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ABSTRACT 

The performance of multilayer thin film optical filters depends 

largely on the microstructure of the component layers. This microstruc

ture varies with the deposition parameters inside the coating chamber. 

By controlling these parameters, optical filters can be produced to ex

acting specifications. 

In 1947, R. M. Rice established the technique of bombarding the 

substrate with electrons of several kilovolts as the films were being de

posited. This process improved the durability of zinc sulfide films dra

matically. This study was performed to quantitatively analyze the effects 

of bombardment on film microstructure and subsequent effects on optical 

and mechanical properties. 

I installed an electron source filament inside the coating cham

ber and electrically isolated the substrate holder, which was connected 

to a positive high voltage supply. An accelerating loop placed just above 

the filament enhanced its efficiency. The source was calibrated by meas

uring the current through the substrate holder. 

Single layer films of five different materials were deposited, 

each at its own set of electron bombardment parameters. The microstruc

ture was analyzed with an X-ray diffractometer and a transmission elec

tron microscope. Optical properties were measured with guided waves, 

xii 
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induced absorption, and spectrophotometric analysis. Film durability 

was analyzed with Scotch tape, eraser, and controlled humidity tests. 

Antimony trioxide films showed a shift in lattice orientation, 

but this did not affect columnar structure or macroscopic quantities. 

Potassium hexafluorozirconate films showed elimination of both crystal 

structure and columnar growth, resulting in slightly reduced durability 

and some absorption. Silicon monoxide films suffered no change in 

structure or properties. Zinc sulfide films demonstrated the change in 

crystal structure, which was quantified and shown to improve moisture re

sistance. Optical properties were unaffected. Magnesium fluoride films 

showed a slight increase in crystallinity with only subtle changes in 

durability and optical properties. 

Generally, electron bombardment reduced or rearranged crystal 

structure. The effects on macroscopic properties varied with each ma

terial, with no clear trend evident. 



CHAPTER 1 

INTRODUCTION 

Vacuum deposited thin film multilayers are widely used to 

control the spectral character of radiation in optical systems. 

Individual films are ideally modeled as continuous, homogeneous slabs 

of material. In reality, they may be porous, composed of aggregate 

crystallites, have a nonuniform distribution of closely packed columns, 

or any of several other possible configurations. Both the optical and 

physical properties of these films depend directly on the actual film 

microstructure, or how the material is arranged on the substrate. In 

turn, the layer microstructure is largely dependent on the conditions 

inside the coating plant during deposition. Several models have been 

presented to portray the variation in this structure. Movchan and 

Demsheshin (1969) introduced one such model showing the effects of 

substrate temperature on several different film materials. This model 

was supplemented by Thornton (1974) to include pressure inside the 

chamber. By controlling these and other conditions and introducing 

additional process parameters, important film properties can be 

dramatically improved. For example, Martin et ale (1983) demonstrated 

that the packing density of material in a film could be increased by 

bombarding the substrates. with argon ions during film deposition. Allen 

(1982) showed how a similar bombardment with oxygen ions could be used 

to alter the stoichiometry o~ oxygen content of several different oxide 
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films. Both of these instances of ion assisted deposition made the 

films less susceptible to moisture adsorption and damage. In addition, 

changing a film's crystallite.size with substrate temperature has been 

shown by Martin and Turner (1966) to affect its optical characteristics. 

These are just a few examples of a wide range of evaporation conditions 

which can be manipulated to produce films to exacting specifications. 

The idea of bombarding the substrate with electrons during 

evaporation of a film is not new. RoM. Rice (1947) of the Bausch and 

Lomb Optical Company patented and used this process for years, 

referring to it as "beaming". It has demonstrated a marked effect on 

the physical and optical properties of some films. Layers of zinc 

sulfide have long been known to be particularly improved in their 

adhesion to the substrate and resistance to moisture. Bangert and 

Pfefferkorn (1980) showed this to be due to a change in microstructure 

of the films brought about by an electron assisted phase transition. In 

other words, the bombarding electrons cause a change in the film 

crystal structure from one form to another. Also, epitaxial processes 

have been improved by electron bombardment. Chambers and Prutton 

(1967) demonstrated that electrons bombarding alkali halide substrates 

create F centers, which leads to increased nucleation densities for the 

condensing metal films. Aluminum oxide films deposited from an 

electron beam evaporation source often show anomalous absorption, 

shown by Hoffman and Leibowitz (1971) to be caused by electrons 

bombarding the substrate and affecting film stoichiometry. 

