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ABSTRACT 

Materials in the form of thin films that have been deposited 

from the vapor phase are significantly different from similar bulk 

materials, both optically and mechanically, because of their columnar 

structure and consequent porosity. Their porosity has been verified in 

different ways. The effects of the pores on optical an~ mechanical 

performance and, in particular, the influence of water adsorption, have 

also been demonstrated. 

Three techniques used for investigating optical instabilities 

in thin films are given. They all involve sharp resonances. The 

resonances are associated either with surface plasmons, metal

dielectric narrowband filters, or all dielectric narrowband filters. 

These resonances are very sensitive functions of layer properties and 

hence can be used to detect and measure changes in the layers, 

particularly those that are induced by adsorption of moisture. 

Moisture adsorption in thin films is a complex process that occurs 

unevenly in patches. Using resonance techniques, the adsorption 

isotherms of change in refractive index, of growth rate in patch size. 

and of peak wavelength shift, which are all important in 

characterizing the porosity of films, have been measured. 

Some effects that locally increase film porosity and create 

central pores that permit water to penetrate into multilayer 

xvii 



structures have been investigated. Based on these results, some 

suggestions for preventing water adsorption in films are then made. 

xviii 

Moisture penetration into thin film structures is the major 

source of optical coating instability and it is therefore very 

important that the mechanisms of penetration be understood. Some 

deductions of the mechanisms are made from the experimental results. 



CHAPTER 1 

INTRODUCTION 

Bottlenecks in optical thin-film technology are no longer 

attributable just to the deeign and monitoring of optical coatings, but 

are also much more related to materials; particularly with the 

fundamental effects of structure and composition on the properties of 

thin films. It is recognized that data concerning bulk materials 

cannot be applied blindly to thin films. Instead, research shows that 

thin films differ from similar bulk materials with respect to 

measured physical properties and to durability under exposure to 

humidity, radiation, and abrasion. A principal reason for the distinct 

differences between thin films and bulk is the structure of the films, 

which directly affects their properties and also renders them more 

vulnerable to be attacked by elements in the operating environment. 

Electron microscope studies show that, with only a few 

exceptions, the structure of vacuum-deposited thin films is strongly 

columnar. The radii of the columns are often in the range of 10 to 30 

nm depending on evaporation conditions, although they can be much 

larger. An important feature of the structure is that voids exist 

between the columns, taking the form of pores stretching through the 

film. The refractive index of those voids will differ from that of 

the material making up the columns. The pores have a major influence 

1 



on the adsorption behavior of the films. It is this adsorption that 

makes the refractive index of the film increase or decrease when 

environmental conditions change. The magnitude of the change in 

refractive index also depends on the materials which the films have 

adsorbed, but under normal conditions, the adsorbate is water vapor. 

Research in nonoptical adsorption is already well-developed, 

and a general review will be given at the beginning of Chapter 2. The 

milestones of water adsorption in thin film coating will then be 

surveyed. A cell with accurate control of relative humidity is 

necessary and will be introduced at the end of Chapter 2. 

Good work needs good tools. Three techniques for studying 

small instabilities of coating films are presented in the following 

three chapters. A surface plasmon technique will be given in Chapter 

3. Its great sensitivity to a small change in optical constant allows 

us to investigate water adsorption of coating films. Chapter 3 begins 

with an introduction of admittance loci on an Argand diagram, which 

has been well developed by Macleod. It is a very handy graphical 

technique which provides a quick way of looking at the optical 

performance of a coating. Both single layer and multilayer surface 

plasmons are predicted by this graphical method and confirmed by 

experiments. The optical constants of silver and cryolite have been 

calculated. An adsorption isotherm of a cryolite film will then be 

discussed. 

Another possible technique for observing optical instability 

due to water adsorption is to manufacture a narrowband filter using 
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the material in question. This technique was used by Richmond (1976). 

Metal-dielectric filters are the simplest type of narrowband filter 

and they are described in Chapter 4. Peak wavelength shift due to 

water adsorption has been predicted by computer simulation and 

verified by experiments. Adsorption isotherms and packing density of 

cryolite film, which relate to the film's porous nature are also 

discussed in this chapter. The chapter then ends with a discussion of 

desorption and adhesion failure caused by moisture. 

Chapter 5 deals with the dynamic. processes of water 

adsorption in multilayer coatings that are all-dielectric narrowband 

filters. Two very popular materials, zinc sulfide and cryolite, are 

used here as examples. Again, the adsorption study consists of 

computer simulation followed by experimental observation. Visible 

shifts of peak wavelength through each layer can be seen in each 

patch of moisture in the filters. The relation between adsorption and 

porosity of materials has been demonstrated by looking at both high 

and low index spacers. The influence on peak transmittance and on 

half peak width by adsorption is also discussed. The refractory oxide 

materials are more interesting nowadays because of their low loss and 

high durability under high-power radiation. Chapter 5 ends with an 

investigation of two oxide materials: Zr02 and 8i02• 

It would be very useful if one could stop water adsorption in 

films. The search for reasons which make coating films porous is 

described in Chapter 6. Limited mobility of condensing atoms 

(molecules) is the main reason. This will be ~emonstrated by computer 
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simulation of film growth. Surface defects of substrate, dust, 

spitting of sources, and impurities will then exaggerate the porosity 

of the coatings and this is shown by experiments described in this 

chapter. Some means of stopping adsorption in films are proposed. 

Chapter 7 outlines three models for interpreting water 

adsorption in porous films. Water is assumed to go through central 

pores and to spread laterally. Rather than simply plotting the pore 

size distribution and void density of the films, the models give a 

mechanism for water penetration inside the films, which could be 

valuable information in the search for methods of preventing water 

adsorption. 
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CHAPTER 2 

ADSORPTION 

Adsorption in General 

From the phenomenological point of view, one observes, upon 

mechanically separating solid and gas phases, that there is a certain 

distribution of adsorbate between them. This may be expressed, for 

example, as X, the volume at STP adsorbed per gram of solid versus the 

pressure P. The distribution, in general, depends on the temperature 

T, and also on the natures of the gas and the solid, so that the 

complete empirical description would be in terms of an adsorption 

function X=f(P ,T,gas,solid). 

For a given gas adsorbed on a given solid, maintained at a 

fixed temperature, the adsorption function simplifies to 

X=f(P)T,gas,solid and is referred to as an adsorption isoth~· .om. 

If the gas is below its critical temperature, i.e., if it is a 

vapor, the alternative form X=f(p/PO)T,gas,solid is more useful, Po 

being the saturation vapor pressure of the adsorbate. P/PO is then 

called the relative humidity (RR). 

It is customary to divide adsorption into two broad classes, 

namely, physical adsorption and chemisorption. Physical adsorption 

equilibrium is very rapid in attainment and is reversible, except 

within some of the porous absorbents. Physical adsorption is usually 
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important only for gases below their critical temperature, i.e., vapor, 

as a result of general van der Waals interaction with the solid 

surface. 

Chemisorption may be rapid or slow and may occur above or 

below the critical temperature of the adsorbate. It is 

distinguishable, qualitatively, from physical adsorption in that 

chemical specificity is higher and the energy of adsorption is large 

enough to suggest that full chemical bonding has occurred. Gas that 

is chemisorbed may be difficult to remove, and desorption may be 

accompanied by chemical changes. The rate of behavior of 

chemisorption is indicative of the presence of an activation energy. 

It may, in fact, be possible for a gas to be physically 

adsorbed at first and then enter into some chemical reaction with the 

solid surface while the physical adsorption is still in process. 

BET Classification 

There are tens of thousands of adsorption isotherms reported. 

They include adsorbents such as nonporous solids like mica, glass, 

quartz, metal, etc., or porous solids like charcoal, silica, alumina, 

dielectric, polymers, etc., and adsorbates such as organic compounds 

like benzene, ethylchloride, hexane, heptane, etc., or water vapor or 

inert gases like nitrogen, argon, etc. 

In 1940, Brunauer, Deming, Deming, and Teller classified 

isothermal physical adsorption into five principal forms, nowadays 

known as the BET classification. This classification is shown in Fig 

2.1(a). 
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Figure 2.1. Adsorption isotherms. 

(a) BET five classification~ (b) two additional 
types of adsorption isotherm expected for nonwetting 
adsorbate-adsorbent systems. 
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Type I depicts monolayer adsorption. Type II is very common 

in the case of physical adsorption and corresponds to multilayer 

formation. Point B at the knee of the curve is considered as the 

point of completion of a monolayer. ,. Type III is adsorption 

characterized by heat adsorption equal to or less than the heat of 

liquifaction of the adsorbate, for example the adsorption of nitrogen 

on ice (Adamson and Dormant, 1966). Type IV and Type V are considered 

to reflect capillary condensation phenomena in that they level off 

before the saturation pressure, PO' is reached and may show hysteresis 

effects. 

The description above is traditional and some further comment 

is in order. The flat region of the type I isotherm has never been 

observed up to pressures approaching PO; this type typically is 

observed in chemisorption at pressures far below PO. Type II and Type 

III approach the Po line asymptotically and are typical of adsorption 

on powdered samples. The approach towards infinite layers is actually 

due to interparticle condensation (Wade and Whalen, 1968). Types IV 

and V specifically refer to porous solids with Type II and Type III 

behavior, respectively. 

There are two additional isotherm types shown in Fig. 2.l(b). 

There are two simple types possible for adsorption on a flat surface 

for the case where bulk liquid adsorbate rests on the adsorbent with 

a finite contact angle (Tadros, Hu, and Adamson, 1974). 

A number of techniques for finding the surface area and/or 

pore size distributions or volume of the pores from experimental 
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adsorption isotherms are given by Arthur W. Adamson (1976) and by S. J. 

Gregg and K. S. W. Sing (1967). They also give a complete theoretical 

derivation of the adsorption isotherms. However, not all of the 

experimental adsorption isotherms are as simple as can be classified 

into one of the standard types. This is because real adsorbents are 

not as simple as the models represent. The detailed pore structure, 

which is our interest, departs from the ideal models. Some of the 

examples they give show hysteresis characteristics which could be due 

to ink-bottle type pores that can trap adsorbate and! or to 

irreversible changes that may occur in the pore structure on 

adsorption. 

One of the important features of adsorption is the adsorption 

rate. In the capillary model, J. Stone and H. E. Earl (1973) verified 

that the rate of filling in capillaries is governed by Poiseuille's 

law, which predicts the filled length to be proportional to the square 

root of the filling time. The pores in most porous materials are 

linked by many short, bent capillaries. The bends slow down the 

filling rate. Even more, if there are barriers between the 

capillaries, i.e., pores, it will take a much longer time to fill up all 

the pores. This may happen in multilayer optical coatings. 

Adsorption in Optical Coatings . 
Transmission electron microscopy (TEM) allows us to look at 

the microstructure of a porous material. Figure 2.2 is a photograph 

of a replica of an optical coating with cryolite on top of zinc 

sulfide supported by glass. The replica was made in the two inch-
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Figure 2.2. 
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TEM photograph of glass/ZnS(3/4 A ) cryolite (l/2~A )/air, 
AO = 500 nn. Lower half of each ~hotograph is glags. 
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diameter coater shown in Fig. 2.3 following the P t -preshadow 

techniques given by Pearson (1970) and Guenther and Pulker (1976). The 

photograph shows clearly that the optical coating films are columnar 

in structure with pores in between. 

The columnar structure of the films has a profound influence 

on their properties, both optical and mechanical. Large intrinsic 

stresses, and hence strain energy, due to the forces of attraction 

between columns, can sometimes exist, the stress· being more pronounced 

in one particular direction. The typical mode of mechanical failure is 

a peeling of the films at least partly driven by the internal strain 

energy. Figure 2.4 shows a peel adhesion failure in which parallel 

strips of coating are becoming detatched from the substrate, the 

unidirectional peeling probably being a consequence of a directional 

stress. These films were grown by a very fast evaporation rate of 

cryolite from a tantalum boat in an Edwards 18 inch coater (Fig. 2.5). 

The pores in between the columns are of considerable 

importance. A film with columnar structure acts as a porous 

adsorbent. In normal circumstances, those pores have a tendency to 

adsorb water vapor, the polar nature and capillary condensation 

behavior of the water playing important roles. Such adsorption of 

water in the films changes their optical constants, their optical 

thicknesses and, therefore, the optical performance. 

The changes of optical constants of the vacuum deposited 

films have been observed previously.· Schulz (1949) measured the 

refractive index of LiF coatings by the Abbe refractometer and found 



Figure 2.3. Two-inch coating unit for making TEM replicas. 

(1) Oil diffusion pump 
(2) Carbon roe source 
(3) Carbon + platinum point source 
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Figure 2.4. 
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Fiber-like appearance of thin film coating. 
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Figure 2.5. Edwards 18-inch coating plant. 
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(4) substrate (5) quartz crystal (6) optical 
monitor plate (7) light source (8) photomultiplier 
(9) chart recorder 

..... 
.p-



that the refractive index increased with the refractive index of the 

contact liquid. He concluded that there was over 6 % of accessible 

voids inside the film. Abel~s (1950) detected an increase in the 

refractive index of cryolite of 1% in five days. Hall and Ferguson 

(1955) and Gonella and Robrieux (1962) observed a shift towards longer 

wavelengths in a reflectance curve for magnesium fluoride and calcium 

fluoride films, respectively. J. Meaburn (1966) observed the drifts of 

passbands of interference filters. He explained these. drifts as 

thermal effects but did not realize they were due to water adsorption 

in the filters. Edgar E. Barr (1974) tried to explain the reduction in 

transmittance of a narrowband filter after coating by crystallization 

of the spacer layer. He was not aware that in some areas of the 

coating, adsorbed water was shifting the position of maximum 

transmittance such that the average transmittance of the whole filter 

was reduced. 

