure has many possibilities for stable arrangements. 

In our work we have investigated the effect of ion bombardment on the form 

birefringence of obliquely deposited films. The coatings are studied wi th the 

aid of an in situ polarimeter88 shown in figure 4-1. 

'" This work was performed at the University of Otago. Dunedin. Otago New 
Zealand and the financial support of the Beverly fund is gratefully 
acknowledged 
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In order to simplify the analysis all the sources are kept in a single plane. the 

plane of deposition. containing the electron beam source the substrate normal 

and the ion gun. This is the symmetry axis and contains the plane N 1 N 3 of 

figure 1-3. The spectrometer capable of measuring two orthogonal 

polarizations in transmission and reflection. although we use only the 

transmission data. The spectrometer is interfaced to a 386 computer through 

an AID converter. This instrument is precise to about 0.1% in relative 

transmission. A typical transmission curve is shown in figure 4-2. Where one 

sees immediately the difference between the two transmissions Tn and T..L. The 

convention that we use regarding the subscripts. n for parallel • ..L for 

perpendicular. is based on the direction of the electric field relative to the 

symmetry axes or deposition plane. 

DESCRIPTION OF DEPOSITION CONDITIONS 

A well known axiom of thin film research is that every coating chamber is an 

individual. In verifying previous work one usually obtains similar. but rarely 

identical results. This apparently results from such differences as the location 

of the gas inlets with respect to the pressure sensors and pumps that are 

predetermined and not easily altered. and the general complexity of the 

process. Parameters from the literature are considered as guidelines to limit 

the area of search and not absolute. The coating plant used for these 

depositions was a Leybold-Heraeus L560 equipped with a turbo-molecular 

pump and an electron beam evaporator operating at 11 Kv. In all deposition 

runs the pressure was controlled by regulating the total pressure with a 

Granville Phillips pressure controller on the oxygen inlet line. The 

background pressure achieved before all runs was 5x 10- 6 mbar. 

Bearing this in mind. we selected an argon pressure of 5 x 10-5 mbar and found 

that an 02 partial pressure of 4.5x 10-4 mbar resulted in losses in transmission 

for a halfwave that were satisfactorily small. The substrates consist of 1 X3 

microscope slides. cleaned by scrubbing in hot water with cotton and 

detergent and blow drying. The substrates were then placed in the chamber 

and a series of 5 small-area (1 cm diameter) depositions made in "identical" 

conditions. During the runs the temperature of the substrates rises due to 
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radiant heating from the electron beam source as well as the incident ions. 

The temperature range is therefore greater for the higher ion energy 
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coatings. In the unbombrded films the range of average temperatures for the 

five consecutive runs was from 52 to 98 while for those films deposited with 

750 V ar+ ions the range of average temperature was between 67 and 123. The 

temperature was recorded using a thermocouple in a glass block in good 

thermal contact with the rear surface of the substrate platform. It is thus a 

good indication of the ambient temperature although not a direct 

measurement of the substrate. This temperature range is quite low with 

respect to the melting point of Ti02 but is significant in that it introduces a 

systematic variation in the deposition process. The deposition rate was a 

nominal 0.2 nm/s as measured by a quartz crystal controller (inficon IC600). 

There was interaction between the rate and pressure controllers that led to 

occasional instabilities. 

The TiOx vapor, from the Ti203 starting material, arrived at angle of 400 from 

the normal, as determined by the plant geometry. The vertical source to 

substrate separation was 25 cm with a horizontal separation of 23.8 cm. The 

direction of the incident Ar ions was more flexibly chosen. We chose two 

different directions based on the tangent rule: the first was to have the ions 

arrive perpendicular to the growing columns; the second parallel to the 

direction of column growth. 

The ion current was monitored with a Faraday cup in close proximity (1.2 cm) 

to the substrate. The ion gun substrate separation was 15 cm and the current 

maintained at .50 A/m2 at the surface of the substrate. 

Once stable operation of the ion source was established it was left in 

continuous operation for the remainder of the series of 5 depositions. Each 

time a new area was coated there was approximately 2 minutes of ion cleaning 

while the controller went through the preset warmup of the material. 

As it is known that the Ti20 3 starting material changes during the first 

deposition, new material was premeIted at standard deposition conditions 

before commencing each run. 
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ion gun substrate e-beam source 

o o configuration a 

o o configuration b 

ion gun 

Figure 4·2 The location of the sources as viewed from the top with the 
polarization directions. This diagram illustrates the difficulty associated with 
the parallel bombardment. configuration b. The ion gun and electron beam 
source are nearly in contact. 
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INDEX DETERMINATION 

The index was detennined from the transmission using the envelope method 

for the two observed polarization states. The indices referred to as NU and N.l 

evolve independently and are related to the principle indices of the the 

material through the index ellipsoid. As the optical polarimeter measures the 

transmission at nonnal incidence to the substrate. the angle of incidence is 

the column angle <I> and 

(4-1) 

1· 2 2 ]-1/2 N SIn <l> I COS <l> 
11 2 2 

N3 N1 (4-2) 

The angle <I> is defined from the deposition angle 'Y through the tangent rule 

2tan<J>=tany 
(4-3) 

In this modification of the envelope calculation the functions T max and T min 

are considered as functions of time at the signal wavelength of 550 nm. Figure 

4-3 includes the relevant parameters for the calculation. From these equations 

it is clear that the these two nonnal incidence measurement is insufficient to 

determine all three indices of refraction. In order to determine all three 

indices one would need to make additional measurements at a different angle 

of incidence. 