A thorough understanding of the effects of electron 

bombardment on film microstructure and the subsequent effects on 
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macroscopic properties has yet to be attained. A systematic variation 

of the parameters associated with the electron bombardment technique 

and analysis of the resulting films should provide new insight into the 

dynamics of thin film formation. In this paper, I will first describe 

the implementation of a source of variable electron energies and 

fluxes, along with some theoretical calculations of expected electron 

flux densities at the substrates. Next follows a calibration of this 

source as a function of the various parameters associated with it, for 

example, filament power and substrate potential. Preparations of 

single layer thin films of several widely used materials will then be 

described, some of which will be electron bombarded during deposition 

and others not. These films will then be analyzed by several different 

micro- and macrostructural methods. Specifically, any changes brought 

about in the physical and optical properties of the films by electron 

bombardment will be sought. li found, an attempt will be made to 

correlate the degree of change to the electron bombardment parameters. 

Finally, I will try to explain these effects in the light of current 

thinking on thin film vapor deposition. 



CHAPTER 2 

ELECTRON SOURCE 

The coating chamber used for the preparation of the thin film 

samples was an Edwards EC-18, pumped by rotary and oil diffusion pumps. 

The modification of this plant for electron bombardment closely 

resembles that of the original patent by Rice (1947), with one important 

difference to be explained later. 

Figure 2.1 schematically shows the coating chamber as modified 

for electron bombardment. A seven inch length of 0.010 inch diameter 

tungsten wire, wound in a coil and mounted in a crucible, forms the 

electron source filament. A larger loop filament originally was placed 

around the circumference of the chamber at the level of the glow 

discharge aluminum anode. It was felt that this configuration would 

provide a more uniform distribution of electron flux over the 

substrates. However, this large amount of tungsten wire required more 

current to reach appreciable electron emission temperature than the 

available feed through could accomodate. Thus a shorter, smaller 

diameter filament wire was utilized. lt is mounted just above the 

baseplate, at the same level as the evaporation material sources, about 

38 centimeters from the substrates. The secondary of a 45 volt 

transformer set provides heating power for the filament, and it is held 

at DC ground potential. Also grounded are all the fixtures inside the 

plant, with the exception of the rotating substrate holder. The 
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3 __ -, 

Figure 2.1. Coating plant diagram. 

F - filament, C - crucible (cutaway view), L - accel
erating loop, M - evaporant material source, B - base
plate, J - bell jar, R - rotary drive rod, HV - high 
voltage lead, S - substrate, H - substrate holder, 
T - teflon roller, I - to high vOltage supply, 2 - to 
another high voltage supply, 3 - to grounded secondary 
of filament transformer, 4 - to source transformer 
secondary. 
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substrate holder is electrically isolated by teflon rollers and its 

potential is controlled by a modified glow discharge power supply. The 

supply can provide a positive voltage of up to five kilovolts for 

electron bombardment, or alternately a high negative voltage to a glow 

discharge ring. The power supply is essentially a step-up transformer 

followed by a full wave bridge rectifier, so a straightforward 

arrangement of relay switches accomplishes the reversal of polarity. 

The above configuration is almost identical to that originally 

proposed. However, preliminary measurements indicated extremely low 

electron flux levels and efficiency. To alleviate this problem, a 

nichrome (NiCr) wire loop was placed about one inch above the electron 

source filament and held at a positive potential of a few hundred volts 

with respect to it. This dramatically increased the flux on the 

substrate holder, so this important modification was made to the 

original design. The loop effectively aids the high substrate cage 

voltage in drawing off the cloud of thermal electrons from around the 

filament, thus increasing its efficiency. 

During actual evaporations, the bombardment filament and loop 

are shielded from the materials sources with aluminum foil to avoid 

contamination. The rate of electrons falling on the substrate holder 

was measured by placing a galvanometer directly in the circuit 

connecting the high voltage supply to the feed through for the 

substrate holder •. The holder was glass beaded clean prior to making 

these measurements. Figure 2.2 shows graphs of current on the 

substrate holder as a function of the various parameters associated 

with electron bombardment. Graph 2.2a shows a collected current 
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plateau for increasing filament voltage with constant potentials on the 

substrate holder and accelerating loop. This plateau could be due to 

either increased filament resista~ce with temperature or the 

accumulation of a cloud of thermal electrons surrounding the filament 

and preventing further emission. Graph 2.2b illustrates the effect of 

the accelerating loop on collected current for several high voltage 

settings on the substrate holder. The effect is linear for the most 

part. Some slight plateaus are evident at the higher settings as the 

filament efficiency is increased. Graphs 2.2c, 2.2d, and 2.2e show the 

effect of increasing the substrate holder voltage at a given filament 

setting for several loop voltages at three different chamber pressures. 

The most striking feature of these plots is the obvious plateau in 

collected current at pressures of 5.OxlO-5 and 1.OxlO-4 torr. This 

means that for these pressures, an increase in the electron energy on 

the substrates is accomplished without changing the flux very much. 

Also, the increase of current with pressure, due to secondary emission 

from gas molecules, is quite noticeable. Indeed, if calibrated, this 

could serve as a vacuum ion gauge for the system. 