The first two quantitative measurements of the effect of 

water adsorption and hence the resultant change of refractive index of 

films were reported by Koppelmann, Krebs, and Leyendecken, 1961), and 

by Koch (1965). 

In 1967, Frank E. Jones studied the electrical conduction of a 

barium fluoride fUm electric hygrometer with water adsorption and 

gave an adsorption isotherm. Its conductance increased as the 

relative humidity increased because of the higher conductance of water 

adsorbed in the barium fluoride film. 
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Knowing that thin films have a columnar structure from TEM, 

Pulker and Jung (1971) made a film model of cylindrical columns in a 

closed-packed structure, instead of in the spherical aggregates model 

of Koch. From this model and the frequency change of a quartz 

crystal after adsorption/desorption of the water vapor, they 

calculated inner surface areas of MgF2, Na3AIF6, and ZnS films 

computing 116, 89, and 26 m2g-1, respectively. The packing density, 

defined as the ratio of the film volume composed of solid material to 

the total volume of the film, which is related to the number and size 

of the pores, is also given. They conclude that the reversible part of 

water adsorbed is proportional to the number and size of the pores in 

the films and the irreversible part is proportional to the inner 

surface area of the films. 

However, except in cryolite, the packing density calculated 

from their model is different from the measured value. This is 

because the model is too simple to fit all of the features of the 

structure of real films. According to their model, packing density is 

0.9069, and is independent of the material and evaporation conditions. 

This is not realistic. We know from the experiment that a wide range 

of values is possible. 

In order to fit the experimental results better, S. Ogura 

(1975) proposed two new models, namely, truncated conical and 

truncated paraboloidal. The cylindrical one is then a special case of 

those models. These models allowed him to explain the existence of a 

wide range of measured values of packing densities. 
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If one tries to fit his models to a specific material, one will 

still have difficulties of film-thickness dependence, surface roughness 

dependence, etc. on packing density. The models are still too simple 

to fit completely the real film structure. Therefore, in Ogura's 

research on pore size distribution, he adopted the very simple 

assumption that the films have cylindrical columns. 

Before attempting to build a new model for optical thin-film 

structure, one must look at the water adsorption in the films more 

closely. Three techniques will be applied in the next three 

successive chapters. These techniques are sufficiently sensitive to 

the water adsorption in the films to make possible investigations of 

the ways water penetrates and spreads in the films. 

Control of Relative Humidity 

In order to derive an adsorption isotherm, the films must be 

set in an environment of well-controlled relative humidity. In a 

limited space, a simple but very accurate way is by means of salt 

solutions (American Society for Testing Materials, 1971) provided we 

can control the environment temperature withi? ±1° C. Saturated 

solutions of certain salts maintain definite RH at constant 

temperatures. These solutions should have an undissolved surplus of 

the salts to ensure saturation at all times. 

Some of the salts with the RH maintained by their solution are 

listed in Table 2.1.' 
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Table 2.1. Relative Humidity Over Saturated-Salt Solutions. 

Salts Temp. CO C) RH (%) 

K2C03·2H20 18.5 44 
20.0 42 
24.5 43 

Ca(N03)2·4H20 18.5 56 
24.5 51 

NaN03 20 66 

NaCl 20 76 
30 75 
40 75 

(NH4)2S04 20 81 
25 81.1 
30 81.1 

K2S04 20 96.5 
30 96.5 
40 96.5 



CHAPTER 3 

SURFACE PLASMONS 

One way of looking at the resonance condition of a surface 

plasmon is by plotting the admittance loci of the films on an Argand 

diagram which was developed by Macleod (1980). It will be described 

briefly in the following two sections, followe~ by experiments. 

Figures 3.1 through 3.8 were taken from Macleod (1980). 

Admittance Loci on an Argand Diagram 

The optical admittance is defined as the ratio of the 

magnitudes of the magnetic and electric fields of the wave, and it is 

a property of the medium. In optics, we can assume that the relative 

permeability is unity and it follows that the optical admittance, Y, is 

proportional to the refractive index, the constant of proportionality 

being the admittance of free space. 

Y HIE = YON = Yo (n-ik), where N = n-ik is the refractive 

index of the medium, defined as the ratio of velocity of light in free 

space to velocity of light in the medium. Yo is th~ admittance of 

free space = 1/377 Siemens in SI units. 

The optical admittance can be numerically equal to the 

refractive index if we measure optical admittance in units of the 

admittance of free space: 
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Figure 3.2. Isoreflectance and isophase contours (Macleod, 1980). 
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Y = n - ik (free space units). 

The characteristic matrix for normal incidence for each layer 

of the coating is given by 

[

COSIS 

i(n-ik)sinlS 

isinlS/(n-ik)] 

coslS 

where 15 = 21T(n-ik)d/ A is the phase thickness of the layer and d is the 

physical thickness of the layer. 

The performance of the multilayer is then given by 

[ 
B] }IT [COS ISr 

C - ~ !~1 i(nr-ik")sino,, 

where Nsub is the index of the substrate. The equivalent optical 

admittance of the multilayer is Y = C/B~ where B is proportional to 

the electric field while C is proportional to the magnetic field. The 

amplitude reflection coefficient is 

p .. = (3.2) 

where Ym is the admittance of the incident medium and must be real, 

and ~ is the phase change on refle~tion given by 
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(3.3) 

The amplitude transmission coefficient is 

l' = (3.4) 

The reflectance, defined as the ratio of the intensities of the 

reflected and incident beams, is given by 

R ::I pp* .. (3.5) 

and the transmittance, the ratio of transmitted and incident 

intensities, by 

T = TT* = (3.6) 

The material already present at any stage in the deposition of the 

coating can be replaced by an equivalent admittance Y, given by the 

ratio of C/B at that stage, and subsequent material then beh~ves as if 

it were being deposited on a substrate of characteristic admittance Y. 

This admittance Y will be complex and its locus during the entire 



deposition can be plotted on an Argand diagram, starting at the 

substrate and ending at the front surface. 

For any particular layer of index N, the locus of Y on the 

Argand diagram can be shown to be a circle with center 

30 

([N2 + a2 + 132]12«, 0) passing through the point (a, a) where a+i.a is, 

the equivalent optical admittance of the multilayer already deposited 

when the current layer is started. The scale of phase thickness 0 may 

also be plotted if the film's lndex N is known. This produces the 

equation of a circle with center (0, N/2[ tano-coto)), that is on the 

imaginary axis, passing through the point (N,D). 

The admittance circle is traced out clockwise. If the 

starting point is on the real axis, then a semicircle corresponds to a 

quarter wave. Drawing the circle becomes easy if we note that, if one 

point of intersection with the real axis is given by a, then the other 

point of intersection will be N2/ a.. The reflectance is zero only at 

the point (nm, 0) where nm is the admittance of the incident medium, 

and for the reflectance of a multilayer to be zero, its locus must 

terminate at that point. Figure 3.1 shows the locus of admittance and 

locus of constant o. 

It is also possible to plot isoreflectance contours. These 

are circles with centers (nm[l+R]/[l-R], 0), i.e., on the real axis and 

with radii 2 nmR1/2/[l-R]. Isophase contours, that is contours of 

constant phase changes on reflection, can also be added. They are 

circles with centers at (0, nmcot $) i.e., on the imaginary axis, and 



with radii nmcscq" where q, is the phase change on reflection, and 

passing through the point (nm, 0). Figure 3.2 gives the scheme of 

isoreflectance contours and isophase contours. 
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Metal layers, or other absorbing layers can also be included 

although the calculation requires the assistance of a computer. For a 

lossless metal in which the refractive index, and hence optical 

admittance, is purely imaginary, and given by -ik, which are on the 

imaginary axis. Figure 3.3(a) shows the typical form. Real metallic 

layers depart somewhat from this ideal model, but if the metal is of 

high performance, i.e., if the ratio kin is high, then the loci are 

similar to the perfect case. It is as if the diagram were rotated 

slightly about the origin so that the points where all circles 

intersect are (n,-k) and (-n,k), respectively •. Figure 3.3(b) shows a set 

of· optical admittance loci calculated for silver, n-ik = 0.075 - 13.41, 

which shows this typical behavior. If the locus of a metallic layer 

ends on the point (nm,O) on the real axis, the reflectance will be 

zero. 

The above graphical technique is used a great deal in 

understanding the basis of designs and in visualization of coating 

performance, and in the selection of designs for subsequent computer 

refinement. Besides, this diagram has an advantage that contours of 

electric field amplitude are very simple in form, and can readily be 

added when all the layers are dielectric. 
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The net intensity passing into multilayer can be written as 

I = 1 1 "2 YO Re(BC*) = "2 YO Re[YBB*] = i Yo BB* Re(Y) (3.7) 

where BB* = g2 = (electric field amplit~de)2. 

If the layers are dielectric, then the net intensity actually 

entering the assembly is the same as that which emerges. Let unit 

intensity emerge from the multilayer system, then 

= r 1 J '11 L YO Re(Y) 

If the incident intensity is unity, then 

g = 27.46 T1/2 

[Re(y)]1/2 ' 

27.46 
[Re(Y)] 1/2 • 

(3.8) 

where T is the transmittance, g is in Volts/meter provided that Y is 

in free space unit, i.e., if Y is numerically equal to refractive index. 

Figure 3.4 gives the electric field distribution in the Argrand diagram. 

Tilted Films 

As thin film coatings are gradually tilted with respect to the 

direction of incident light, their behavior departs increasingly from 
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that at normal incidence, and the changes can be substantial. For 

light which is incident other '&;han normally, we therefore must 

redefine the optical admittance as the ratio of the components of 

magnetic and electric field parallel to, and intensities normal to the 

interfaces. 

With a sign convention as shown in Fig. 3.5, we then have 

optical admittance for S- and P-polarized components 

Ys = (n - ik)cosS 

YP = (n - ik)/cosS 

(3.9) 

(3.10) 

these admittance being measured in free space units. S is given by 

Snell's law: 

nm sinSm = (n-ik)sinS 

and the z-part of the phase factor by 

exp -i 2'1r T (n - ik)cos S·z 

An alternative scheme which avoids some computing 

difficulties, because of ambiguities of the inverse trigonometric 

functions, is the replacement of (n-ik) cosS by 
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with the correct root being in the fourth quadrant. The phase factor 

then becomes 

exp 

and the admittances 

Ys = (3.11) 

in the fourth quadrant, and 

(3.12) 

The calculation of multilayer properties at an angle of 

incidence other than normal is then 

(3.13) 

with the appropriate S- or P- admittance and the corrected value of 

phase thickness 0 = (2~d/A)ys. The reflectance, transmittance, and 

phase angle are 



* R ... Y B-C _m __ • 

T. ,. 

-1 
cp = tan 

YmB+C 

4y m Re(y sub) 

i ym(CB* - BC*) 

Y~BB* - CC* 
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(3.14) 

(3.15) 

(3.16) 

In order to preserve, for both S- and P-polarization, the 

normal incidence admittance for the incident medium which simplif~~s 

the Argand diagram construction for illustrating tilted thin film 

performance, Macleod (1980) proposed modified admittances 

or 

ns = 

in fourth quadrant, and 

ns = (n-ik)cos 8/cosem 

(n2-k2-nm 2 8in28m - 2ink)I/2 
cos 6m 

(n-ik)2 . 

(3.17) 

(3.18) 
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Figure 3.6 shows the behavior of dielect~i~ materials when the 

incident medium is glass of index 1.52. There is a splitting of the s

and P-polarized admittances which increases with angle of incidence. 

For indices which are lower than that of the glass, it is possible to 

reach the critical angle and at that point, the admittance reaches 

either zero or infinity and disappears from the diagram. A 

particularly interesting case is the free space admittar.ce when a beam 

of light is incident on the hypotenuse of a prism. Here, free space is 

acting as a substrate. Figure 3.7(a) shows the variation of the S- and 

P-polarized modified admittance of free space. ng is the incident 

admittance. The S-admittance falls along the real axis until zero at 

the critical angle (Bc) and then it turns along the negative direction 

of the imaginary axis tending to negative imaginary infinity as the 

angle of incidence tends to 900
• The P-admittance rises along the real 

axis, passing the point ng at the Brewster angle, becoming infinity at 

Bc ' switching over to positive imaginary infinity and then sliding down 

the imaginary axis tending to zero as the angle of incidence tends to 

900
• 

For the metallic layer, the change in the modified admittance 

is mainly due to the cosBm term. The P-admittance simply moves 

towards the origin and S-admittance away from the origin, as shown in 

Fig. 3.7(b). Thus, the principal effect for high performance metal 

layers with tilt is an expansion of the circular loci for S

polarization and a contraction for P-polarization. The basic form 

remains the same. 
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Surface Plasmon Resonance in Single Layers 

For an uncoated hypotenuse, the second medium is air of 

refractive index unity. As one can see from Fig. 3.7(a), for am greater 

than ac ' the modified admittance for P-polarized light is positive 

imaginary and the reflectance is unity. Now let a thin absorbing, e.go, 

metallic layer be added to the hypotenuse, the admittance will then 

leave the imaginary axis. Figure 3.8(a) shows the illuminating 

arrangement and Fig. 3.8(b) the loci. . For a very narrow range of 

starting values, the metal locus cuts the real axis in the vicinity of 

the incident admittance, and if th~ metal thickness is such that the 

locus terminates there, then the reflectance of the combination ~.ill 

be low. For one particular angle of incidence and metal thickness, 

shown in Fig. 3.8(b), the reflectance will be zero. This condition is 

very sensitive to angle of incidence which corresponds to the very 

small value of fj, ag in Fig. 3.8(b). Since the admittance of the metal 

varies much more slowly than the air substrate, the zero reflectance 

condition will no longer hold, even for quite small tilts. This very 

narrow drop in reflectance to a very low value, which has all the 

hallmarks of a sharp resonance, can be interpreted as the generation 

of a surface plasma wave on the metal film (Kretschmann and Raether, 

1968; Raether, 1977). Because of the opposite sign of .the S-admittance 

for the metal, the effect exists only for P-polarization. 