RESULTS AND DISCUSSION 

The results are displayed in the following figures. Figures 4-4 and 4-5 for 

perpendicular argon ion impingement and 4-6 and 4-7 parallel. The error 

bars are the sample error for the coatings at each voltage. In the ion gun thut 

we used voltages below 150 were difficult to maintain and not very stable. The 

general trend is for increasing index can be seen by considering the graphs 

of average index. One sees from 4-4 and 4-7 that the average index of the 

layers increases with increasing ion energy. One also sees that the rate at 

which the index increases is different. The parallel bombardment results in 
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an almost linear increase, whereas the perpendicular beam causes an increase 

that is almost quadratic, with a maximum near SOOv. The graphs of the 

anisotropy 

(4-4) 

are more striking. In figure 4-6, which corresponds to the ion arriving 

perpendicular to the direction of column growth the films anisotropy 

decreases steadily after a slight increase as the ion energy increases. This 

indicates that the films are becoming more isotropic as they become denser. 

The films bombarded along the direction of column growth, figure 4-8, exhibit 

a broad peak in the birefringence in the vicinity of 200 V. This also 

corresponds to a reduction in the variance of the measurements. This reflects 

the nature of the dependence near a turning point as small changes in the 

deposition parameters result in small changes in the microstructure as 

opposed to the relatively steep slope of the perpendicular anisotropy curve in 

this same region. 

This at first seems a strange result, but on consideration of the physical 

mechanism of momentum transfer as the basis for the modification of thin 

film structure is reasonable. As momentum transfer is a directional process 

the bombardment along the direction of growth causes an increase in the 

density of the columns with little or no change in the overall packing density 

as the loose atoms are pushed down the length of the column. For the ion 

incident perpendicular to the growing columns this results in the loose atoms 

being pushed over into the interstitial voids increasing the packing densi ty. 

Thus the anisotropy is inceased, for the parallel bombardment, as a result of 

the index of the columns increasing at low energies while the packing density 

and depolarization factors remain only slightly modified. 

Thus I conclude that the argon ion bombardment of Ti02 films during growth 

as a function of ion energy is characterized first by an increase in column 

index for low energies with the ellipticity and packing density only weakly 

affected and subsequently an increase in packing density. This increase in 
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packing density saturates and at higher energies the film density is decreased 

by inclusion of Ar or the preferential sputtering of 02 leading to absorbing 

films and a subsequent apparent decrease in the index and has been observed 

in other ion bombardment experiments. The difference between the dynamics 

of the two situations, i.e. parallel and perpendicular bombardment bears 

further investigation, it could be that the parall~l bombardment is less 

efficient in changing the microstructure as in arriving head-on it interacts 

with only the tops of the columns whereas the perpendicular beam can 

interact with the length of the columns and hence has a larger area of 

influence. Another possibility is that the the ion beam changes the direction 

of the column growth and thus the tangent rule does not apply. This could be 

investigated by electron micrography. Of further interest is of course other 

material systems, such as Ta205, shown by Motohiro to have a large anisotropy 

when deposited at 700 . 
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CHAPTER V 

NONLINEAR BEHAVIOR OF THIN FILM COATING MATERIALS 

We have seen how the observable optical properties of thin films result from 

changes in the microstructure produced by the conditions of deposition. These 

properties fall u~der the heading of linear optics41 Of great current interest 

is the field of nonlinear optics131-142. Materials. when subjected to intense 

optical radiation exhibit a departure from their low intensity behavior. This 

change in response has many applications in the communications industry for 

fast switching or multiplexing of optical signals and there are a number of 

I · " h 'b'l' f . I 143 Th groups current y mvestlgatmg t e POSSl 1 lty 0 an optlca computer . e 

research in nonlinearity of materials has concentrated in materials with large 

nonlinearities such as organic dyes and semiconductors. My interest is 

discerning the effects in materials that are used as standard coating materials 

in order to further understand the microstructural effects on the underlying 

electronic states of the molecules. 

NONLINEAR OPTICS 

In general the techniques utilized for the measurement of optical 

nonlinearities of materials fall into two categories, induced gratings, and pump 

and probe. Pump and probe experiments consist of using a strong pump beam 

to change the optical properties of the material under study. This alteration is 

observed by a probe beam whose intensity is sufficiently small as to cause no 

nonlinear effects. In induced grating experiments the interference of two 

strong beams creates a standing wave that writes a spatially varying refractive 

index profile. This profile then acts as a grati~g to diffract the beams. 