A fairly good idea of filament efficiency can be deduced from 

the graphs of Figure 2.2. For example, the temperature of the filament 

for a variac setting of 35 volts was measured with a Pyro optical 

pyrometer and found to be 1977°K (31000 F). Higher filament 

temperatures were very difficult to measure accurately with the 

pyrometer. Using this value for T in Dushman's equation for emitted 

current density from Eastman's book (1949), along with the appropriate 

constants for tungsten; 
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where bO= 52,400 and A= 60.2xlO-4 amps per square meter, we calculate 

J= 7.26 amps per square meter or emitted current 1= 1.03 milliamps. 

Actual measured current on the substrate holder was 420 microamps, for 

an efficiency of about 40 percent. Of course, efficiency will vary for 

different substrate and loop voltages, as well as different filament 

temperatures. 

One point of this study will be to ascertain the effect of 

varying electron flux on the film for different samples. As a 

numerical example, the molecule arrival rate at the substrates for an 

antimony trioxide film can be compared to the electron arrival rate. A 

typical deposition rate for the antimony trioxide is 1.6 angstroms per 

second. This has a corresponding molecule arrival rate of 1.72xl014 

molecules per square centimeter per second. This was calculated using 

the bulk density of antimony trioxide and assuming a packing density of 

1.0 in the film. 

The electron flux corresponding to 40 milliamps over the 150 

square centimeter substrate holder turns out to be 4.27xl015 electrons 

per square centimeter per second. Thus it is easy to obtain an 

electron arrival to molecule arrival ratio of anywhere from zero to 

ten by adjusting the electron source parameters. Alternately, the 

deposition rate could be changed, but it was felt best to leave as many 

conditions as constant as possible and only vary the electron 

bombardment. Molecule flux calculation parameters for all materials 
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are shown in Appendix 1, along with a sample computation for antimony 

trioxide. 

In calculating the electron to molecule arrival ratios, it was 

assumed that the electron flux was uniform over the entire substrate 

holder. No difference was assumed between the flux on the substrates 

and the flux on the metal holders. Thus any reduction in flux on the 

substrates due to charging effects was ignored. Sabirov (1982) showed 

that for zirconium oxide films, charge build-up from an electron stream 

similar to ours resulted in up to -55 volts potential on an insulator 

substrate. At the applied high voltages, this would have a negligible 

effect on repelling the arriving electrons. 

Only materials which could be thermally evaporated were 

investigated. This was done because the available plant was not 

equipped with an electron beam evaporation gun. Moreover, the electron 

flux could be more effectively controlled using the installed source. 

Stray electrons from an electron beam gun would show a spread in 

energy due to numerous collisions with plant fixtures and be difficult 

to calibrate, while those from the electron source filament would all 

be directed to the substrates with the same energy. 



CHAPTER 3 

SAMPLE PREPARATION 

Appendix 2 contains a complete listing of all the coating runs 

performed in this study with the evaporation conditions. 

Thin films of the materials of interest were evaporated onto 

glass microscope slides along with, in some cases, sodium chloride 

plates (used for TEM sample preparation, described later). The glass 

slides were first cleaned by immersing in warm chromic acid for about 

20 minutes, then drained, rinsed, and scrubbed with cotton and Liquinox 

soap under tap water. An ultrasonic bath of Liquinox in deionized water 

and two ultrasonic rinses in deionized water followed. Finally, the 

substrates were blown dry with nitrogen from an electrostatic nozzle 

gun. This elaborate procedure is necessary to prevent contamination at 

the film-substrate interface, a common cause of film degradation. The 

slides were two different sizes, either Ix3 inch or 2x2 inch. The 2x2's 

were coated on only half of one side by placing a mask in front. These 

were to be used for FE CO measurements, explained in the next chapter. 

The sodium chloride plates were not cleaned prior to film deposition 

because of their hygroscopic nature. 

For each individual thin film material, conditions inside the 

coating chamber were kept as nearly identical as possible for each run, 

apart from the electron bombardment. The only exception to this was 

substrate temperature, which was either raised to a certain elevated 

13 
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value with quartz infrared lamps or kept at room temperature. A dial 

surface thermometer placed on the back side of one of the substrates 

indicated the run temperature. For the optical constants measurement 

samples, a system of moveable shutters was fitted into the plant. The 

system allowed two sets of substrates to be coated in the same pump 

down cycle. One set was electron bombarded and the other not. It was 

felt that any difference in optical constants brought about by electron 

bombardment would be small, thus differences due to other evaporation 

conditions would be minimized this way. Because of space limitations on 

the substrate holder, only two sets of samples could be produced in 

each run that the shutters were utilized. Prior to all depositions, the 

chamber was glow discharged for ten minutes at about 1500 volts and 

150 milliamps at 50 millitorr pressure of air to remove any oil vapor 

contamination backstreaming from the pumps. The evaporation conditions 

for each material are summarized in the following sections. 