For a poor metal, n is large and the intersection of the 

admittance loci for different tilt angles is away from the imaginary 

axis. Therefore the fj,ag is large, which implies that the half width 
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of resonance angle, b. 9h' will be large. In other words, the larger the 

n of the metal, the less sensitive will be the resonance. 

For a metal with larger value of k, the starting point on the 

imaginary axis is higher, and therefore a smaller tilt angle is needed 

for the metal locus to reach the incident admittance, as shown in Fig. 

3.9. 

Figur.e 3.9 gives the characteristics of reflectances as a 

function of incident angle for different metals with given refractive 

indices. Alternatively, by knowing the reflectance as a function of 

incident angle, one can calculate the refractive index of that metal. 

One can see from the figure that the larger kin of the metal is, the 

narrower the b.9h will be. Silver is then the best candidate for 

surface plasma wave observations. 

When a thin dielectric layer is deposited over the metal next 

to the surrounding air, the starting point for the metal locus will be 

shifted along the imaginary axis. Because the metal loci at the 

imaginary axis are clustered closely together (almost intersecting), a 

small change in starting point produces an enormous change in the 

locus and hence in the pOint at which it cuts the real axis, leading to 

a substantial change in reflectance. This very large change which a 

thin external dielectric film makes to the internal reflectance of the 

metal film, has been used in the study of contami~ant films adsorbed 

on metal surfaces. Film thickness of a few Angstroms have been 

detected in this way. Provided that the film is very thin, then an 

additional tilt of the system will be sufficient to pull the 
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intersection of the metal locus with the real axis back to the 

incident admittance, and so the effect can be interpreted as a shift in 

the resonance rather than a damping. 

Figure 3.10 shows the reflectance versus incident angle from 

which the refractive index or silver was calculated to be 0.0569 -

i4.1985 at wavelength of 0.6328 lJm by using Eqs. (3.13) to (3.18) and 

the statistical testing approach (Tang and Zheng, 1982). The apparatus 

used for this study is shown in Fig. 3.11. Figure 3.10 also shows the 

small shift in resonance position due to water adsorption. The lack 

of change in 66h suggests high packing density for the silver film. 

The small shift in resonance angle, o.or, tells us that there is a 

thin water layer, 12 A, adsorbed on top of the silver film. A small 

shift of resonance angle while the Ag film was exposed to air for a 

few days has also been detected, which can be explained as a sulfiding 

of the silver, indicating that a very thin dielectric film, Ag2 S, 

formed on top of the metal next to the surrounding air. 

Surface Plasmon Resonance in Multilayers 

The great sensitivity in incident angle of the surface plasmon 

allows us to calculate the optical constants of a coated metal, as 

already shown in the last section. One c"an then also apply this 

technique to calculate the optical constants of a dielectric film 

provided that the film is homogeneous. The dielectric film must be 

coated over the metal film. Figure 3.12 shows such a configuration. 

The addition of the dielectric layer between the metal surface and the 

surrounding air can move the starting point, Fig. 3.8(b), for the metal 
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Figure 3.12. Schematic of a dielectric overcoat on a metal for 
observing the surface plasmon, ha1fwave thickness for 
p-po1arized light and quarterwave thickness for s
polarized light. 
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on the imaginary axis. For S-polarized light, a quarter wave thickness 

of dielectric moves the starting point from the negative part of the 

imaginary axis to a position from which the metal locus can cut the 

real axis in just the same way as in the case of uncoated metal in P

polarized light. For P-polarized light, the low reflectance will be 

repeated for each additional half wave dielectric layer which is 

added. Figure 3.13 shows an experimental result where the dielectric 

is cryolite. Here the refractive index was calculated to be 1.315, 

again, by using Eqs. (13) through (18) and the statistical testing 

approach. 

At resonance, the electromagnetic wave is guided from the 

prism through the silver layer and down to the dielectric layer where 

the electric field is a maximum. Figure 3.14 shows the theoretical 

electric field distribution for a P-polarized surface plasmon in the 

multilayer system. In practice, the wave tends to be scattered 

isotropically inside the layer where the field is large, and often a 

scattering contour, as shown in Fig. 3.15, appears in the light 

reflected from this system. 

Adsorption Isotherms 

Since coating films are porous in general, they will adsorb 

water vapor when set in a humid atmosphere. Therefore, the resonance 

in Fig. 3.13 will shift to the right if the sample is set in 100 % RH. 

In order to verify that such a shifting is due to water adsorption, the 

sample can then be returned to normal air when the moisture should 

desorb and the resonance shift back. This experiment shows that the 
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(a) 

(b) 

Figure 3.15. Photographs of the illumination of a screen by the 
light reflected from the films at resonance. The electro
magnetic wave is scattered 'mainly in the dielectric 
layer of Fig. 3.14 and emerges as part of a cone of 
light. 

(a) Fresh films, (b) films degraded by environmental 
attack •. 
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resonance angle does drift back, but not necessarily to the starting 

value. The moisture which does not desorb is sometimes referred to as 

"irreversible water" (Pulker and Jung, 1971). The adsorption and 

desorption of cryolite as a function of time is shown in Fig. 3.16. 

The abnormally large values of refractive index and of i~reversible 

change suggest that a chemical reaction has taken place. 

Figure 3.17 shows the adsorption isotherm. In the calculation, 

a simple assumption was made that the index of silver was unchanged 

during the whole process. The enormous shift of resonance angle after 

81% RH appears due to a chemical reaction between cryolite and water, 

which changes the refractive index to a very large value. The effect 

of the increase in the refractive index on the resonance angle can be 

understood by considering the admittance at the interface between 

silver and cryolite is displaced to a higher value on the imaginary. 

axis, as shown in Fig. 3.8(b). After water adsorption in RH greater 

than 81 %, the refractive index is greater than 1.35, as shown in Fig. 

3.17, which is a very abnormal value. It Is suspected that AIF3'H20, 

which has a refractive index 1.51 (Weast, 1972), was formed after a 

chemical reaction. 

The reason why 81 % relative humidity is critical is not 

understood. The distribution of pore sizes in the film can, in 

principle, be derived from an adsorption patterns, although in this 

case it" may be disturbed by a reaction. However, we might assume it 

is current up to levels of around 81% humidity and its lack of change 

then implies an absence of porosity in the appropriate size range. The 
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shift at RH 81% could be due to the presence of pores of radius 50 A 

(Adamson, 1976), which fill with liquid water at that point. The liquid 

water could then take part in a chemical reaction in a way impossible 

for the tightly bound surface monolayer which may be all that is 

present up to that point. 

In order to make sure that the abnormal change in resonance 

angle is due to changes in the cryolite index rather than that of 

silver, a single cryolite layer was set in 100 % RH and then measured 

in an Abeles refractometer. The result is shown in Fig. 3.18. After 

half an hour of water adsorption, the index was already greater than 

1.35, the bulk cryolite index. This result tells us that it is the 

cryolite which produced the enormous shift in resonance angle, not the 

silver. Comparison of the indices shown in Figs. 3.17 and 3.18 at first 

suggests an inconsistency in the maximum values of 1.51 to 1.42. But 

Fig. 3.16 shows that the desorption rate, when the sample was removed 

from the humidity chamber, was extremely rapid and the difference 

between 1.51 and 1.42 then becomes more acceptable. 

Figure 3.19 gives a visible evidence that the cryolite film was 

c.orroded by moisture which changed the refractive index. The randomly 

distributed patches correspond to the defect centers where water 

penetrated. This effect will be demonstrated more clearly in the next 

two chapters. 
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a 

b 
Figure 3.19. Degradation of cryolite film in humid atmosphere above 

NaCl solution. . 

(a) ~ Ix. 
(b) ;. 140 x. Patches are the defect centers. 
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CHAPTER 4 

MOISTURE ADSORPTION IN METAL-DIELECTRIC NARROWBAND FILTERS 

As mentioned in the previous chapters, moisture adsorption is 

the main cause of changes in the optical properties of thin-film 

coatings. An alternative technique that has been used (Title, Pope, 

and Andelin. 1974; Macleod and Richmond, 1976; Macleod, 1976; Richmond, 

1976; Lissberger, 1978) for detection of very slight changes in optical 

thin films is to construct a narrowband filter using the material. 

Metal-Dielectric Narrowband Filter 

The simplest narrowband filters are constructed from metal 

and dielectric layers and are therefore known as metal-dielectric 

filters. The metal used here is silver, which has quite high packing 

density, as will be seen later in this chapter, and is a very stable in 

a humid atmosphere, as can be seen by the surface plasmon technique 

(Chapter 3). The material we want to investigate is then made the 

spacer of such a filter. 

The schematic structure of a metal-dielectric narrowband 

filter is shown in Fig. 4.1, where da and db are the thicknesses of the 

two silver layers with index nAg' and 'a' 'b are the phase changes 

upon reflection at the mirror-spacer interfaces. The thickness of the 

spacer layer with index n is d. The transmittance is 
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Figure 4.1. The schematic structure of a metal-dielectric narrowband 
filter. 
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and Ra and Rb are the reflectances of the silver layers measured from 

within the spacer layer. 

The half-width is then 

where m is the order number. 

In order to attain maximum tran~mittance, Ra should be equal 

to Rb, i.e., the thicknesses of the silver layer, da and db' shall be of 

the correct values. Also, in order to obtain the correct peak 

wavelength, i.e., position of the transmission maximum, the optical 

thickness of the spacer (nd) must include a correction for the phase 

changes ~a and ~b. That is to say 
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or 

nd 
T = 

For nAg given by n-ik = 0.05-i2.87 at A = 500 nm. and for Ra = Rb = 

90.54%, the thicknesses of silver then will be da = 46.8 nm and db = 

50 nm. The corresponding phase changes are CPa = 127.4° and CPb = 128.5°. 

Therefore, to achieve a correct peak wavelength, the optical thickness 

of the spacer shall be 

nd 
T = 

and for the second order, m = 2, 

nd 
T 1.36. (4.1) 

During manufacture, the optical monitoring system measures the 

transmittance of the growing filter. This is shown in Fig. 4.2. AB 

corresponds to db of the silver layer, and Be and DE are the 

thicknesses of dielectric corresponding to the compensation of phase 
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changes (Arsenault and Boivin, 1977). Filters were prepared in a 

vacuum system (Fig. 2.5) at a pressure in the range of 1-5x10-5 torr, 

using indirect monitoring with the substrate holder rotating. The 

spacer material is cryolite which is evaporated from a tantalum canoe. 

The silver was evaporated from a tantalum dimple. 

Wavelength Shift due to Water Adsorption 

Immediately after coating, the filter characteristic ~~ll be 

similar to the left side of Fig. 4.3. When the filter is exposed to 

atmospheric humidity, the optical constant of the spacer will change 

where water adsorption occurs.' Therefore, as shown in the right side 

of Fig. 4.3, the position of maximum transmission is shifted to a 

longer wavelength. That part of the spacer which is affected in this 

way therefore has different optical characteristics from the 

surrounding unaffected material, and under certain illuminating 

conditions, shows up as a patch. 

The apparatus for observing moisture adsorption consists of a 

cell in which coatings can be subjected to a controlled relative 

humidity while they are examined in collimated monochromatic light, as 

shown in Fig. 4.4. Figure 4.5 is a photograph of the patches. The 

filter cell is mounted on a micrometer-driven x-y stage that can be 

manually adjusted. 

Measurements using a vibrating quartz crystal give a packing 

density for silver of 0.99; therefore, the optical constant changes in 

the silver are negligibly small when compared with changes in the 

spacer layer. The packing density of the spacer layer can be as low 



(a) 

-. 
• • • 

(b) 

Figure 4.3. Schematic showing peak wavelength shift. 

(a) Immediately after coating, (b) 
in layer. 

the result of any changes of optical constant 0\ 
a 



Figure 4.4. Apparatus for observing water adsorption in the coating 
filter. (1) Monochromator, (2) cell in which relative 
humidity can be controlled, (3) microscope, (4) camera. 
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a 

b 
Figure 4.5. Water adsorption in silver/cryolite filter. 

I 

ML-11-3 stored in desiccator for 3' days. 
RH in air = 35%. (z) A = 543 nm. (b) A = 
549 mu. 

62. 
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as 0.80 for cryolite (Ogura, 1975). Figure 4.6 shows a computer 

simulation of the shifts in the maximum transmission. The reflectors, 

i.e., the silver layers, were assumed unchanged under water adsorption. 

Further, the geometric thickness of the spacer was unchanged. The 

only parameter changed was the refractive index of the cryolite. 

Before water adsorption, it was n = nbP+nO(l-p). After water 

adsorption it became n = nbP+nw(l-P), where nb = 1.36 is the 

refractive index of bulk cryolite, nO = 1, nw = 1.33 are indices of air 

and water, and p is the packing density. 

Figure 4.7 gives actual spectrometer measurements and shows 

the optical performance of a filter and the wavelength shift and 

water adsorption in an atmosphere of 36% relative humidity. 

Adsorption Isotherm 

As time goes on, the patches shown in Fig. 4.5 will grow as 

long as exposure to humidity continues. The rate at which the patches 

grow is quite dependent on the RH to which the filter is exposed. 