In pump and probe experiments one generally uses a broadband probe to 

scrutinize the reflection or transmission of the sample as a function of the 

input pump beam irradiance. Changes in the absorption spectra, such as the 

shift in the absorption edge due to band filling effects, can be related to the 

refractive index change through the Kramers-Kronig relations. 
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Figure 5.1 Basic geometries for Pump and probe (a) and Induced grating(b) 
studies of nonlinearities in the free space propagation regime. For 
simplicity only transmission measurements are illustrated. 
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Alternately, in an interferometric configuration the shift in the fringe 

location due to a nonlinear change in phase can be directly related to a change 

in index. If short pulses are used dynamic effects can be ascertained and the 

relaxation recombination lifetimes of the excited states measured. 

I . d d' . he" 144 145 h n In uce grating expenments, suc as lour wave mlxmg' t e 

efficiency of coupling into the scattered orders is directly related to the depth 

of modulation of the index. By varying the angles between the pump beams 

one can create gratings of different spacings and diffusion distances of the 

excited carriers are determined. 

In thin films these experiments can be performed in either free space 

propagation configurations (as shown) or with guided waves 140. Waveguide 

methods are popular because the confinement of radiation gives long 

interaction lengths the material dispersion can be compensated for by the 

modal dispersion and thus achieve wavevector matching for different 

frequencies. Wavevector matching increases the efficiency of the interaction 

in such applications as second harmonic generation 139 . 

In thin films the use of Fabry-Perot etalons 146 as bistable devices has also 

been of considerable interest. Etalons offer a marked field enhancement in the 

spacer layer that allows higher electric fields to be achieved with lower input 

powers. The feedback provided by the mirrors in an etalon makes nonlinear 

Fabry-Perot of interest for all optical memories and logic gates offering very 

fast highly parallel devices for optical signal processing. 

MEASUREMENT OF FLUX INSTABILITIES 

We are interested in characterizing the response of optical thin films to high 

energy densities in order to further identify differences from the bulk optical 

behavior. This is accomplished using a guided wave probe of the film and a 

free space propagating pulsed laser pump142, 147. The advantage of the guided 

wave probe in this application is it enables us to observe subsurface changes 

134, 141, 148, 149 in the thin film material while being less sensitive 
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Figure 5.2. Schematic of experimental configuration. 
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(a) (b) 

Figure 5.3 Principle of operation of the detectors. In (a) the beam is in the 
undeflected position, in (b) an exaggerated change in the beam position 
when the outcoupling angle is changed is illustrated. 

111 
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to changes in the supporting substrate. The non guided pump beam eases the 

analysis as one does not have to worry about nonlinear coupling efficiencies. 

This assumes that the change in index is sufficiently small that the Reflectance 

and transmittance do not change appreciably with input power. This is a 

limitation on the device. If the optical performance is such that these 

important parameters vary rapi.dly with input power than a simple 

transmission measurement will yield the information sought. 

Description 

Our experiment is of the pump and probe variety with a guided probe and free 

space propagating pump as shown in Figure 5.1. The pump beam is a Q

switched Quantel model 585 Nd:YAG laser operating in TEMOO, capable of 

producing a 8 nsec pulse of 30 mJ. The telescopic beam expander has focal 

lengths: fl =-25mm and f2=100mm and all the surfaces are antireflection coated 

for 1.064 /..I.m by the manufacturer. 

As the propagation constants of the various guided modes in the sample depend 

on index of refraction, changes in the index of refraction of the material under 

the influence of the external pump beam will change the propagation constant 

of the guided mode. This will be reflected by a change in outcoupling angle 

providing a direct measure of the nonlinearity of the material. These changes 

in angle are expected to be small and thus a very acute position sensitive 

detector is necessary. As we are interested in. electronic, not thermal, changes 

the detector must also be fast enough to follow the input pulse. The principle of 

operation of the detector (illustrated in Figure 5.2) is the light which is 

decoupled from the sample under study is split by the prism into two equal 

portions by a prism. The difference in the output from the two detectors being 

zero when the beam is undeflected. When the propagation angle changes the 

position of the beam with respect to the prism changes and the difference in 

the output from the two detectors is no longer zero. This detection scheme 

offers sensitivity and speed as well as eliminating variations that take place in 

both beams, such as changes in the probe laser power. The detectors that we 

have used are RCA 3791e with a response time in the subnanosecond range 



when operated into a 50 ohm load with a high reverse bias. This allows us . 

approximately 10 measurements over the length of the pulse. 

CHARACTERIZATION OF THE PUMP BEAM 
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As the energy density is of prime importance in this study the power and spot 

size of the beam incident at the film must be well characterized. The average 

power in the beam was determined using a Scientech model 365 laser power 

meter. In table 5.1 the average power is shown as a function of the applied 

voltage for a repetition rate of 10 Hz 

If we assume a gaussian intensity profile and suppose that the beam pattern is 

the effective diameter of the spot then we can have a peak incident field of the 

order 1.5 x 106 v 1m. 