Antimony Trioxide (Sb203) 

This material has proven useful as a high index layer in 

guided wave structures, as reported by Turner and Browning (1980) and 

Al-Jumaily, Browning, and Turner (1982). Since scattering losses in 

these structures can severely limit performance, the proper deposition 

conditions are important. Fine mesh powdered antimony trioxide from 

Cerac was first calcined at atmospheric pressure in a quartz dish at 

soooe for one hour. This process rendered the fine white powder into 

slightlY yellowed, more compact form. This material was evaporated 

from a platinum boat. Its outgassing during deposition raised the 



15 

pressure inside the chamber to values of 1.0-2.OxlO-4 torr, a much 

lower pressure than for non-calcined material. Substrates were heated 

to around lsooe or left at room temperature. Film thickness was 

monitored in reflection on a separate glass witness plate to a value of 

four quarterwaves at A=ssO nanometers for X-ray diffraction and TEM 

carbon replication samples, or alternately to a value of about 800 

angstroms using a quartz crystal monitor for samples used in TEM 

direct film and electron diffraction analysis. The quartz crystal 

oscillator is useful for films whose thickness is insufficient to bring 

the optical monitor to a quarterwave turning point. In order to 

maintain a constant deposition rate of about 1.6 angstroms per second, 

it was necessary to steadily increase power to the source during the 

run. This fairly slow rate was the highest possible ~lithout blowing 

the evaporation material out of the boat with too much applied power. 

Potassium Hexafluorozirconate (2KF·ZrF4) 

This material has a short wavelength absorption cutoff well 

into the ultraviolet, around 120 nanometers, but is highly soluble in 

water. Bartle and Turner (1962) suggested that it could find use as a 

low index layer in multilayer filter structures, much as cryolight and 

chiolite have. The fine, White, crystalline powder from Alpha Products 

was evaporated from a molybdenum boat without prior treatment. These 

films were also monitored to four quarterwaves thickness at A=5s0 

nanometers. Since this material is so soluble in water, it was not 

practical to prepare thinner films for direct film TEM observations. 

Substrate temperature was either at ambient or near 100oe, while 



pressure was 2.0-6.Ox 10-5 torr during deposition. The material 

outgassed slightly when preheating, but the pressure soon returned to 

the value it had at the beginning of the procedure. The evaporation 

rate was very stable for the utilized source power level, being nearly 

30 angstroms per second. 

Silicon Monoxide (SiO) 

16 

The reflecting aluminum surfaces of astronomical telescopes 

have long been protected with a layer of silicon oxide. The films are 

usually referred to as SiOx' since the exact stoichiometry depends 

greatly on the residual oxygen pressure and evaporation rate. Si203 

and even Si02 films are possible for certain conditions, as shown by 

Allen (1982). Bradford et al. (1965) demonstrated an in,teresting 

increase in oxygen content for a silicon oxide film irradiated with 

ultraviolet light at atmosph~ric pressure. Chunks of silicon monoxide 

from E. Merck Company were evaporated from a tantalum boat. In order 

to maintain a film composition as close as possible to the original 

material, rapid evaporations of 20 angstroms per second at pressures 

near 3.OxlO-5 torr were carried out. Substrate temperature was either 

near I500 C or room temperature. Film thickness was optically monitored 

to four quarterwaves at A= 550 nanometers. A drop in pressure during 

evaporation and its subsequent rise thereafter indicated a certain 

amount of reaction of evaporant material with residual gases. 

Zinc Sulfide (ZnS) 

This widely used material has shown perhaps the most dramatic 

and useful improvement with electron bombardment. Although previously 
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scrutinized by Bangert and Pfefferkorn (1980), film samples were 

prepared for analysis to characterize the consistency of the electron 

bombardment process in the systems used in this study. Small chunks of 

zinc sulfide from Irtran were evaporated from a molybdenum boat. This 

material did not adhere well to heated substrates in the coating 

chamber, so they were left at room temperature. The evaporation rate 

was around nine angstroms per second at pressures of 0.5-1.OxlO-4 torr. 

Magnesium Fluoride (MgF2) 

So-~alled "mag" fluoride is probably the most commonly used 

material for single layer antireflection coatings in the industry today. 

Its durability and adhesion when deposited on a hot (3000 C) substrate 

make it very useful for widespread applications. Films were evaporated 

from a tungsten boat at a rate of 20 angstroms per second on a 

substrate heated to around 1600 C. Pressure was 6.0-9.OxlO-5 torr. 

Several bare substrates were electron bombarded without film 

deposition to check for anomalous effects and oil vapor contamination, 

as sugges ted by Holland (1963). If oil contamination were present, the 

electrons would cause a reaction with the residual gases, leading to 

brownish deposits. No discoloration was observed on the front surface, 

but a small amount of metallic deposit was seen on the back of the 

substrate, near one end. This was attributed to a small amount of 

sputtering of aluminum substrate holder material due to its high 

potential. The holder fluoresced with a blue glow at the edges of the 

substrates and at several tiny points as it came near a grounded, 

sharply pointed heater shield during its rotation under electron 
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bombardment. This was not perceived as a problem which would affect 

the deposited films, so no steps were taken to correct it. 