Figure 4.8 plots some typical growth rates. 

Figure 4.9 gives an adsorption isotherm in which the growth 

rate of the patches is shown. The wavelength shift also depends on 

the relative humidity. Figure 4.10 gives an adsorption isotherm in 

terms of wavelength shift. When the clean surface of a coating is 

exposed to the atmosphere, it adsorbs moisture in the form of a thin 

sheet of liquid. At low values of RH, below 75% here, the sheet is 

approximately a monolayer. As RH increases', a multilayer of water 

vapor is adsorbed, and the pores in the films becom~ filled in the 
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order of smallest to largest. Finally, there is a chemical reaction 

between the cryolite and water, which causes a dramatic increase in 

the growth rate and the wavelength shift above 81% RH. This result 

is consistent with the discussion in Chapter 3. 

The recrystallization of cryolite after it reacts with water 

is shown by the scanning electron microscope (SEM) in Fig. 4.11. The 

crystal is suspected to be AIF3'H20 which has a refractive index of 

1.51 (Weast, 1972). This abnormally large index can then explain the 

dramatic change in the wavelength shift. In Fig. 4.11 one still can 

see traces of the patch around the defective center. 

It is assumed that water seeped from some,pores and spread 

laterally. One can even see how the water passes from place to place 

in Fig. 4.12. One can see that the size of the network is around 20-50 

~m, which tells us that the grain size of the films can not be greater 

than that. 

Packing Density 

Because of the simple structure of the metal-dielectric 

narrowband filter, one can calculate the packing density of the spacer 

layer from the wavelength shift. For example, immediately after 

coating, the position of the transmission maximum was at Al = 525 nm. 

After the water adsorption p~ocess was saturated, it became A2 = 550 

nm. If we assume no chemical reaction at that stage, then the indices 

are 

= 



Figure 4.11. Texture of the filter surface by scanning electron 
microscope; water ad~~rption in Ag-Na3AIF6-Ag 
filter. (a) Tilt 250°, x400/x4000, . 
(b) Tilt 55°, x370/3700. 

7C 

(a) 

(b) 



(a) 573 nm. 

"b = 588 nm. 
Figure 4.12. Network of channels in a metal-dielectric-metal filter. 

Note that the channels are shifted in wavelength but 
are not fissures through the filter. 
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where nb is the refractive index of bulk cryolite, which is 1.35, p is 

the packing density of the cryolite, and nw and nO are the indices of 

water (1.33) and air (1.0), respectively. From Eq. (4.1), nd = 1.36 ).. 

If there is no chemical reaction, it is reasonable to assume that the 

geometric thickness of the spacer does not change, then 

= 
nbP + 1.0(1-p) 
nbP + 1.33(l-p)" 

This gives p = 0.81 with the index of cryolite being 1.3 in vacuum. 

This figure is quite reasonable when compared with the value 

obtained from the quartz crystal microbalance. However, two things 

are unknown. First, while the coater was opened and the filter taken 

to the spectrometer, it had al~eady adsorbed some moisture. Therefore 

the initial value of maximum transmission was actually smaller than 

).1. However the exact extent is unknown, unless we are able to 

measure it in the chamber immediately after coating. Second, as 

mentioned earlier, cryolite reacts with water and its index increases 

by chemical reaction. Therefore, the true saturated value is smaller 

than ).2. This effect perturbs the saturated optical constants of the 

cryolite to a largely unknown extent and creates difficulties in the 

measurement of simple adsorption. 
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The first problem can be solved by using direct mOnitoring in 

manufacturing the filter so that the position of maximum transmission 

is the monitoring wavelength. 

The second problem may be solved by using different 

adsorbates which are chemically inert with respect to the material in 

the spacer. To find such an inert adsorbate which still has adequate 

vepor pressure at room temperature is not easy. 

Baking Effect 

If the wavelength shift is due to water adsorption, one can 

evacuate the water by a baking process. Figure 4.13 shows the 

position of maximum transmission which drifted back, as measured in 

the spectrometer, after two hours baking at 1200 C. 

Figure 4.14 shows the patches photographed before the baking. 

After baking, the patches were as shown in Fig. 4.15. One can see that 

the pattern did not shrink back, even more, new small patches occurred 

inside old patches, although the position of maximum transmission did 

shift back about 180 A. All of those phenomena tell us that there is 

a chemical reaction during the adsorption process. 

Because of the microsize of the pores, the water can be 

desorbed only very slowly. Baking the film too fast will cause cracks 

bscause of the pressure which is exerted by the expanding water vapor. 

Baking rates below 30 C/min will be safe. 
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a 

b 

Figure 4. 15 • Result of baking Ag/Na
3

A1F6 filter. Sample 
ML-11-6 baked at 1200C for 2 hr after water 
adsorption in RH = 75%, !:::.A BK = -18511.. New sub-
patches can be seen in the or~ginal patches. 
(a) A = 525 run. (b) A = 528.5 run. 
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Moisture and Adhesion Failure 

The nature of the forces which attach thin films to each 

other and to the substrate can range f~om van der Waals forces, when 

there is no chemical affinity between the materials, to strong 

chemical bonding such as ionic or covalent bonds. Van der Waals 

forces are the weakest of these. The strong hydrogen bond plays an 

important role in adhesion' failure that is due to the water 

adsorption. 

Peeling is an adhesion failure typical of thin films. This 

peeling may be a simple lifting of the coating, or blistering, but it 

is always characterized by progressive delamination rather than by the 

simultaneous detachment of a large area. Shear occurs in the weak 

boundary layer, which is a thin layer at the interface of different 

materials. The mechanical strength is weaker at the boundary of the 

grains than inside the grains. 

The adsorption of water will make the weak boundary layer and 

weak grain boundaries even weaker because of the hydrogen bonding 

with the monolayer of water formed on the boundaries. There are a 

number of places where a bond transfer is favored, for instance, at 

the edge of the films, at places where there are scratches or pin 

holes, and more important, at the penetration pores. 

In the case of the silver-cryolite filter here, the situation 

is even worse. There are two reasons for this. The first is that the 

water passes easily between silver and glass, as mentioned by Holland 
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(1956). Second, the cryolite chemically reacts with water. Once these 

happen, the adhesion is liable to fail and delamination, often in the 

form of a blister, is liable to take place. Figure 4.11 shows the 

cracking typical of such failures. In the case of Fig. 4.12, blistering 

of the films is imminent. 

Most of the films can not pass the Scotch tape test after 

water adsorption, except at low relative humidityo The top silver 

film can be peeled off quite easily. If RH is greater than 75 %, the 

entire multilayer can be peeled off easily. 



CHAPTER 5 

MOISTURE ADSORPTION IN ALL-DIELECTRIC NARROWBAND FILTERS 

The disadvantages of metal-dielectric narrowband filters are 

their low transmittance and the difficulty of obtaining the correct 

peak wavelength in manufacture. In order to observe the patches 

clearly, the half-band width of the filter should be less than 70 A, 

which implies a transmittance as low as 20% for a metal-dielectric 

narrowband filtere Also, due to the phase shift at the interface 

between mirror and spacer, which is sensitive to both wavelength and 

metal thickness, the wavelength of maximum transmission is hard to 

control. This can be shown by computer calculations as in Fig. 5.1 

with standard deviations of only 1%. 

All-dielectric Narrowband Filters 

All-dielectric narrowband filters have no such problems. The 

narrower the bandwidth of the filter one can make, the more detail of 

water penetration through the filter can be seen. 

Figure 5.2 gives a schematic structure model of the water 

penetration process in a 19 layer all-dielectric narrowband filter. 

The Hand L stand for quarterwave optical thicknesses of high and low 

indices, respectively. In this case, ZnS is the high index material and 

cryolite is the low index material. 
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Figure 5.2. Computer simulation of water adsorption in all-dielectric 
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NagAlFS is 0.82 and that packing density of ZnS is 1.0. 
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Tha wa~er enters through a central pore, and penetrates to 

the substrate, and spreads laterally through the layers. 

The corresponding shift in peak wavelength is also shown in 

the lower left. The most significant shift is due to the water 

adsorption in the spacer layer. Therefore, it is the spacer where the 

material to be examined is put. 

Again, the filters were manufactured by thermal evaporation in 

a vacuum of 1-5xl0-5 torr, in the 18 inch Edwards coater (Fig. 2.6), 

monitoring indirectly with substrate holder rotating. Evaporation 

rates for each material were kept constant. The theoretical bandwidth 

~AH' is given for a low index spacer by 

= 

and for a high index spacer by 

Figure 5.3 shows the performance of a narrowband filter and its shift 

in wavelength due to water adsorption measured by a spectrometer. 

Adsorption Isotherm 

When a filter is set in the apparatus shown in Fig. 4.4, one 

sees patches in the filter like Fig. 5.4 (Macleod, 1976; Macleod and 
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a 

Figure 5.4. water. adsorption in znS/Na3AIF6 filter 4 days aft~r 
coatJ.ng, RH = 47%. (a) A = 484 run. (b) A = 509 run. 
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Richmond, 1976; Richmond, 1976; Lissberger, 1978). The normal measuring 

technique consists of adjusting the monochromator to give the best 

contrast and then carrying out the measurements by moving the 

micrometer stage on which the filter cell is mounted. 

The patches in zinc sulfide/cryolite multilayers are usually 

clearly defined with sharp boundaries, as can be seen in the 

photograph. There are several circles in each patch which vary in 

peak wavelengths and correspond to moisture at different depths in 

the filter. 

As time goes on, the patch size grows as in Figs. 5.5 through 

5.8. This growth in patch size is the main feature of the adsorption 

process. The growth rate depends on the relative humidity and also 

depends on the size of central pore, as shown in Fig. 5.9. 

Figures 5.10 and 5.11 show the isothermal growth rate as a 

function of relative humidity. The shape can be classified as a type 

IV adsorption isotherm that corresponds to multilayer water adsorption 

in a porous adsorbent. 

Adsorption in Different Layers 

The inner circles of the patch, (0',0"), show the same type of 

adsorption behavior implying the same adsorption mechanism inside the 

inner layers of the filter as the outer layers, except at a slower 

rate. 

The wavelength shifts in different layers are shown in Figs. 

5.12 and 5.13. The dashed line corresponds to the spacer layer. The 



Figure 5.5. Water. adsorption in znS/Na3AlF6 filter 5 days after 
coat1ng, RH = 47%. (a) A = 484 nm. (b) A = 508 nm. 

86 



Figure 5.6. 
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Water adsorption in znSlNa3AIF6 filter six days 
after coating. RH = 46%. (aJ A = 484 nm. 
(b) A = 507 nm. 



(a) 

(b) 

Figure 5.7. Water ads9rp~ion in ZnS/Na3A1F6 filter eight 
days after coating. RH = 50%. (a) A = 485 nm. 
(b) A = 508 nm. 



Figure 5.8. The filter of Fig. 5.7 a few days later. The first 
circles are linked together. (a) A = 488.5 nm. 
(b) A = 512.8 run. 
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filter versus relative humidity. 
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ZnS/Cryol ite [(HL)54H(LH)5] Filter 
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Figure 5,12, The wavelength difference between di!ferentscircles in 
the same patch of ZnS/Cryolite [(RL) 4h(LH) ] versus 
relative humidity_ 



Figure 5.13. 

o a 

ZnS/Cryolite [(HL)52L(LH)S"] Filter 

AA ao ' 
---- - AA 

DO' 

y' 

I I 

20 40 60 

RH(%) 

r 
I 
I 
I 
I 
I 
I 
I , 

I , 
I 

I 
I 

80 100 

The wavelength difference between different circles in 
the same patch of ZnS/Cryolite [(HL)52L(LH)5] versus 
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dramatic shift after 80 % RH is due to a filling of the pores with 

water and a chemical reaction that occurs at that time. 

High Index Spacer and Low Index Spacer 

95 

The water adsorption process occurs very slowly at low RH and 

it takes a long time for water to go through the layers. Figures 5.14 

and 5.15 give an idea of how the wavelength shift relates to the RH 

and to the time. Comparing the zinc sulfide spacer and cryolite 

spacer, one observes that the latter one has a much greater shift, 

especially at high RH. There are two implications. First, the 

cryolite is more porous than zinc sulfide, which is actually known to 

have high packing density (Ogura, 1975; Pulker and Jung, 1976; Macleod 

and Richmond, 1976; Richmond, 1976; Lissberger, 1978) and to act as a 

barrier that slows down or even stops the water penetration deeper 

into the layers of the filter. Second, the cryolite reacts with water 

chemically which increases its refractive index even more, while the 

zinc sulfide does not. 

The time that the water needs to spread away from the central 

pore is not only RH dependent, but also depth-of-Iayers dependent as 

shown in Fig. 5.16. 

Tables 5.1 and 5.2 summarize the results. The last column 

lists the growth rate of patches associated with the smallest defects, 

too small to be seen with the microscope. Here the growth rate is 

very slow. This is shown in Fig. 5.17, where the small defect produces 

one circle at a lower rate of spreading than the multiple circles 
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Table 5.1. 
·55 Multilayer Water Adsorption of AI (HL) 4H(LH) IG. 