Measurement of damage of a thin film of Ta20 5 

In order to characterize the maximum permissible irradiance level for 

subsequent experiments the fluence necessary to damage the film was 

determined. After aligning the pump laser to coincide with a guided streak in 

the film the light scattered from the film was recorded. An average power of 

150 mW was selected and the irradiance varied by reducing the spot size at the 

film surface. This was accomplished by altering the separation between the 

two elements of the beam expander. A single shot experiment was performed 

and the scattered light recorded after each shot. The damage threshold is then 

defined as the irradiance at which the scattered light from the irradiated 

region first becomes noticeable. The scattered light before laser damage is 

shown in figure 3.5 (pg. 67) and after in figure 5.2. The change is evident at 

the low end of the streak where a dramatic rise and fall of scattered intensity 

are seen. The observed damage corresponds to an electric field of 6.5 x 105 V I m 



voltage 
(volts) 

800 
820 
840 
860 
880 
900 
920 
940 
960 
980 

1000 
1020 
1040 
1060 
1080 
1100 
1120 
1140 
1160 
1180 
1200 
1220 

average power 
(milliwatts) 

o 
12 
22 
30 
39 
56 
68 
79 
95 

112 
127 
142 
160 
176 
194 
210 
221 
236 
253 
266 
282 
293 

Table 5.1 Average power in beam measured at the sample surface as a 
function of control voltage. 
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lens separation 
mm 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 

burn diameter 
mm 

4.66 
4.38 
3.80 
3.12 
2.90 
2.84 
2.70 
2.36 
1.70 
1.50 
0.76 
1.22 
1.80 
1.99 
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Table 5.2 Observed single shot bum diameters for 150 mw average incident 

power. 
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Figure 5.4 The three dimensional image of the light scattered from the 
guided after a damaging interaction. There was no observable change to the 
nakc(: eye. This is the same sample as seen in figure 3.5 
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Thus one certainly has nonlinear effects. Although the nature of the process 

in the damage of thin films, and optics in general is of a highly statistical 

nature and this result is hardly a well controlled study it indicates the power 

levels that are usable in our experiment. The nonlinear mechanism in this test 

could be of almost any sort including stimulated brillouin scattering, explosive 

water evaporation, dust, a small absorption center, ... 

ANALYS~ OF INTERACTION 

The principal calculations of optical multilayers that I have used are briefly 

surveyed and the use of steady state calculations is justified by a computer 

simulation of the linear temporal response of a thin film system. The 

sensitivity of the system to variations in index is then numerically 

investigated. 

Calculation of the propagation constants in muItilayers 

The 
151 

various methods for calculating the modes of a simple film91 , 93, 102, 150, 

and a multilayer have been explained by many authors 96, 97, 100, 105, 152-
154 The interested reader is directed to these references for a more complete 

description of the computation. For brevity I quote only the most salient 

results. In a multilayer, as in a simple film, a necessary condition for 

propagation is that at least one of the layers have an index which is greater 

than the normalized propagation constant ~/kO. Where ~=npsin(ep) is the 

component of the k vector in the plane of the guide, kO=21t/AO, and the 

subscript p refers to the prism. A second condition is that the boundary 

conditions imposed by Maxwell's equations be met. If the light is to be guided 

the waves must be evanescent in the exterior media (cover and substrate). This 

allows one to define a function whose zeros are the propagation constants of 

the guided modes in the multilayer. The solution is then a straightforward 

application of numerical methods in searching for the zeros of this function 

(Figure 5.5). 
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Figure 5.5 logarithm of the absolute value of the function F(s). The Zeros of this 
function determine the propagation constant for the unloaded guide. 
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If a guided wave is to propagate any significant distance the imaginary part of 

the refractive index must be quite small (less than of 10- 3) and thus the 

perturbation of the propagation constant is negligible99 . One can thus assume 

that the refractive index is purely real with little lack of generality. This leads 

to considerable mathematic simplification and is what we have done in 

calculating the synchronous angles. The indices are complex for the other 

calculations. The major difficulty with this calculation is certainty of having 

found all the modes. In particular the lower order modes can be difficult to 

locate. The function can change quite rapidly and the finite step can bypass 

the zero. In order to avoid this problem and minimize the run time our search 

method uses a rather course grid for a first pass. If the function is found to 

increase in value, a smaller grid is used in the vicinity of the change. This is 

then subdivided again to find the zero. Whether all the modes, or at least all 

modes with of order lower than the highest mode found, can be readily verified 

by looking at the field distribution of the modes which are found. For the TE 

modes the number of times the electric field crosses zero corresponds to the 

mode index, m. Inspection of the field profile can determine the mode index 

and verify if any modes are missing. If a mode is absent one must use a finer 

grid. This can be accomplished either by using more steps over the same 

angular range or by decreasing the range of angles investigated. For TM 

modes the same rules apply for the H field. 