CHAPTER 4 

ANALYSIS METHODS 

Several techniques were used to analyze the films, each 

described in its own section below. 

X-Ray Diffraction- Diffractometer 

X-ray diffraction has long been known to be an effective, non

destructive method of obtaining precise quantitative information about 

not o::lly thin films, but a wide variety of other material forms as 

well. Turner and Ullrich (1947) used this analysis to effectively 

explain birefringence in magnesium fluoride films. The theory is 

marvelously described by Cullity (1978), so no attempt will be made to 

detail it here. 

The specific X-ray technique used in this study involves the 

diffractometer (GE model XRD-S), shown in Figure 4.1. eu Ka.1 X-rays 

from a copper source tube are defined into a beam by a narrow slit of 

30 angular width. This impinges on the sample at a particular angle 

28, which in this case was· scanned from 200 to 800 at 40 per minute. 

The sample scatters the X-rays in all directions, but the detector is 

situated so that it sees only those X-rays leaving the sample at the 

same angle that the incident rays strike it. The detector sits behind a 

0.20 angular slit and a nickel filter, the slit rlefining the beam 
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Ftgure 4.1. X-Ray diffractometer diagram. 

X - x-ray source tube, L - slit, S - sample 
substrate, F - film or powder, N - nickel filter, 
D - detector, 1 - to rate counter. 

. . 
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and the filter blocking unwanted secondary X-ray emission of longer 

wavelengths. 

Actually, each atom in the sample scatters the X-rays in all 

directions. Since a crys tal is composed of a regular, repeated 

arrangement of atoms, the scattered X-rays overlap and interfere in a 

definite pattern. The sample scatters X-rays strongly when the 

incident angle and wavelength satisfy the Bragg relation 

nA=2dsin6, 

where n is an integer, A is the X-ray wavelength, 8 is the incident 

angle, and d is a particular lattice plane spacing in the sample. The 

strongly scattered beam, called Bragg diffraction, leaves th~ sample at 

the same angle that the original beam was incident on it. Thus when a 

film crystallite is oriented such that a particular set of its lattice 

planes is parallel to the substrate and the incident angle satisfies 

the Bragg relation, a peak occurs in the diffractometer trace of X-ray 

counts versus angle of incidence. Therefo·re, each peak in such a trace 

corresponds to its own set of lattice planes. Knowing the X-ray 

wavelength, one can compute the lattice spacing, or vice versa. Fang 

and Bloss (1966) have compiled a table of lattice spacings as a 

function of diffractometer angle for several different X-ray sources. 

Smith (1945) has assembled an index of lattice spacings for an 

astounding number of materials in powder form, along with the 

corresponding Miller indices. The Miller indices define the particular 

group of atoms within a crystal structure, the spacing between the 



planes of which is the d of the Bragg formula. More exactly, if one 

considers a crystal to be composed of a repeated assembly of unit 
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cells composed of only a few atoms, the Miller indices give the number 

of units in three different directions from a point which must be 

traversed to reach the corresponding point in the next unit cell. The 

lattice spacings of different sets of Miller indices for a material 

thus indicate the separations of various specific points in the lattice 

from each other. For many materials, not only the Miller indices and 

lattice spacings are given, bu~ also the relative strengths of the 

diffraction peaks are listed for powder samples •. 

Not only the films but also the evaporation material itself can 

be analyzed with the X-ray diffractometer. This can give an idea of 

how the evaporation affects the crystal structure. To prepare such a 

powder sample, a glass slide is smeared with petroleum jelly as an 

amorphous adhesive. Then a small amount of the powder to be analyzed 

is spread out over the slide. This sample then goes through the same 

procedure of X-ray analysis as the thin film samples. As a check, a 

diffractometer trace was made of a slide with the adhesive only. 

Figure 4.2 shows this trace to have no peaks, so the background of the 

adhesive does not alter the powder traces. 

For materials exhibiting no crystal structure, or amorphous 

materials, the X-ray diffractometer trace will have no discernable 

peaks. Also, it should be pointed out that the X-ray diffractometer 

analyzes the basic internal molecular arrangement of the film material. 

Overall film microstructure, i.e., the well known characteristic 

columnar growth, will not be straightforwardly deducible from the 
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Figure 4.2. X-Ray diffractometer trace of adhesive for powders. 
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X-ray data. The diffractometer used in this study did not have a rock

ing mechanism on the sample mount, so only lattice planes parallel to 

the substrate could be detected. 