--:-0-

AlO"O"1 Saw!!l" R.II. AAm) AA
lm

, AAIl'I>" 
Defect size iii dtOIl IItl)l)' Atl)'l)" litO"ll"' rm 

11-2-6 100\ 20R 30R s5R 33R 
10 ~m 40\ instantly 20 min 20 min 9S min 

11-2-1 96.S\ IIR 9R 45R 40R 
8 ~~ 4i\ instantly 16 min 20 min 115 min 

11-2-5 SI\ sR sR 20R 
10 ~m 43\ few sec 36 min 81 min 

11-2-2 75\ sR sR 20R 
s ~m 41\ few sec 65 min 105 min 

11-2-4 66\ sR sR 9ft 
10 ~m 44\ few sec 88 ruin 170 min 

11-2-3 51\ 8R sR sR 
10 ~m 44\ few sec 100 min 240 min 

11-3-4 43\ 7R 8R 
10 ~m 49.5\ few sec 120 min 

11-3-6 33\ sR 7R 
8'iiiii 52-54\ few sec 170 min 

AAOD = A shift from filter u" produced to l"t I,utch 8I'P" .. 1"1ng 

AA OO' = A shi ft from 1st patch to 2nd I,atch 

AA OO" = A shift from 2nd patch to Jrd patch 

AASA = A shift frOID "aturated back to air 

AABK = A shift due to baking for 2 lor 

Ad/At = patch growth rat" in 11m/Olin 

rAA 
3 lor 

16sR 

IIsR 

36R 

33R 

3uR 

26R 

IsR 

14R 

'----. 

AoI/AtNO = patch growth rut" with no visible d"fect in patch center 

Rll rm relative humidity in roum 

rAA AAII~ AABK 

3 days 30 min 1300 C 

s2sR -lIuR -22SR 

42SR -suR -12sR 

100R -loR -4sR 

soR -sR -20R 

46R -6R -lsR 

4sR -3R -7R 

30R +2R -2R 

17R +3R -2R 

Ad Ad Ad Ad Ad 
fltO Ato' Ato" Atu'" AtNI 

---
14 S.3 2.7 2.2 

8.9 3.33 I.S8 0.5 3.7 

--

6.5 2.3 0.97 3 

3.25 1.63 0.6 

2.2 1.1 0.39 

1.28 0.86 0.4 

0.S2 0.: 

0.85 0.2S 1).16 

-- -- --

* Only two circles in patch 

** Only one Circle in I,atch 

I 

1.0 
1.0 



Table 5.2. Multilay~r Water Adsorption o! AI (HL)52L (LH)5IG. 

Samole R.II. ~uo IIAOO' IIAO' O" AAnno"' 
Defect size R1lrm IItoo IIt DO ' AiD,o" lltOuD"' 

L-34-1 100% 22K 42R 41R 33R 
10 \1m 20% instantly 20 min 35 min 

L-34-2 96.S% lsR 4uR 50R 
10 \1m """"42% instantly 9 min 63 min 

L-34-3 01% loR loR 
~ 3S% -few sec lS---.ni""n 

L-34-4 75% 7R 
~ 33% -25 min 

L-34-S 66% sR sR 
10 \1m 3S% few sec 3S min 

67-2-3 SI% sR 
10 \1m 3S% 65 min 

L-36-6 44% sX 
10 \1m 44% 

L-36-3 33% 5R 
15 \1m 44% 

L-34-6 27% 5R 10 \1m 
'----- -- -- - --- ---- -_._._- -_.- _1--- -

IIAOD a A shift from fil ter as produced to 1st patch appearing 

IIAOO' = A shift from 1st patch to 2nd patch 

IIADD" - A shift from 2nd patch to 3rd patch 

IIABA = A shift from saturated back to air 

IIABK = A shift due to baking for 2 hr 

lid/lit = patch growth rate in \1m/min 

EllA 
3 hr 

332R 

lsoR 

25R 

2sK 

20R 

loR 

lOR 

9R 

sR 

IId/lItND = patch growth rate with no visible defect in patch center 

R1lrm = relative humidity in room 

EllA lIAOA IIAOK 
3 days 30 min l300 C 

5nK -70R -140K 

54SK -40R -lOsR 

60R 0 -s5R 

soR 0 -30R 

20X 0 -2SX 

14R -lsR 

14R -15R 

loR 0 -lsR 

sR -lsR 

-- - - -- -I-

lid lid lid ~ M-
litO litO' lito" AtO'" IItN 

S.2 6.0 3 }.2 

1---

6 5.6 1.!l* 

r- --
4.2 4.0 

3 2.7 3* 

2.3 1.2 

1.27 0.6 

1.1 0.6 0.55*' 

1 0.6 0.13* 

0.33 

----
* Only two circles in patch 

•• Only one circle in patch 

...., 
o 
o 
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Figure 5.17. The growth of patch size in filter due to water adsorp
tion (100% RH). (Defect center size of patch 1 is 
= 12 ~m. Defect center size of patch 2 is less than 
1 ~m.) 
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associated with the larger defect, which indicates that the larger 

defect causes a penetration deeper into the coating at a greater rate. 

Desorption 

The ninth column of the tables indicates that the water will 

be desorbed from the films if the humidity of the environment is less 

than it was when the water was adsorbed. 

An important question is whether the desorption can be 

complete. The tenth column of the tables shows some effects of 

baking. Baking can remove some of the water from the film, but not 

all of it. The reason is the strong bonding of the initial monolayer 

of water to the inner surface of the voids as explained in Chapter 2. 

This phenomenon is referred to as the irreversible part of the 

adsorption by Pulker and Jung (1971). Yet, the more water adsorbed by 

. the films, the more water can be baked out, as shown by Figs. 5.18 and 

5.19. 

Another reason for only a limited recovery of wavelength due 

to baking, as one can check in the eighth to tenth columns of the 

tables, is due to the fact that one of the materials used, cryolite, 

undergoes some chemical reaction with the water. In Table 5.1, which 

deals with a high-index spacer, the difference between wavelength 

shift on adsorption and wavelength shift on desorption is considerable 

at all levels of humidity. In Table 5.2, which lists the results for a 

low-index spacer, the difference becomes very significant at values of 

humidity greater than 75% RH. In many of the earlier results we 

recall a sharp increase in the effects of adsorption in cryolite at 
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during desorption.) 

103 



l!.'A(A) 
-ISO 

-100 

-50 

-20 

-10 

o 

+10 
o 

ZnS/Cryolite [(HL)52L(LH)5] Filter 

-----l!.>. 
BK 

BA = back to air 

BK = baking 

20 

, 
.-.--..--.--~ 

, 
,a' , 

40 

RH (%) 

60 

• I , 
I , 

I , 

80 

I 
I , , 

• I , , 
I 
I , , 

I 
• , 

I 
I 

I , 
I 

I 

100 

104 
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relative humidities of around 80 % which we have attributed to a 
~ 

chemical reaction. The cryolite is somewhat soluble in the water. 

Figures 5.20 and 4.11 show recrystallization of dissolved material. 

Table 5.3 summarizes the water adsorption in filters at 

different relative humidities and the water desorption due to baking. 

It is interesting to note from the table that the half-peak 

widths'~AH' become broader after water adsorption for all the filters 

except sample L-36-4 at the lowest relative humidity, and become 

narrower after water desorption for most of the filters. The peak 

transmittance (Tp) decreased after water adsorption and increased 

after water desorption. These are illustrated by the spectrometer 

traces in Fig. 5.21. 

The reason for broadening of ~AH after water adsorption is 

the nonuniformity of Tp over the surface. If the field of view of the 

spectrometer includes both wet material in a patch and dry material, 

then there will be two peaks as shown in Figs. 5.22 and 5.23. 

Narrowband Filters of Oxide Materials 

All the narrowband filters constructed from oxide materials 

suffered a shift of peak transmission to longer wavelengths because 

of moisture adsorption. However, none of them exhibited clear, sharp 

patches. A narrowband filter made from zr02/Si02' for example, gave 

patches with very blurred boundaries as shown in Fig. 5.24. This 

filter was made in the Balzers BAK760 with electx'on-beam sources (see 

Fig. 5.25). Oxygen was introduced at a constant partial pressure of 



(a) 

Figure 5.20. Dust: defect and patch on filter shown by scanning 
electron microscope at different magnification. 
(a) 30x. (b) 45x. (c) 450x. 

10(:. 
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Table 5.3. Water Adsorption and Baking Effect of ZnS/Cryolite Filter. 

Sample RH &ARH &ARH I TRH { &ABK 
(%l (Al &AO H To H (Al 

H-3-1 100 550 2.25 0..3 -225 

H-2-1 96.5 425 1.4 0.5 -125 I 

H-2-5 81 100 1.1 0.97 -45 

"' 
H-2-2 75 50 1.1 0.75 -20 

:-
H-3-2 66' 48 1.2 0.76 -18 .:: 

:::: 
.::r 

H-2-3 51 45 1.08 0.8 -7 "' ::; 
3 H-3-4 43 30 1.2 0.8 -2 

H-3-6 33 17 1.06 0.9 -2 

L-34-1 100 572 2.2 0.7 -140 I 
L- 34-2 96.5 545 1.35 0.1:15 -105 

L-34-3 81 60 1.06 0.87 -55 ! 
L-34-4 75 50 1.06 0.87 -30 i 

I 

"' :- L-34-5 66 20 1.02 0.88 -25 
.:: 
...J UT-2-3 51 14 1.21 0.88 -15 N 

"' ::; L-36-6 43 14 1.0 0.90 -15 
3 

L-34-6 33 10 1.02 0.93 -15 

L-36-4 27 5 0.51 1. 38 -15 

,"Eas i 1 y pee 1 ed off 

RH ~ relative humidity 

AO ~ wavelength of peak transmitt~nce of new filter 

ARH • wavelength of peak transmittance at stated RH 
ABK. wavelength of peak transmittance after baking 

6ARH .. ARH - AO 
6ABK • ABK - ARH 

&ABK I 
6ARH H 

0.98 
1.0 

0.98 

0.95 

0.99 

0.99 

1.0 

1.0 

PEEL 

0.75 

0.9'1 

0.98 

0.99 

1.0 

0.99 

1.0 
1.0 

(6ARH/~AOlIH • ratio of half-peak width of ARH to that of AO 

TBKI 
TRH P 

1.22* 

' 0.55* 

1.03 

1.02 

0.98 

1.02 

0.99 

0.99 

NG 

1.18* 

1. 15 

1.02 

1.02 

0.97 
1.02 

1.01 

1.0 

(&ASK/~ARH' IH .. ratIo of half-peak width of ASK to that of ARH 
(TRH/Tol Ip = ratio of peak transmittance at ABK to that of ARH 

(TB~TRH' Ip • ratio of peak transmittance at ABK to that at ARH 
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Figure 5.24. Water adsorption in Zr02/Si02 filter. Sample 
160-11-3 immediately after removal from the coater. 
(a) A = 543 nm. (b) A = 553 nm. 
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Figur~ 5.25. Balzers· BAK 760 coating plant. 
(1, 2) electron beam evaporation sources 
\3, 4) thermal evaporation sources (5) substrate 
\6) quartz crystal (7) optical ~onitor plate 
(8) BAK 760 chamber {9) control panel 
(10) UV light source (n~~ used in this investigation) 

112 



1X10-4 torr throughout the coating processes. The substrate was 

heated to 3000 c. 

Because of the high melting point of Zr02' it is harder to 

control its evaporation rate than that of the S102" Zr02 also 

exhibits negative inhomogeneity, meaning that the index of refraction 

of the layer decreases as a function of its thickness. This can be 

seen from the optical monitoring signal· during deposition. The 

inhomogeneity can be explained as a structural effect (Feldman, Friz, 

and Stetter, 1976): Zr02 has two crystalline forms--monoclinic, stable 

at low temperatures, and tetragonal, stable at high temperatures--and 

the inhomogeneity probably results from inhibition of the 

transformation from the latter to the former during condensation of 

the film. The result is that Zr02 has a very porous structure (Figs. 

5.26 and 5.27) with very low packing density. Zr02 films are therefore 

very adsorptive. On the other hand, Si02 is in a glass-like structure, 

very less porous, which can slow down the water penetration into the 

deeper layers of the films. This.is indeed what was 'observed by 

watching the growth I)f the patches in the filter. Within a few 

minutes the patches expanded, although with blurred boundaries, then 

extended over the whole surface and then disappeared. This shows that 

the outermost Zr02 layer or layers were filled up with water, which 

could not penetrate further because of Si02 as a barrier layer. One 

month later, however, new patches appeared as shown in Fig. 5.28. 

These patches must correspond to water adsorption in the deeper 
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Figure 5.26. Micrograph' (TEM) of single-layer film. 
of photographs is glass. 
(a) Zr02 , (b) Si02• 
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11. " 

Figure 5.27. Micrograph (TEM) of thin-film multilayer of Zr02(H) 
and Si02(L). Lower half of photograph is glass. 

(a) Air/2H/3L/3H/Glass, (b) Air/5L/3H/3L/3H/Glass. 
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Figure 5.28. Water adsorption in Zr02/Si02 filter. Sample 
760-17-3. New patches appeared one month after 
the first patches appeared and then disappeared. 
(a) A = 547 nm. (b) A = 554 nm. 
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layers of the filter. Figure 5.29 shows the wavelength shift measured 

by spectrometer. The shift again depends on the RH. The adsorption 

isotherm is of Type IV, as shown in Fig. 5.30, typical of a porous 

adsorbent adsorbing multilayer of water vapor. The hysteresis shown 

in Fig. 5.30 is also a typical characteristic of such adsorption 

systems; the desorption branch lies to the left of the adsorption 

branch. This may be due to the presence of pores with irregular 

diameters, for example "ink-bottle pores." In addition, the isotherms 

may tend to flatten as RH approaches unity. 