This method of calculating the propagation constants has been verified both 

numerically and experimentally 2, 155 

NONLINEAR INTERACTIONS 

I model the interaction as a perturbation of the refractive index. Consider the 

guided wave to be a sample of the refractive index distribution in the guide. 

Any small local changes in the index due to the pump beam will produce a 

greater change in the overall modal characteristics if they occur where the 

guided field is greatest. Thus we calculate the distribution of electric field for 

the two incoherent waves in the media using the above matrix method. We 
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then form the integral of the product of the squares of these two fields as a 

measure of their relative interaction. As an example of this calculation the 

guided wave fields for two standard multilayers are presented. A single layer of 

Ta205 and a single cavity Fabry Perot filter. Material dispersion has been 

neglected in these calculations. These two structures illustrate the an untuned 

structure and a highly resonant structure. 

A single film 

This film of Ta205 is assumed to have a refractive index of 2,23. The pump beam 

and the design wavelength 1..0 are 1,064 Jlm and the probe beam is at 0,6328 Jlm. 

The electric field distribution of the pump beam is shown in figure 5.6, while 

the fields of all six of the modes and the irradiance product are shown in 

figures 5.7 to 5.18. In these figures the electric field for the modes is 

normalized unity to their maximum. The field of the pump beam is normalized 

with respect to the experimentally observable incident field, i.e. it is 

normalized to 1 vIm incident. 

A FablY Perot Filter 

This is a simple stack consisting of 9 layers. The indices are the H=2.23 and L 

=1.49 the spacer is taken as one wave optical thickness at the pump 

wavelength(1.064 Jlm). The probe wavelength is taken as 0.6328 Jlm. In the 

first figure the electric field distribution of the resonant pump beam shows the 

usual standing wave and electric field enhancement. The field for the pump 

beam is normalized to 1 VIm in the incident beam and thus the field in the air is 

greater than 1 by the reflection coefficient of the stack, about 4% in this case. 

The modes in the subsequent figures illustrated the variation in the field 

distributions and their irradiance product. One sees a great deal of variation in 

the overlap of the pump and probe fields. Of particular interest to us are the 

modes TEl and TEO. These two modes have comparable integrated overlap but 

the regions of significant overlap are quite different. Thus the lower order 
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Figure 5.6 Electric field due to the pump beam in a single halfwave of Ta20 5 
at 1.064 JlM. The light is incident from the right in glass. 
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Figure 5.7 Electric field for mode TEO for same film as figure 5.6. 
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Figure 5.8 The irradiance product is formed by multiplying the squares of 
the pump and mode fields. 
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Figure 5.9 Electric field for mode TEl in a single halfwave of Ta205 at 1.064 
IlM. 
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Figure 5.10 The irradiance product for mode TEl differs markedly from that 
of mode TEO in the location of its maximum values. In this mode they arc 
located at the film interfaces. In TEO the maximum is in the center of the 
layer. 
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Figure 5.11 Mode TE2 for a single halfwave of Ta20 5 at 1.064 11M. 
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Figure 5.12 Irradiance product for mode TE2. 

127 



1.50 '3 

"D 1 .00 
Q) 

U 0.50 
...... 

--' 
U 
Q) 0.00 ~ 
Q) ~ 

~ -0.50 j 
a 
E ...... -1.00 
o 
Z 

- 1 . 50 -f-r,"'M"T"TTT'TTT'T"ITT'TTTT'1rTTTTTT'TTTTrTTTTTn"'TTT"TTT'TTTT'",-rrrnrT'T'Tl 

0.00 0.20 0.40 0.60 0.80 1.00 1.20 
Physical thickness 

128 

Figure 5.13 Electric Field of mode TMO. Note the similarity with TE 1, the major 
difference is in the continuity of the fields at the interfaces. 
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Figure 5.14 Irradiance product for mode TmO of a single halfwave of Ta20 5 

at 1.064 11M. 
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Figure S.lS Electric Field of mode TMI for a single halfwave of Ta205 at 1.064 
J.LM 
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Figure 5.16 Irradiance product for mode Tm 1. 
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Figure 5.17 Electric Field of mode TM2 for a single halfwave of Ta205 at 1.064 
~M 
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Figure 5.18 Irradiance product for mode Tm2 

133 



2.50 

""0 2.00 
Q) 

u 
.c: 1.50 
-+-' 
U 
Q) 

Q) 

""0 1 .00 
Q) 
N 

o 
E 0.50 
'-
o 
z 

0.00 +nrT'"T"1rT'"T"1r"T"T'"r"T"T'"r"T"T'"r"T"T'"r"T"T'"r"T"T'"r-r-r-r-r-r-r-r-r-r-r-r-r-r-r-T'TT"T'TT"TTT'1 

0.00 0.50 1.00 1.50 2.00 2.50 
Physical thickness 

134 

Figure 5.19 Pump beam field for a Simple Fabry-Perot filter. Normalized to 1 
vim incident from the right. The cavity is one wave optical thickness at the 
design wavelength of 1.064 J.lM. The mirror is a four layer stack of Ta203 and 
Si02. 
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Figure 5.22 Fabry-Perot TE 1 
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Figu"e 5.26 Fabry-Perot TE3 
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Figure 5.27 Irradiance product for Fabry-Perot TE3 
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Figure S.28 Fabry-Perot TE4 