Transmission Electron Microscopy- Carbon Replication 

Whereas the X-ray diffractometer gives a view of molecular 

arrangements within the thin film, a carbon replica of a film cross 

section viewed in a transmission electron microscope (TEM) provides 

interesting information about overall thin film microstructure, as 

shown by Guenther and Pulker (1976). This technique is an excellent 

means of ascertaining the effects of varying process parameters on 

film properties. 

Carbon replicas of thin film cross sections are prepared by 

employing the same basic procedure as given by Pearson (1970). A 

substrate is scored on its filmed side with a diamond tip, making a one 

millimeter scratch at one edge. Pressure exerted from the opposite 

side of the substrate causes it to break along a fairly straight line, 

starting at the scratch mark. This exposes a cross sectional edge of 

the substrate-film combination. The piece with this edge is placed in a 

vacuum chamber, where it is first coated with a platinum-carbon pre

shadow at an angle of about 70
0

• Next, a support film of pure carbon 

is deposited, forming a continuous layer over the cross section and top 

of the sample. Figure 4.3 diagrams the carbon evaporating con-

figuration. The carbon coated sample is then removed from the 

vacuum chamber. After scoring the carbon film into several sections, 

the sample is slowly dipped into a five percent hydrofluoric acid (HF) 



Figure 4.3. Carbon replica film application geometry. 

F - film, S - substrate, G - columnar growth artifacts, 
P - direction of incidence of platinum-carbon vapor, 
C - direction of incidence of carbon vapor. 
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planes of which is the d of the Bragg formula. More exactly, if one 

considers a crystal to be composed of a repeated assembly of unit 

cells composed of only a few atoms, the Miller indices give the number 

of units in three different directions from a point which must be 

traversed to reach the corresponding point in the next unit cell. The 

lattice spacings of different sets of Miller indices for a material 

thus indicate the separations of various specific points in the lattice 

from each other. For many materials, not only the Miller indices and 

lattice spacings are given, but also the relative strengths of the 

diffraction peaks are listed for powder samples. 
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Not only the films but also the evaporation material itself can 

be analyzed with the X-ray diffractometer. This can give an idea of 

how the evaporation affects the crystal structure. To prepare such a 

powder sample, a glass slide is smeared with petroleum jelly as an 

amorphous adhesive. Then a small amount of the powder to be analyzed 

is spread out over the slide. This sample then goes through the same 

procedure of X-ray analysis as the thin film samples. As a check, a 

diffractometer trace was made of a slide with the adhesive only. 

Figure 4.2 shows this trace to have no peaks, so the background of the 

adhesive does not alter the powder traces. 

For materials exhibiting no crystal structure, or amorphous 

materials, the X-ray diffractometer trace will have no discernable 

peaks. Also, it should be pointed out that the X-ray diffractometer 

analyzes the basic internal molecular arrangement of the film material. 

Overall film microstructure, i.e., the well known characteristic 

columnar growth, will not be straightforwardly deducible from the 



X-ray data. The diffractome·ter used in this study did not have a rocking 

mechanism on the sample mount, so only lattice planes parallel to the 

substrate could be detected. 

Transmission Electron Microscopy- Carbon Replication 
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Whereas the X-ray diffractometer gives a view of molecular 

arrangements within the thin film, a carbon replica of a film cross 

section viewed in a transmission electron microscope (TEM) provides 

interesting information about overall thin film microstructure, as 

shown by Guenther and Pulker (1976). This technique is an excellent 

means of ascertaining the effects of varying process parameters on film 

properties. 

Carbon replicas of thin film cross sections are prepared by 

employing the same basic procedure as given by Pearson (1970). A 

substrate is scored on its filmed side with a diamond tip, making a one 

millimeter scratch at one edge. Pressure exerted from the opposite 

side of the substrate causes it to break along a fairly straight line, 

starting at the scratch mark. This exposes a cross sectional edge of 

the substrate-film combination. The piece with this edge is placed in a 

vacuum chamber, where it is first coated with a platinum-carbon pre

shadow at an angle of about 700 • Next, a support film of pure carbon 

is deposited, forming a continuous layer over the cross section and top 

of the sample. Figure 4.3 diagrams the carbon evaporating 

configuration. The carbon coated sample is then removed from the 

vacuum chamber. After scoring the carbon film into several 'sections, 

the sample is slowly dipped into a five percent hydrofluoric acid (HF) 



solution, allowing the carbon film to float free. Extreme caution must 

be exercised during the dipping to prevent the support film from 

tearing along the corner formed by the top and cross sectional edge of 

the sample. The carbon must be allowed to soak in the HF overnight to 

dissolve away any traces of sample material still adhering to it. This 

insures that only the skeletal shadow of sample film features formed 

by the evaporated platinum remains on the carbon support film. 