Since the Zr02 and Si02 are very chemically stable and high

melting-point materials, the filters can be baked at very high 

temperature (3700 C) in vacuum. Under such treatment, the water was 

found to desorb but readsorption occurred rapidly when the filters 

were exposed once again to the air as shown in Fig. 5.31. The patches 

at this stage were even more blurred than before, indicating that the 

film structure may be changed during the baking process. This does 

not happen always as shown by Figs. 5.32 and 5.33, where the 

wavelength shifted back, and the patch size shrank, after 3700 C baking 

in vacuum. Then, the nonuniform patches in Fig. 5.34 indicate that the 

optical thickness has now become nonuniform again because the film 

structure was changed by the baking. Further, the linking of patches 

af.ter baking, shown in Figs. 5.35 and 5.36 also indicate that the film 

structure was changed after the baking. Whether the changes are in 

the Zr02 layers or in the Si02 layers or inside both is unknown. All 

one can say is that the baking effect does desorb the water and 
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Figure 5.30. 
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b:··· 

Figure 5.31. Water adsorbed filters after baking. Sample 760-17-
3 after baking at 370°C for 1.5 hr in vacuum. The 
patches disappeared and reappeared when exposed to 
air. b.")" ad = 50A, b.")" bk = -25lf. (a)").. = 544.5 run. 
(b) ")..= 550.5 nm. 
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Figure 5.32. Water adsorption in Zr02/ Si02 filter. Sample 
760-23-9 a few days after coating ~nd baking. 
(a) A = 542.5 nm. (b) A" = 550.5 nm. 
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Figure 5.33. Baking Of water-adsorbed filter. 
Sample 760-23-9 after baking at 370°C for 1.5 hr in 
vacuum. ~A - 40Q ~A - 20Ao 

ad - a. bk - - • 
ta) A = 539.5 nm. (b) A = 545.5 nm. 

1~2 



a ____________________ ~~~~~~~~ ___ 

Figure 5.34. Effe9t of baking on filter. Sample 76-26-1B 
shows a nonuniformity after baking at 370°C for 1.6 
hr in vacuum. (a) A = 557.5 nm. (b) A = 565.5 nm. 
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Figure 5.35. Effect of baking on filter. Sample 1.60-21-5 
after' sitting in 66% RH fsr 45 hr, flAad = 
25K. After baking at 310 C for 1.5 hr in 
vacuum, flAbk = -331~. After the baking the 
patches grew much faster. RH, _ 4ld 

a~r - fJ. 

(c.) A = 515 nm, 10 min after coating. 
(~) A = 522nm, 12 min after baking. 
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Figure 5.36. Effect of baking on filter. (a) A = 421.2 nm, 20 min 
after baking. (b) A = 522.8 nm, 25 min after baking. 
Note the increased rate of spreading of patches after 
baking. 
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sometimes will change the state of mechanical equilibrium of the film 

column (Macleod, 1981; Macleod, 1978). 

Moisture and Adhesion Failure 

Most of the zinc sulfide/cryolite filters showed peeling 

during the Scotch tape test after water adsorption, except at low RH. 

The reason is the chemical reaction between cryolite and water, which 

reduces the mechanical strength across the interface. Films usually 

peeled off only a few layers at a time. Cracks were also found after 

water adsorption at RH greater than 81 % (Fig. 5.37). This is due to 

the recrystallization of cryolite which introduces new stresses. 

No adhesion failures were found for Zr02/Si02 filters, because 

when metals which form oxides are deposited on glass, a transition 

region of oxides is established between the substrate and the film 

which greatly enhances the adhesion (Chopra, 1969; Eckertova, 1977). 



a 

b 

Figure 5.37. 

--
..... -

~:-~~ - . 
. ~.. .... . . ,~';" .• :. . 

Cracking and recrystallization of ZnS/Na3AlF6 filter. 
(a) After strong adsorption of water vapor (100% RH), 
120X/1200X, tilt 50°. (b) Corroded by NaCl, 40X/400X, 
tilt 50°. 
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CHAPTER 6 

PREVENTION OF ADSORPTION IN COATING FILMS 

One can stop the coating film from adsorbing water by putting 

a protective layer or cover plate over the coating. This is a passive 

cure and will be discussed at the end of this chapter. 

The active cure for water adsorption in films is to make the 

films less porous, or in other words, to increase high packing density. 

Before discussing how to make high packing density films, it is useful 

to look at the factors which may cause films to be porous. The 

technique used in the previous chapters is a good method for 

investigation. The appearance of the patches indicates where there is 

water adsorption in the films and shows where the films are more 

porous, or where there are defects. 

Dust, Substrate Surface Defects, and Adsorption 

In the previous chapters, much of the investigation has 

centered on the precise nature of the sites through which moisture 

enters the multilayer. The distribution of patches is nonuniform and 

the number is sufficiently small when compared with the size range of 

the grains of the coating (20 to 60 nm) that we can be certain that 

the normal microstructure of the coating is not the primary cause. 

The most likely cause is some type of defect. Therefore, defects of 

different kinds were deliberately introduced and their effect on the 
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incidence of penetration sites was assessed. Deliberately roughened 

substrates were made either by sandblasting (Figs. 6.1. to 6.3 with 

details of the sandblasted surfaces in Figs. 6.4 and 6.5) or by simple 

scratching (Fig. 6.6). Both showed greatly increased incidence of 

patches. Aluminum oxide dust was deliberately introduced on a 

substrate and showed similar effects (Fig. 6.7). In this case, 

simultaneous dark field illumination of the filter surface in 

reflection and normal monochromatic illumination in transmission show 

the dust particles in the center of the patch which must therefore 

play an important part in creating defects (Fig. 6.8). Some 

micrographs of the dust are shown in Fig. 6.9. 

On the other hand, Fig. 6.10 shows that the patch density is 

much less for a superpolished substrate when compared with the 

regular substrate with more· surface defects. Figures 6.11 and 6.12 

show how such a filter adsorbs moisture. In Fig. 6.12 one observes 

that the texture of the patches is finer and the boundary of the 

patches is rounder compared with the regular substrate filter (Fig. 

6.13). 

Computer Simulation of Film Growth 

Much has been learned about layer microstructure from simple 

computer simulations of film growth. A successful model that 

reproduces many of the features of the microstructure uses-a two

dimensional approximation in which the condensing molecules are 

represented by circles arriving randomly at a fixed angle of incidence 

corresponding to the source direction (Dirks and Leamy, 1977). The 
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Figure 6.1. Water adsorption in ZnS/Na
3

A1F6 
substrate (very rough surface). 
(b) Ab = 540 nm. 

130 

filter with sandblasted 
(a) A d = 440 nm, 



a 

b 

Figure 6.2. Water adsorption in ZnS/Na~AlF6 filter. 
of ppotos is with sandblasted substrate, 
is without sandblasting. 
(a) Ad = 471 run, (b) . ~ = 494 run. 

Left side 
right side 
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Figure 6.3. Water adsorption in ZnS/Aa AlF6 filter. Left side 
of photographs is with sandblasted substrate and right 
side is without sandblasting. (a) After 50 minutes, 
(b) after 150 minutes. 
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Figure 6.4. SEM photograph of sandblasted sUbstrate. 

(a) Water adsorption of film on substrate, tilt 40°, 
50X/250X. (b) Very rough surface, tilt 40°, 50X/250X 
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a 

b 

Figure 6.5. Sandblasted substrate. 
(a) Light sc~ttering from surface, (b) SEM of substrate, 

tilt 40°, 25X/250X. 



a 

b 

Figure 6.6. Water adsorption in ZnS/Na~AIF6 filter. 
Substrate scratched by sanQpaper before coating. Any 
defect in the substrate will appear at the center of 
the patch. 

RH = 10~%. (a) Ad = 472 nm, (b) Ab = 497.5 nm. 
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Figure 6.7. Water adsorption in filter, RH = 43%. Aluminum oxide 
dust intentionally put on substrate. 
(a) Ad = 505.6 nm, (b) Ab = 510.2 nm. 
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a . 

b 

Figure 6.8. Scattered light shows the positional relation between 
dust and patch. Back shining light of wavelength A plus 
60 0 front scattering light. 

(a) A = 505.6 run, (b) A = 510.1 run. 



a 

b 

Figure 6.9. Aluminum oxide intentionally dusted on L~bstrate (by 
scanning electron microscope, tilt 30°, 80X/800X). 

(a) Irregnlar particle, (b) spherical particle. 
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Figure 6.10. Sample D-23-1. Superpolished substrate. Note reduced 
density of patches when compared with a 'regular substrate. 
RH = 51%. "(a) A = 516.5 nm. (b) A =' 510.5 ruDe 
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a 

Figure 6.11. Sample D-23-3. Superpolished substrate. The sample was 
stored in desiccator for 6 months. (a) A = 507 nm. 
(b) A = 511 nm. 
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a 

Figure 6.12. Sample D-23-3.Sllperpolished substrate 1 day after removal 
from the desiccator where the sample was stored for 6 months. 
(a) A= 514 nm •. (b) A = 511 nm. 
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a 

Figure 6.13. Sample D-3-1. Moisture adsorption in a filter on a regular 
microscope slide substrate. (a) A = 484 nm. (b) A = 508 nm. 



molecules either have zero mobility, so that they stick where they 

land, or limited mobility in which case they roll into the nearest 

position where they are supported on two points (three if they were 

spherical). The results support the theory that the columnar 

structure of the films is due to self-shadowing within the growing 

film (a molecule being unable to reach the area shadowed from the 

evaporation source by previously deposited molecules) combined with 

the limited mobility of the condensing evaporant on the substrate, 

which prevents later molecules from migrating into the shadows of 

previous ones. The zero-mobility case produces long thread-like 

growths with low packing density, but the limited-mobility case 

reproduces a dendritic growth that is similar to what is seen in 

practice. Some of these features have been reviewed recently 

(Macleod, 1982; Guenther, 1982). Guenther has produced simple models 

of nodular growth using the zero mobility model (Guenther, 1982). 

Small projections on the surface of the substrate cause a local 

increase in the number of thread-~ke fibers, which propagate upward 

in the typical nodular form. 

143 

All the published models to date use a fixed direction of 

incidence that is unlike the conditions in an optical thin-film coating 

plant where rotating substrates are subjected to a range of angles of 

incidence. It is not immediately obvious that shadowing should be as 

effective in the presence of varying incidence. Variable angle of 

incidence requires a more complex program using more computer time 

because of a coordinate transformation that is necessary. It also 



seemed useful to repeat Guenther's calculations with the more 

realistic limited model. 
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Results are shown in Figs. 6.14 and 6.15. For speed and 

convenience. the output was displayed on a line printer and the 

circles on the diagram were traced from it. This gives a digitized 

appearance to the drawings. In Fig. 6.14 there is no rotation. The 

source is considered to be at a fixed direction of 20° from normal. 

The ideal surface shows the typical dendritic appearance of the film, 

which includes considerable void volume. Also shown in the diagram is 

the effect of dust or a projection of the substrate surface, and of a 

depression or scratch. The same set of random numbers were used for 

all three cases to highlight the differences. The experimental 

evic::;:.ce has been given in the previous section (see Figs. 6.1, 6.2, 6.6, 

6.7 and 6.10). 

Glow-Discharge Cleaning 

Since dust will cause the incidence of patches as discussed in 

previous sections, cleaning the substrate is necessary before 

deposition. Glow-discharge cleaning is usually used. Coating without 

glow-discharge leaves more dust on the substrate and therefore 

creates denser patches as shown in Fig. 6.16. In Fig. 6.17, the 

nonuniform distribution of maximum transmission wavelength over the 

area of the filter indicates that diff"usion pump oil has formed a 

nonuniform layer on the substrate. This additiondl oil layer also 

reduces the adhesion of the coating to the substrate. One can also 

use a non-oil pump, such as a cryogenic pump, to eliminate 
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Figure 6.14. Computer simulation of thin film growth on different types of substrate 
(evaporation angle = 20°, with substrate holder not rotating). 
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Figure 6.16. Water adsorption in filter in air without glow discharge. 
Coating shows more dust resting on substrate and therefore 
creates denser patches. 

(a) A = 508.5 nm, (b) A = 514.5 nm. 



]./:.3 
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Figure 6.17. Sample ML-12-3 without glow-discharge cleaning before coating. 
The nonuniform distribution of patches is due to diffusion 
pump oil deposited on-the substrate before the films were 
deposited. -(-a)'~A = 547 nm. (b) A = 552 nm. 
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pre deposition of the oil layer before coating. The cryogenic pump 

used on our BAK-760 (Fig. 5.25) can meet this requirement (Fig. 6.18). 

The glow-discharge will heat up the substrate and desorb the 

adsorbed water. It will also give the condensed molecules more 

mobility, leading to higher packing density and more interface 

diffusion between condensed molecules and substrate, increasing the 

adhesion. However, if the inside of the coating plane is not very 

clean, the glow discharge can increase the incidence of dust particles 

on the substrate surface. This should be avoided when coatings of the 
. Vo"') 

highest performance are required (Perry, 1965). 

Energy Activation for Condensing Molecules 

Since the voids in the films are mainly due to the limited 

mobility of the condensing molecules, it is feasible to search for 

ways to increase the mobility of the condensing molecules in order to 

produce non-porous films. 

The simplest way is to heat the substrate during deposition, 

provided that the temperature is not so high as to reevaporate or 

dissociate the condensed molecules. A well-known example is MgF2. 

Its packing densit!' increases from 0.80 to 0.95 with an increase of 

substrate temperature from 400 to 3650 C (Ritter and Hoffmann, 1969). 

The refractive index of the MgF2 films increases with increasing 

substrate temperature. For 5000 A thick films, these figures are 1.355 

for 1900 C, 1.37 for 2800 C, and 1.38 for 3400 C. These values 

correspond to packing densities of 0.895, 0.934, and 0.955, as reported 

by Ritter and Hoffman (1969). 



o 

Hgure 6.18. 