143 



2.00 

C; 1.50 
~ 

U 
o 
l.-

n.. 
1.00 

Q) 

U 
C 
o 

u 
o 
I.- 0.50 
I.-

0.50 1.00 1.50 2.00 
Physical thickness 

Figure 5.29 Irradiance product for Fabry-Perot TE4 
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Figure 5.30 Fabry-Perot TE5 
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Figure 5.31 Irradiance product for Fabry-Perot TE5 
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Figure 5.32 Fabry-Perot TE6 

147 



6.00 

5.00 

-+-' 
U 
~ 

V 4.00 
o 
I..... 

0.... 
3.00 

Q) 

u 
c 
o .- 200 v' 
o 
~ 
I..... 

1.00 

AJ \Ao. o .00 ~""""",.,.,..~,,",4-n--rH~~~otf,-;~.,... __ 'l"rr"" 

0.00 0.50 1.00 1.50 2.00 2.50 
Physical thickness 

Figure 5.33 Irradiance product for Fabry-Perot TE6 

148 



149 

mode should be less affected by interfacial effects then the TE 1 mode and the 

difference between these' two modes could serve as a location sensitive probe of 

the materials in a multilayer. 

SENSITIVITY CALCULATIONS 

The calculations of sensitivity proceeds in the following fashion. One 

calculates the synchronous angle for the structure under consideration. The 

electric field repartition of the pump beam beam is then calculated. This 

standing wave field is then utilized to calculate the change in refractive index 

using a kerr-like law. The synchronous angles and the electric field are then 

recalculated and the calculation repeated as a function of the incident 

irradiance.A flow chart is shown in figure 5.34. In this calculation the 

refractive index variation is assumed to be completely local. A positive 

nonlinearity N 2 for the tantalum of Ix 10- 1 O. This nonlinearity was assumed to 

be instantaneous, completely local and not to saturate. The input field was then 

varied between Ix107 and 10x107 . The nonlinearity of the glass substrate and 

the Si02 were both assumed to be 10- 16. Judging from the resulting 

displacements these parameters are probably unrealistically large. In any case 

the interesting difference is the comparison of the structural differences 

between a single thin film and a simple Fabry-Perot filter. The difference in 

shape which is best illustrated by figures 5.35 and 5.36 in which the change in 

position of the decoupled beam is calculated for a detector plane 1 m away from 

the prism face. Figure 5.35 illustrates the predicted variation for all mode of 

the single layer. Figure 5.36 lists only the TE modes for the Fabry-Perot filter. 

The TM modes display similar behavior. One sees immediately that the slope of 

the various modes is different and thus the sensitivity to small variations 

depends on the mode chosen. In table 5.3 I list the values of the irradiance 

product(lP) and the slope of the various modes as a measure of sensitivity, the 

large; the slope the greater the sensitivity. The overlap integral is seen to 

predict the gross aspects of the sensitivity, but the relationship is not perfect. 
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Figure 5·34 Flow chart indicating the procedure for calculating the change 
in waveguiding parameters due to a strong free space propagating pump 
beam. 
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Mode designation Irradience product slope of 
displacement at 1 m 

linear ~uadratic 

Ta20s TE2 21.23 1.536 
Ta20sTEI 14.78 1.024 
Ta20sTEO 18.15 1.346 
Ta20STM2 12.75 0.374 
Ta20s™I 18.09 1.171 
Ta20sTMO 14.34 1.790 

etalon TE6 221.27 7.520 -0.380 
etalon TE5 10.22 1.648 -0.056 
etalon TE4 67.35 1.534 -0.078 
etalon TE3 24.01 1.930 -0.079 
etalon TE2 78.05 1.342 -0.067 
etalon TEl 116.86 3.871 -0.191 
etalon TEO 123.84 5.738 -0.291 

etalon TM4 58.46 2.32 -0.976 
etalon TM3 57.77 1.25 -0.527 
etalon TM2 19.46 1.31 -0.057 
etalon TM1 28.71 0.83 -0.040 
etalon TMO 98.67 4.90 -0.223 

Small fields 
etalon TE6 221.27 0.373 
eta Ion TE5 10.22 0.072 
etalon TE4 67.35 0.076 
etalon TE3 24.01 0.087 
etalon TE2 78.05 0.066 
etalon TEl 116.86 0.189 
etalon TEO 123.84 0.280 

TABLE 5.3 A comparison of the irradiance overlap integral and the 
sensitivity of the modes for the various modes in the two structures studied. 
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In these figures on is immediately stricken by the difference in shape and the 

enormity of the change in position. The single layer of Ta20 5 is perfectly fit 

with a straight line. The etalon' is well characterized by a quadratic with 

negative curvature. In figure 5.37 the TE modes of the Fabry Perot filter are 

examined with a reduced input irradiance, in this figure the input varies from 

1-50 x 105. Over this range a linear fit is appropriate to the various modes and 

the change in position is still substantial with respect to the outcoupled beam 

diameter. From this comparison it is evident that the downword curvature of 

the Fabry-Perot response is due to detuning of the filter as the effective index 

of the film increases. 