Deionized water replaces the HF solution using a slow flush. After 

this, the carbon film is carefully broken along the scored lines and 

the resulting pieces scooped up onto the dull sides of 300 mesh copper 

grids. The carbon replica is then viewed in a Philips model EM 200 TEM 

at an 80 keV energy level and the results photographed. 

It is of interest to note that Some apprehension has been 

expressed by Heavens (1965) about the carbon replica being somehow 

deformed by the concentrated beam of the TEM, possibly leading to 

erroneous interpretations of the photographs. This did not seem to be 

a problem in this study, since the images showed no noticeable change 

while under observation in the TEM. 

Transmission Electron Microscopy- Direct Film Observation 

While the carbon replicas discussed in the preceding section 

give a view of cross sectional film microstructure, TEM observations of 

the actual films themselves provide additional information about not 

only microstructural crystallite size, but internal crystal structure 

as well. It should be pointed out here that artifacts such as columnar 

growth are not observable with direct film TEM, and scanning electron 
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microscopy (SEM) of actual film cross sections shows low contrast and 

generally poor results, also pointed out by Guenther and Pulker (1976). 

The procedure for preparing samples for direct film TEM 

observation is extremely simple, except for making the grids on which 

the films are to be mounted. Fortunately, these "holey" grids were 

fabricated and made available by the operators of the TEM, so only the 

reference for their preparation technique by Fukami and Adachi (1965) 

will be given here. Basically, ~ film of the material of interest is 

deposited in the usual manner, except that the substrate must be water 

soluble. This is the reason for using sodium chloride plates in these 

runs. Also, film thickness must be less than 1000 angstroms to allow 

electron penetration in the TEM. After deposition, the sample is 

removed from the vacuum chamber and the film is scored into many small 

sections. The substrate is then slowly dipped into deionized water and 

the film floats free. After several minutes, the film is broken into 

pieces which are scooped up onto the holey grids. These grids are then 

observed in a Jeol model JEM 100B TEM at 100 keV electron energy 

level. 

By a manipulation of the electron optics controls of the TEM, 

one can produce electron diffraction patterns of the film as well as 

high magnification images. Electron diffraction is essentially the same 

type of effect as X-ray diffraction, the main difference being 

wavelength of the incident radiation. A constructive interference of 

the electron waves leads to concentrations of intensity at certain 

angles corresponding to the lattice spacings of the material. The 

concentric rings of the resulting patterns not only can be analyzed for 



lattice spacings, as with X-ray diffraction results, but also relative 

crystallite sizes can be inferred from the grainy appearance of the 

rings, well explained by Thun and Hass (1958). 

Lattice spacings can be computed from the formula 

d=n AI (2sin 6), 

30 

where A is the electron wavelength, 6 is the measured angle of a line, 

and n is an integer. This is the exact Bragg diffraction formula for X

rays as well. 

At extremely high magnification, the electron microscope 

reveals interference fringes of the electrons from the lattice planes. 

The spacing of these fringes can be measured and compared to those of 

a graphitized carbon reference sample, which are known to be 3.4 

angstroms apart. The fringe spacings were measured from photographs 

using a stereo viewer with a O.7x objective and a lOx ruled filar 

eyepiece. 

Guided Wave Analysis (Prism Coupler) 

The methods of the previous sections reveal the physical 

structure of thin films on a microscopic level. Such high resolution 

techniques are necessary to detect the minute changes brought about by 

electron bombardment. Changes in the optical properties are equally 

subtle, requiring precise measurement capabilities. 



One such measurement involves coupling monochromatic light 

with a prism into the film to be analyzed, described by Tien et ale 

(1969). Figure 4.4 diagrams the set-up. The light, here a collimated 

laser beam, enters one face of the coupling prism and is refracted 

toward another face, the hypotenuse. The prism angle between these two 

faces is such that the incident angle of the light on the hypotenuse is 

greater than critical, so the light is totally internally reflected. 

The film to be studied is brought very close to the prism hypotenuse, 

so that the air gap between them measures only a few wavelengths. The 

coupling prism assembly sits on a turntable, separated from the laser. 

The angle of the light entering the prism is now varied by manually 

rotating the turntable. Films of sufficient thickness can "capture" 

some of the light from the prism hypotenuse when the proper angles are 

reached, "frustrating" the total internal reflection. When this occurs, 

a dark band called a mode line is evident in the totally reflected 

beam, and often a streak of guided light appears across the film. By 

measuring these coupling angles and knowing the prism and substrate 

properties, the film's refractive index and thickness can be calculated. 

The basic electromagnetic theory of guided waves has been 

described by Kapany and Burke (1972), as well as other authors. One can 

assume a zig-zag ray model for the guided light, as suggested by Figure 

4.5. Starting at point A, we assume a phase of zero. In propagating to 

point B, the phase becomes (nfdcos 0.)/ A. On total internal reflection, 

an additional phase of -$12 occurs. In going to point C, again a phase 

of (nfdcoso.)/A is added. Finally, another total internal reflection 

phase of -$10 occurs. When the total phase change in going from point 
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Fi"gure 4.4. Prism coupler configuration. 