H20+ 

P = 1.5xI0-7 torr 

T = 58° C 

OH+ 

0+ 

10 20 30 ~O 50 60 70 80 90 

The mass spectrum of the residual gas in the BAK-760 coating plant. The cryogenic 
pump (oil-free) with Roots pump for roughing, leaves us no detectable hydrocarbons. t;; 
The dominant residual gas is water (6%). 0 
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Another example of an increase in refractive index 

accompanying increased substrate temperature and increased packing 

density is silicon oxide films, as reported by Bradford et al. (1977). 

The Zr02 used for making narrowband filters in Chapter 5 also shows 

an increase in refractive index with an increasing substrate 

temperature from 1.85 at room temperature to 2.00 at 3000 C. 

Packing density and refractive index are interrelated by the 

Clausius-Mosotti formula: 

p = Pf 
Pb 

where nf and nb are the refractive indices of the film and the solid 

bulk material, respectively. The packing densities of Zr02 are then 

0.78 and 0.88 at substrate temperatures of nominal room temperature 

and 3000 C, respectively, under the assumption that nb is 2.23 (Ritter, 

1976). 

The increase in packing density with increasing substrate 

temperature can be explained by the greater surface mobility of 

impinging atoms or molecules which favor the formation of larger and 

more closely packed crystals. The temperature-dependent film 

structure model was first proposed by Movchan and Demchishin (1969) 

(see Fig. 6.19), and was subsequently modified by Thornton (1974), as 

shown in Fig. 6.20. 



Zone I 

MeTals <0.3 T;" 
OXldl. <0.26 T;" 

Zone I Zone 2 
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Temoeroture _ 
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0.3·0.43 T:" >0.43 T;" 
0.26·0.4~ T'm > O.4~ T'm 

Zone 3 

Figure 6.19. Structural zones in condensates (after Movchan and 
Demchishin). 

eaWhWAR ClAINS 

RECRYSTAWZED 
GRAIN STIlIClIJRE 

Figure 6.20. Structural zones in condensates (after Thornton). 
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At low temperatures, the structure grows as tapered 

crystallites form a limited number of nuclei. As the substrate 

temperature increases, the surface mobility of the atoms increases. 

The structure morphology first transforms to that of tightly-packed 

fibrous grains with weak grain boundaries~ and then to a full density 

columnar morphology. The size of the columnar grains increases as the 

condensation temperature increases. Finally, at much higher 

temperatures, the structure shows an equiaxed grain morphology. The 

break between columnar and solid structure commonly occurs at a 

substrate temperature of 0.45 times the melting temperature. 

There are problems in heating refractory materials, such as 

oxides, to a sufficiently high temperature by normal means, because of 

their high melting points, and adding another type of energy to the 

impinging atoms is necessary. There a~e several ways to meet this 

requirement, such as biased sputtering, electron bombardment, ion 

bombardment, UV radiation, laser annealing, ultrasonic agitation, etc. 

In sputtering, some of the kinetic energy of the bombarding 

ions is transferred to the target atoms. If the sputtered target 

molecule does not collide repeatedly with the argon ions before 

arriving at the substrate, the surface mobility of the coating ,will 

increase, and will assist in increasing the packing density of the 

coating films. 

Mattox and Kominiak (1972) used biased-assisted sputtering to 

densify metal films such as tantalum, chromium, etc., which resulted in 

a less columnar appearance. Ivanova and Motovilov (1977) reported 
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that their filter parameters remained unchanged after five days' 

exposure to 80-100% relative humidity. The filters were obtained by 

reactive cathodic sputtering of titanium and silicon in oxygen. 

Donovan et ale (1981) showed that sputtered Si films are optically 

superior to evaporated Si films. The sputtered films have higher 

laser damage threshold than evaporated ones because of higher density 

and greater homogeneity. 

Recently, Burleigh Northwest (1982) announced that by using RF 

sputtering they had achieved nearly bulk density in thin coating films. 

Shifts of the passband of their sputtered polarizer were between -5 A 

and +10 A, which when compared with shifts in evaporated coatings of 

100A to 120 A, were negligibly small. By using RF-biased RF 

sputtering, Holm and Christensen (1981) made very tough Si02/Ti02 

films. They found no detectable wavelength drift when the filter was 

exposed to 100 % RH for more than 340 hours. 

Electron bombardment during deposition has been carried out by 

S. Browning (1982). Higher packing density of electron bombarded films 

compared to unbombarded films has been observed, for example, on 

2kF·ZrF 4 and Sb203• 

Noticeable effects of ion bombardment on coating films were 

reported by P. J. Martin et ale (1982). Films of Zr02 and Si02 grown 

on substrates nominally at room temperature under 16 ~A/cm2 600 V 

argon-ion bombardment showed virtually no drift when exposed to a 

humid atmosphere (Figs. 6.21 to 6.23). 
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Figure 6.22. Silicon oxide films deposited over an ion-bombarded 
zirconium oxide film to increase fringe contrast. Upper 
graph is without ion bombardment and lower is with ion 
bombardment. Note the lack of sensitivity to atmospheric 
moisture of bombarded film. (After Martin et al.) 
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Other types of energy-adding to the film during the deposition 

are also possible; for example, UV radiation, laser illumination, etc. 

However, the optical systems for those techniques are not as easy to 

implement as the systems of electrodes for electron or ion 

bombardment, except when coating very small areas. 

Protective Layer or Cover Plates over Coating 

If energy-adding methods are not possible during deposition, 

then a protective layer or cover plate should be cemented over the 

top and edge of the coating to stop moisture penetration. Zt::::, for 

example, can be arranged to be the outermost layer of a multilayer, 

and acts as a barrier layer because of its high packing density (Fig. 

6.24). 

Organic films have been used as protective coatings, e.g., 

Hollahan, Wydeven, and Johnson (1974) used a polychloro

trifluoroethylene film deposited by RF diode sputtering. The coating 

provides protection against humidity (744 hours exposure to 88.8 % RH) 

and has some antireflection effect. 

Cementing a glass cover over a coating immediately after 

manufacture can also slow down and even stop the penetration of 

moisture, provided that the edges are well sealed and that no water is 

in the cement (Levina and Furman, 1973). However, not all epoxy resins 

can stop water penetration. Balsam optical cement plus edge 

protection with VG-1 Sealer has been suggested. Epo-tek 301-2 has 

also been used successfully (Netterfield, 1982). 
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·Figure '6.24. rEM, photograpp o~ G/ZnS(3/4'A )/cry.ollte (7/4''A~)/A 
A = 500 nm. Less porous znS :&m can be used as a protective 
la~er against water adsorption. Lower portion of photographs 
is glass. 
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Although cementing will protect the coating from water 

adsorption, abrasion, etc., it is still a passive way to cure the 

problem. It is preferable to find an active way of giving .the 

condensing atoms or molecules kinetic energy so that a nonporous film 

will result. Nowadays, many systems involve high power lasers. 

Cemented filters usually cannot sustain such irradiation because of 

absorption and resultant heating. 

cement or inside the film itself. 

The absorption may occur in the 

Figure 6.25 shows a filter damaged 

by an argon-ion laser (sample given by D. Weinberger). The instant a 

coating is finished, it begins to adsorb water. Therefore, there is 

always a certain amount of adsorbed water in the films no matter how 

fast they are cemented. The damage trace shown in the filter 

indicates where adsorbed water was reevaporated by the scanning laser. 

There is also strong evidence that heat treatml:!nt after 

deposition at temperatures around 100° C will stabilize a filter 

(Macleod, 1976; Meaburn, 1966; Title et al., 1974). Such treatment 

increases the resistance to moisture penetration and also drives out 

moisture already in the layers. One problem is that the heat 

treatment usually produces a shift toward shorter wavelengths. 

Summary 

Curing water adsorption in the coating films can be done in 

two ways: actively and passively. The active ways exclude defects and 

give more mobility to the condensing molecules to produce higher 

packing density of the films. Remedying defects, covering the porous 
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a 

b 

Figure 6.25. Filter damaged by an argon ion laser beam. The adsorbed 
water was reevaporated by the irradiation and the films 
were then damaged as the laser scanned over them. 
(a) A = 513 nm. (b) A = 514.5 nm. 
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films with protective layers or cover plates, and heat treatment are 

passive methods. 

In order to exclude defects, one should first choose a good 

substrate which is as smooth as possible and which has no surface 

defects, pin holes, scratches or dust. Second, one should perform 

glow-discharge cleaning prier to deposition to clean the substrate, 

remove pre deposited oil, and desorb the adsorbed water. Third, one 

should choose high-purity materials and evaporate carefully so that no 

spitting of even the smallest particles of coating material larger 

than atoms or molecules will be introduced. 

Greater mobility of the condensing atoms or molecules can be 

achieved by heating the substrate, sputtering, electron bombardment, 

ion bombardment, UV radiation or laser illumination so that a non

porous film will be produced. 

Passive techniques involve remedying the defects after 

deposition. For instance, covering the coating with organic films, 

cementing ~ith cover plates or heat treatments have all been 

successful, but this changes the optical performance. 



CHAPTER 7 

MODELS FOR WATER PENETRATION IN THIN FILMS 

From the results in Chapter 3 through Chapter 5 we know that 

coating films are porous in general and we may to make the assumption 

that water penetrates the multilayer through some of these pores and 

then spreads laterally, as shown in Fig. 5~2. Figure 4.10 also gave us 

some ideas of how water goes through a film laterally. Based on 

these concepts, three models are presented in the following sections 

to describe water penetration inside a film. 

Single Pore 

Water is assumed to pass via capillary flow through a central 

pore A and then spread to a side pore B, as in Fig. 7.1(a). This single 

pore model can describe how water passes through both pores A and B. 

The following derivation deals with the side pore B as an example, but 

is also applicable to pore A. 

Assume that d is the diameter of the side pore, rO is the 

radius of the central pore, r is the distance water has reached, and T 

is the surface tension of water. There are three forces which must 

remain in balance: 

(i) Force due to surface tension: Fs a 2~(d/2)Teose a Ad, for 

slow motion, e and T are constants, and 72.14 dyne/em for water 

(Adamson, 1976). Therefore, A = ~ Tcose is a constant. 
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(ti) Friction force: Ff .. knrv, where v is the velocity = 

d(r)/dt, n is viscosity, and k is proportionality constant. 

(iii) Change of momentum, i.e., net force: Fnet .. d(mv)/dt, 

where mass m .. n(d/2)2·rD .. n/4 d2r (for water, density D .. 1). 

Therefore, we can write the differential equation: 

165 

Ad - knrv = * d2 d(rv)/dt, (7.1) 

and the solution is 

C 
-(4kn)/(nd2) 

Ad - knrv.. e , (7.2) 

where C .. Ad if v ~ 0 at t = O. 

Since v .. d(r)/dt, we can write the travel distance, r, as a 

function of time, t: 

r = 2 -E(t-tO) 
[rO - KtO - B] + Kt + Be 

1/2 
(7.3) 

where K .. 2Ad/kn = 2nTcos 8d/kn, 

B 
nd2 

Ce -
4kn .. 

2(kn)2 nd2 to 

E ,.. 4kn 
nd2 • 

In Eq. (7.3), the fourth term of the right side, Kt, is dominant. 

Therefore, the length of penetration is proportional to the square 
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root of the time. This result is consistent with the results of Stone 

and Earl (1973). 

Since K is proportional to the diameter of the pore, the 

larger pore will have a higher rate of penetration. Figure 5.17 

illustrates the point that the larger the defect size, the faster the 

growth rate of the patch. 

Mu1tipores with Assumption of Constant Rate of Supply 
from the Central Pore 

This model, as shown in Fig. 7.l(b), attempts to describe how 

water spreads laterally. The flow rate is assumed to be limited by a 

cp.ntral pore such that the flux is a constant in time. The flux is 

given by 

Q .,. 21Trvp(r), (7.4) 

where per) is the distribution density of side pores and v is the 

velocity at distance r. Since Ql = Q2 = Q3 .,. ••• , for r>rl' 

r dr r dr rp(r) t f f v rl vI P5 r l) rl rl 

1 r 

rl vI p(rl) f rp(r) dr. 
rl 

(7.5) 

It is obvious that spread rate is dependent on the side pore 

distribution, per). 
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If per) is constant in r, then p(r)/p(rl) = 1, and 

(7.6) 

or 

r = 1/2 (7.7) 

If per) «1 then 
r' 

t .. 

and 

(7.8) 

If per) " l/r2, then 

t = 

and 

(7.9) 
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Analysis of the experimental results of Figs. 4.6 and 5.9, 

indicate that in the early stage of water spreading, r is a function of 

t in the form of Eq. (7.7) The behavior at a later stage of spreading 

depends on the RH. At low RH, r becomes proportional to t, i.e., Eq. 

(7.8) applies. This is the capillary flow predicted by Summ, Raud and 

Goryunov (1979). At higher RH, the flow becomes a combination of Eqs. 

(7.7) through (7.9). These results indicate that the distribution 

density for the pores, p(r), is a constant when r is close to the 

central pore and falls in magnitude when r is further away from the 

central pore. 

Multipores with-Capillary Forces 

In this model we assume capillary flow in both the central 

pore and in each side pore. Let the density of fluid at (x, y, z; t) be 

p(r1t), then the continuity equation gives us 

a 
at p + V·pv = O. 

For incompressible pores, p is proportional to the density of 

pores and is constant in time. Therefore, t:.·pv = 0, or l/r a(rpv)/ar 

= 0, i.e., rpv = C(t), where C(t) is a constant in r. 