LINEAR TRANSIENT RESPONSE OF AN ARBITRARY MUL TILA YER 

In all of the above calculations we have assumed implicitly through the use of 

the matrix methods that the multilayer systems are in a quasi-steady state. The 

modal field profile, in the linear case, is clearly a steady state calculation. The 

nonlinear, or even the linear response, of a complex multilayer system under 

the influence of pulsed irradiation is less obvious. In order to justify the use of 

steady state calculations I performed a simulation based on a simple 

propagation algorithm and the Fresnel coefficients of each interface. This has 

an inherent assumption that the index of refraction exists and has significance 

for very short times. This can be justified by considering that one is dealing 

with a large number of atoms and thus the index represents an ensemble 

average of the individual atomic response. 

This calculation of the transient fields in the multilayer is an extension of a 

method of calculating the temporal performance of single layers suggested by 

Macleod 156. Begin by defining the following coefficients at an interface 

between to semi-infinte media whose indices are ni-! and ni. 

If one assumes that the refractive index, ni, is a measure of the phase velocity 

in the material under study and that the Fresnel coefficients are valid for very 
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brief times, on the order of 5x 10-16 seconds, then the phase thickness o=21tnd/A. 

is a measure of the time for the energy to traverse the film of thickness d. 

Thus for example the amplitude reflection coefficient 

(5-3) 

and transmission coefficient 

(5-4) 

of a single film are found quite simply by considering figure 5.38. The infinite 

sum 1 is the steady state response and the first few terms yield the transient 

response. 

In the presence of even one additional interface, that is to say for a two layer 

calculation, the number of different paths to the output in either the forward 

direction, t, or the backward direction, r, doubles with each interaction with 

the buried interface as shown in figure 5.39. The resulting analytical equation 

becomes quite cumbersome after even just a few terms. 

calculation of the reflectance coefficient 

r= Er 
Ei 

=Pil 
+~ 1:t e- i2B pI, 

. { -2 + - + } 
+1a 1:t e-14B Pb Pa +1b 1:b Pc 

+1a 1:t e- i6B {PI,3 pt 2+ti, 1:; Pb Pc2 +21:b 1:; pi PI,Pc} 
+ ... 

As seen in the 

(5-5) 

This development suggests a simple scheme for calculating the transient 

response. One could argue that the higher order terms must be of decreasing 

magnitude and therefore negligible, of which there is no doubt in the long 

run,but it is in the short term that we are interested here, and even as the 
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magnitude of the tenns is decreasing the number of tenns is increasing 

particularly for a multilayer film which could have 50 layers. Another point of 

note to the casual reader is that these tenns are not necessarily all less than 

unity. When a field passes from a high index layer to a low index layer its 

magnitude increases. 

The approach I have taken is to separate the electric field present in the 

multilayer into two waves: E+ the forward travelling wave. and E- the backward 

travelling wave. In the results presented here. all the layers are multiples of a 

quarterwave in optical thickness. mAO/4 • where AO is the wavelength of 

illumination and m is an integer. although this simplifies the calculations it is 

not a necessary constraint. One then divides each quarterwave into 8 sublayers 

and replaces the multilayer by a succession of interfaces separated by a 

constant propagation time(dt). The material properties are represented by the 

Fresnel coefficients of the fictitious interfaces. The calculation proceeds 

iteratively. One associates the frequency and phase infonnation with the real 

incident field of the fonn: 

E i=A(t)sin(l1tdt/16) (5-6) 

where I is an integer. and A. the amplitude. is defined as a simple step function 

A(t)=O for t less than zero and unity thereafter. The electric field at the jth 

imaginary interface after a total elapsed time of .1 t is then calculated from the 

fields at its neighbors at the time .1t-dt: 

Ej(t} = tjEJ_1(t-dt)+pj Ej+l(t-dt} 

Ej(t} = tjEj+l{t-dt}+Pj Ej_l(t-dt) 

one then calculates the total field throughout the multilayer: 

(5-7) 

(5-8) 

(5-9) 
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10.00 

Figure 5.35 Deflection predicted for the various modes of the single layer 
of Ta205. The TE modes are shown with the solid line. The dashed lines 
represent the TM modes. 
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Figure 5.36 Displacement predicted for TE modes of a Fabry-Perot filter as 
a function of input intensity for large values of pump irradiance. 
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a function of input intensity for smaller values of pump irradiance. 
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Figure 5.38 definition of reflection and transmission factors at normal 
incidence between two media. 
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A single film 

Figure 5.39 a simple thin film illustrating the geometric series for the 
calculation of reflectance and transmittance 
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A Bi-Iayer 