The drag force involved in the water flow, Fig. 7.1(c), is given 

over the small distance dr by 
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fd = Qn(d)dr, 

where Q is the flow flux given by 2nrv dz, dz is the thickness of 

fluid, n is the viscosity, and d is the size of pores. The total drag 

force is then 

Fd = f fd = 2ndz ned) frvp(r)dr 

= 2n dz ned) C(t) J dr 

= 2n dz ned) C(t)r (7.10) 

The capillary force per pore is given by 

d fc = 2n 2' Tcose = nd T cose, 

and the total capillary force is then 

= 2n2 T cose pr dz, (7.11) 

where p/d is the number of pores in unit area of flow cross section. 
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The mass of the fluid within dr aad dz is 

m = 21Tr dr p dz'D, 

where D is the density (which is one for water). Momentum is p :z mv = 

2~r dr pdz dr/dt, and the total momentum is P = Jp :z 2~dz Jr pv dr 

2~ dzC(t)·r. Therefore, the change of momentum is _ ... 
. 
P = d[(2lfdz C(t)rD/dt. (7.12) 

Combining Eqs. (7.10) through (7,12), we then have a 

differential equation for the flowing water 

:t [2lfdz C(t)r] :z 2lf2 Tcos e p rdz - 2~ dznr C(t). (7.13) 

If the pore sizes do not change with time, the thickness of 

fluid dz is a constant. Equation (7.13) is then simplified to 

:t [C(t)r] = Apr - nr C(t). (7.14) 

Since per) is not a function of time, Eq. (7.14) can be written 

as 

d [r2vJ = Ar - nr2v, 
dt 

(7.15) 
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This equation tells us that the behavior of r is independent 

of p(r), during the whole spreading process away from the central 

pore. This is not quite consistent with the experimental results 

except for a very low RH. 

From the above discussion we might conclude that the 

mechanism of water penetration inside the films at an early stage is 

due to capillary flow in the central pore and in the side pores. At 

low relative humidity the flow appears to be characteristic of a 

capillary flow both in the central and in the side pores. That is, 

both are involved in the determination of flow rather than the central 

pore dominating the supply of water to the side pores. At high 

relative humidity, the spreading of the water farther away from the 

central pore is limited by the central pore itself. The distribution 

density of the pores decreases as the distance from the central pore 

increases. 

The decrease in the value of p(r), the distribution density, as 

a function of distance from the central pore is consistent with a 

defect from which might radiate a series of fissures or cracks. This 

suggests that the central defect has considerable influence on the 

surrounding film, and that its influence stretches farther than might 

previously have been suspected. The total defect is more than a 

simple crack or hole in otherwise normal film material. The nature of 

the defect can vary and we have shown how it can be associated with 



objects such as dust particles within the film or substrate defects 

such as asperities or cracks. 

- . 
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CHAPTER 8 

CONCLUSION 

Vapor deposited thin films have a columnar structure with 

voids or pores in between the columns. The effect of this 

microstructure is to make optical and mechanical properties of the 

layers differ significantly from those of bulk materials. The 

columnar nature of the structure has been verified by TEM micrographs 

at:d computC!r simulation of film growth and supports the view that the 

origins of the structure lie in the limited mobility of the condensing 

atoms (molecules) and the self-shadowing effect of material already 

deposited. 

The pores have a major influence on the water adsorption 

behavior of films. It is because of this adsorption that the 

refractive index of the film increases or decreases when environmental 

conditions change. The optical performance of the complete coating 

varies according to the amount of water it has adsorbed or desorbed. 

The three techniques, given in Chapters 3, 4, and 5, allow us to 

observe small instabilities in a film, which are due to water 

adsorption. From the shift of resonance angle or from the growth 

rate of patch size and/or the peak wavelength shift, we are able to 

deduce how porous a film is. The knee of an adsorption isotherm 

indicates the pore size. The knee at 81 % RH for cryolite, for 
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example, implies that most of the pores have radii gre~ter than 50 A. 

If a film is given a higher packing density by, for example, substrate 

heating, ion bombardment, electron bombardment, sputtering, UV 

radiation, etc., the shift in resonance angle or in peak wavelength is 

reduced. This implies that less water is adsorbed and that a smaller 

value of RH corresponding to the knee of the adsorption isotherm 

would be expected because of a reduction in pore size. 

While the surface plasmon technique given in Chapter 3 is a 

very simple device that provides a good sense of small optical 

instabilities in a thin film and also allows us to measure a packing 

density of the film, three things must be noted. First, the coating 

procedure is a two-step process, since we need to open the coater to 

measure the optical constants and thickness of the silver layer before 

depositing the dielectric layer in which we are interested. Therefore, 

any extra layers on top of the silver, which this process induces, will 

introduce an error in the result unless we are able to measure the 

optical constants and thickness of the silver without opening the 

coater. Second, the dielectric layer is assumed lossless in the 

calculation. Any loss due to absorption or scattering will then 

affec~ the result unless we account for the losses in the calculation. 

Third, the film is assumed homogeneous and isotropic. But 

unfortunately, most films have some inhomogeneity and the columnar 

structure of the films indicate·s that they are anisotropic. 

The three problems mentioned above also happen in the 

narrowband filter techniques (Chapters 4 and 5). However, the first 
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problem can be solved easily by using direct monitoring during 

manufacture. The second problem does not have an excessively harmful 

effect on the porosity or the packing density of the films. The 

packing density can be calculated if the material we used has no 

chemical reaction with water. The third problem forces us to 

recognize that the films we are measuring are anisotropic but, since 

our measurements are principally at normal incidence, the influence of 

the anisotropy is minimized. 

The narrowband filter techniques have another advantage of 

giving information about the water penetration mechanism, which 

assists us in constructing the models of Chapter 7. 

Through the narrowband filter techniques, we also verified 

that surface defects of the substrate, dust, spitting of sourceS', :wd 

impurities do affect the nature of the films and exaggerate its 

porosity, because they create the central pores for water to· 

penetrate. By looking at water adsorption in different materials, we 

confirm that the higher the packing density, the less water is 

adsorbed. 

Knowing the above fa~ts, we can conclude that to prevent 

water adsorption we must choose substrates with no' defects, avoid 

dust problems, know that glow discharge can help, use high purity 

material, and evaporate properly. Most important is to attempt to 

achieve high packing density in the films. 

In order to have high packing density films, we must give the 

condensing atoms (molecules) more mobility. This can be done by 



heating the substrate, and/or by using ion bombardment, electron 

bombardment, UV radiation, sputtering, etc. 
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An alternative way of preventing water adsorption in films is 

the use of a protective layer or cover plate. Although this is not as 

effective as removing the sensitivity of the layers themselves, it is 

easy and cheap. 

What of the mechanism of moisture penetration and spreading? 

In single films, where the pores are linked directly to the 

atmosphere, the mechanism is one of surface adsorption followed by 

capillary condensation. Adsorption isotherms obtained by Ogura (1975) 

clearly show these two features. 

In multilayers, the process is much more complex. Some of the 

layers are less permeable than others and the total thickness of the 

film assemblies is very much greater than that of a single film. The 

first direct and obvious consequence of this is that the whole process 

of moisture adsorption is very much slower than in single layers. 

However, there is also a less immediately obvious consequence. This is 

that the moisture enters unevenly in patches which are circular in 

shape. This behavior is not Simply that there is a slow variation of 

permeability over the surface, which might be expected. Such a 

mechanism would be likely to give a slow radial variation of 

wavelength with an eventual change over the whole area of the patch. 

The patches are, rather, composed of areas of constant wavelength 

which gradually enlarge with time. There are patches within patches 

with the same center, and expanding also, often at a slower rate than 
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the outer patch. The wavelength shift within the patch remains 

substantially constant as long as the relative humidity does not 

change. Thus the results are consistent with the penetration of the 

moisture through a central pore and the spreading laterally across 

the layers. 

Why does moisture not pass directly through the layers? The 

first reason is that some materials are of very low permeability. 

Zinc sulfide is one such material. Silicon dioxide appears to be 

another •. Second, there is no continuity of the pores from one layer 

to the next. In fact, the micrographs always show a marked 

discontinuity between one layer and the next. Even discontinuities in 

deposition of a single layer can cause an interruption in the 

continuity of the pores. Lissberger and Pearson (1976) noted the 

existence of pseudoboundaries in thick single films, which were 

attributed to variations in deposition. Ogura (1975) found that the 

deposition of one layer over another, even with no change in material, 

resulted in the creation of trapped pores. Also, the adsorption 

isotherms obtained were quite inconsistent with continuity in the pore 

structure. Thus the boundaries of the layers can and probably do act 

as at least partial moisture barriers. Gibson and Lissberger (1983) 

question this view and cite evidence from adsorption studies on 

cryolite and zinc sulfide multilayers. Irregular patches within the 

regular circular ones are attributed by them to the adsorption of 

moisture in the zinc sulfide layers. They believe that the boundaries 

between the layers are the very routes by which moisture prop~gates. 
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This, however, is inconsistent with Ogura's observations and it is 

difficult to see how delamination could be prevented if it were true. 

Of course such an effect can occur at a rather late stage of the 

process when delamination is indeed taking olace with the formation of 

blisters. Furthermore, although the text of Gibson and Lissberger's 

paper asserts the boundary propagation model, yet the diagram 

accompanying it shows penetration within the cryolite layers. There 

can be greater concentrations of water in the vicinity of layer 

boundaries. The nuclear reaction technique of Donovan et al. (1980) 

and the calorimetric measurements of Temple (1979) demonstrate this. 

However, we consider this to be more a consequence of the void shape 

rather than a result of moisture propagation along the boundaries. 

Finally, if moisture propagated along the boundaries and then into the 

layers, this should be visible as a gradual wavelength shift in the 

patches. If it were not so then moisture would be propagating 

instantaneously across the layers from the boundaries. This, in turn, 

would imply rapid propagation from front to back of the multilayer, 

which contradicts the observations that propagation is lateral. We 

recall Ogura's observation of the impeding effect of a boundary even 

in the same layer material. Thus, we conclude that the propagation 

across the layers is within the layers and is not simply a regular 

feature of the boundaries. Thus, our model of moisture penetration is 

that it enters at isolated sites from which it spreads out within the 

layers. 
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It is interesting to examine the photograph of patterns 

presented by Gibson and Lissberger to support their ideas of 

penetration in zinc sulfide. The irregular patches in question look 

very similar to those in the baked metal-dielectric filter containing 

only cryolite as dielectric material (see Fig. 4.15). In this latter 

case, we know that there is no zinc sulfide present and it is 

therefore more likely that a chemical reaction in cryolite is 

responsible. Could this also be the case with the Gibson and 

Lissberger results? 

What permits the moisture to enter? The central penetration 

pores cannot be simply a statistical consequence of the intrinsi,= 

pores with various layers coinciding from time to time. If this were 

all, then we would not be able to reduce or increase their incidence 

in the way we did in Chapter 6. We find, rather, that the introduction 

of perturbations of some description, dust particles, pieces of source 

material, or roughened substrates all contribute markedly to an 

increase in the incidence of penetration sites. Superpolishing 

substrates, on the other hand, reduces their incidence. Computer 

simulation of film growth over substrate defects showed the 

development of large fissures over the defect. Such large cracks or 

voids would be ideal penetration sites. Guenther (1982) has studied 

the development of nodular growth and has shown that they can be 

created by substrate asperities. Thus, nodules may be associated with 

central pores. 
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Water appears to spread from the central pore via capillary 

action. At values of relative humidity from low to medium the 

condensation in the central pore is sufficient to supply all the water 

that is required. The spreading is limited by the secondary channels 

away from the pore. This suggests a central pore that has a large 

surface area yet low critical relative humidity_ Narrow cracks which 

are long but narrow might be a possibility. The ring-like crack 

around a nodule could well be the type of pore which would give the 

observed behavior. Then the supply at high relative humidity is 

limited by the central pore. Again, this would agree with long, narrow 

fissures. It is possible that the inherent structure of the layers is 

responsible. The gaps between the columns could be the capillaries 

which transmit the water. The layers might act, then, much as a sheet 

of blotting paper. We might imagine the central pore as an isolated 

defect in a matrix of otherwise undisturbed material. This, however, 

does not fit the experimental evidence. The rate of spreading at 

intermediate values of relative humidity show that there is a radial 

fall in the distribution of capillary channels, in agreement with a set 

of channels of constant number and size radiating out from the 

central pore. They could well be radial fissures or cracks. This 

model helps us to understand that the strange way in which the rate 

of spreading and time to reach equilibrium is not simply a function of 

packing density. Richmond (1976) found that multilayers of zinc 

sulfide and magnesium fluoride reached equilibrium much more rapidly 

than zinc sulfide and cryolite, although packing density seemed 
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similar. However, magnesium fluoride has high tensile stress which 

might be expected to encourage the formation of radial cracks around 

a weak defect. Thus, the structure model c('lnsists of a disturbed 

region around the central defects which is much greater in size than 

the defect itself. This could have implications for laser damage 

studies. 

Further Questions and Suggestions for Future Work 

1. Further work is needed on the precise nature of the 

particular aspect of the defects which allows water to penetrate, 

especially in metals. 

2. The influence of deposition conditions on the porous nature 

of the moisture adsorption requires further study. 

3. Baking desorbs water, but the possibility that structural 

changes accompany the desorption should be investigated. 

4. A more quantitative relaLionship between microstructure and 

refractive index is required. 

5. Other techniques such as IR spectroscopy, laser Raman 

spectroscopy would be valuable. 

6. The work should be extended to still more materials, 

especially the refractory oxides. 

7. Does the moisture penetration have any relati9nship with 

variations in laser damage threshold? We know that it has a major 

effect when the laser wavelength coincides with a water adsorption 

band, but is there any effect for laser lines which do not coincide 

with the absorption bounds? 
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8. Ways of improving film solidity and reducing susceptibility 

to moisture should be investigated. 
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