Figure 5.40 Ray illustration of increase in the number of terms for a 
simple bilayer consisting of two films of equal optical thickness 
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4 
convergence of a single layer film 
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Figure 5.41 Time for single layers of Ti02 to reach steady state. 
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This is a very rapidly varying function, which if used directly in the definition 

of the reflection coefficient is poorly behaved, particularly when the sine 

wave is zero (twice each optical cycle). A more meaningful (and better 

behaved) function is the average energy .density. 

i(x) n(x)~oft+T/2IE(X,d2d t 
T t-T/2 

(5-10) 

The variables available in the design of muItilayers are the index of refraction, 

the thickness and the number of layers. There are an infinite number of ways 

to arrive at a given specified performance depending on which of the the 

above variables one manipulates. If one limits oneself to quarterwaves of 

materials which exist then by trading off the index difference and the number 

of layers one can achieve similar results, for example in the passband of a 

narrow band filter. 

The results of these calculations were in keeping with what one would expect 

from Fourier analysis. The a state is defined as when the reflectance and the 

transmittance of the filter change by less than one part per million over two 

consecutive traversals of the structure. 

The first structure investigated was a simple thin film as the analytic 

calculation serves as a test of the method. The resulting fields were quite 

uninteresting and the steady state achieved quite rapidly as shown in figure 

5.40 where the response time is presented as a function of thickness. Here the 

time to converge is linearly related to the thickness. A thicker sample takes 

longer to converge simply because it takes more time to traverse the film. The 

steady state for a mirror is a bit more interesting in that there is a pronounced 

oscillatory structure associated with the configuration. If the stack has a low 

index layer outermost it converges faster than if it has a high index layer 
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outermost. In Figure 5.41 the convergence time increases rapidly with 

reflectance above R=.9. 

The response time for a narrow band filter is inversely proportional to its 

passband, as shown in figure 5.42 and 5.43. In the case of multiple cavity 

filters the dependence is stronger. This is due to the coupling of the cavities so 

that a double cavity filter acts in some respects like a coupled oscillator. 

This manner of calculation offers some advantages over direct application of a 

Fourier transform to the calculation of response times in that one can watch 

the evolution of the fields. The transient fields in multilayers are most 

interesting for filters. In single layers and mirrors the transient regime is 

characterized by a smooth evolution from zero to the steady state. The multiple 

cavity filters offer interesting graphs. Multiple cavity filters are a standard 

method of achieving a squarer transmittance profile and a better rejection of 

the out of band wavelengths. As one adds cavities one increases the peak 

intercavity field in the transient regime above the steady state, as well as the 

amount of time required to reach the steady state. This has the implication that 

multiple cavity filters, if used in pulsed power applications could be more 

susceptible to damage. 

The conclusion of this linear calculation is that for the length of scale utilized 

in our experiment that steady state calculations of the electric field profile are 

justified as the device response time is much f~ster, by orders of magnitude, 

than that of our detector or the pulse duration. 

DISCUSSION 

This proposed experiment for the determination of the nonlinear refractive 

index by direct observation of the change in the synchronous angle has some 

definite problems. The first is that in order to observe the change in index 

directly one must place the prism directly over the irradiated region. This 

leads to two problems (1) The prism is irradiated with the pump beam leading to 

the problem of separating prism and film nonlinearities; (2) the prism and film 
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are in close proximity resulting in the air gap acting as a thin film between 

two high index layers and creating large standing waves. It appears however 

that the change in index that can be achieved should yield an observable 

deflection if the effects of the pump on the prism can be adequately 

characterized. One can also think of placing the prism near but not on top of 

the pump in which case it may be possible to observe a decrease in the power 

do to a coupling of the propagating mode with free space "modes". or changes 

in index which create lundberg lenses and deflect the beam as has been 

proposed and observed for thermal nonlinearities. Finally one can envisage 

splitting the input probe beam in an interferometric manner and by focusing 

the light into a line with a cylindrical lens observe the phase change. If one 

can produce a total phase change of 1t over a length of a centimeter then an 

average change in effective index of roughly SxlO-S would yield 100% contrast. 
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CHAPTER VI 

GENERAL CONCLUSION 

In this dissertation I have addressed several aspects of optical thin films that 

can be considered to be second order. The first order properties of these 

materials. their thickness and refractive index. are well understood and 

capable of reproduction in industrial applications. In particular I have 

investigated the reduction of absorption in Ta2 ° 5 through the construction of 

a waveguide device that has permitted the observation of a reduction in the 

absorption loss to the limit of detection set by the roughness of the film and 

substrate. I have examined the influence of the direction of ion impingement 

on Ti02 and found that this can be used a means of enhancing the 

birefringence in this important material. Finally I have looked into possible 

means of observing the nonlinear properties of thin films and used guide 

waves as a means of detecting subsurface damage to optical coatings through a 

marked increase in scattering loss. I believe that the development of 

nonlinear devices based on the construction. and not solely on the material 

parameters will lead to interesting challenges in the field of optical thin films 

for many years. 
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