L - laser, Q - half wave plate, P - pinholes, 
T - turntable, K - screw clamp, C - cam shaft, 
S - sample, R - coupling prism, G - air gap. 
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Figure 4.5. Zig zag ray model of guided light. 
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A to point C is an integral multiple of 21f, the waves can 

constructively interfere and reinforce each other, allowing propagation 

to continue. This is a simplified explanation of the dispersion relation 

where the integer m is called the mode order. ~12 and ~10 vary with 

polarization, so the disper~ion relation requires that for a given film, 

sand p polarizations propagate at different angles a. The dispersion 

equation is straightforwardly deducible from Maxwell's equations, as 

taught by Burke (1980). 

Two' programs exist in our laboratory to perform waveguide 

index calculations. The first, CUPIO, was written as partial 

requirement for a Master's degree by Bruce Reinbolt (1975). The 

required inputs are wavelength of light, prism refractive index and 

angle, substrate index, and two coupling angles for either s (TE) or p 

(TM) polarization. To use this program, the film must be thick enough 

to support at least two modes of either polarization. A subsequent 

program based on the same procedure was written by myself to allow .. 
calculations for thinner films, where only one s and one p mode are 

present. Basically, the programs start with an assumed film refractive 

index. Substituting this value into the dispersion equation for guided 

modes and the expressions for the phase shifts at the air-film and 

film-substrate boundaries leads to an error. This error establishes a 

refinement of the originally assumed value. This iteration continues 

until the 'error is negligible. Having thus computed film index, the 



thickness is immediately derived from the dispersion relation. Both 

programs assume homogeneous, isotropic single layers. 
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The equipment used in this study has been in use in the 

laboratory for several years to measure the optical properties of many 

different thin films. A helium-neon laser (Spectra Physics model 120, 5 

milliwatt) is fitted with a rotatable half wave plate polarizer. This 

enables either s or p polarized light to be used. The coupling prism 

was strontium titanate (SrTi0 2) with an index of 2.391 and prism angle 

of 43.335, or alternately flint glass, with index 1.8418 and angle 

43.374. Because of ·the prism clamp arrangement, only a certain range 

of coupling angles was possible. Thus it was sometimes necessary to 

use two different prisms to cover the entire range of possible mode 

indices. When this was called for, a simple calculation allowed 

conversion of coupling angles for input into the computer programs. A 

screw clamp on a teflon holder held the prism against the filmed side 

of the substrate, while an adjustable cam shaft pressed on the opposite 

side to improve the coupling efficiency. The assembly rested on an XYZ 

stage set on a Societe Genevoise turntable. This enabled angle 

measurements to the nearest second of arc, although for each observed 

mode the uncertainty in measured coupling angle amounted to a few 

minutes. 

The precision of this method derives from the ability to 

measure the coupling angles so exactly. Uncertainty in the position of 

the coupling can be minimized by not pressing the prism. too tightly 

against the film, and this also diminishes the effect of the prism on 

the modal behavior of the film, a problem pointed out by King and Talim 
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(1981). Of course, only films with refractive index higher than the 

substrate can be analyzed this way, and the films must be thick enough 

to support at least two modes to be able to calculate both refractive 

index and thickness. 

Surface Plasma Wave Analysis 

Another extremely sensitive technique for determining film 

refractive index involves coupling radiation into a surface plasma wave 

(SPW) on a thin metal film, detailed by Raether (1977) and used by 

Abeles (1976). This is essentially an induced absorption situation, 

described from an admittance point of view by Turner and Berning (1955). 

As they explain, a single absorbing film can absorb all the incident 

light if it is backed by a perfect reflector and this combination 

antireflected. The perfect reflection arises from total internal 

reflaction from a prism hypotenuse, seen in Figu~e 4.6. The 

antireflection comes about by tailoring the thickness of the absorbing 

layer to match the admittance at the air-absorber interface to that at 

the absorber-prism interface. More directly, at angl~s of incidence on 

the hypotenuse greater than critical, the admittance in the air becomes 

purely imaginary, thus total reflection occurs. The absorber has a 

complex index, so the admittance through this layer assumes complex 

values. After passing through a certain thickness of absorber material. 

the admittance has become purely real. For the right absorber 

thickness and incident angle, This real admittance matches that inside 

the glass. Turner and Berning matched admittances by adding a 

dielectric phase layer between the glass and absorber. This phase 
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Figure 4.6. Induced absorption sample (SPW) . 
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layer and its effects on absorption merit closer attention in the light 

of the study by Otto and Sohler (1971). These authors suggest the 

excitation of guided modes in a dielectric film on the other side of the 

absorber, in particular the lowest order p mode behaving as a surface 

plasma wave. It seems reasonable that induced absorption and surface 

plasma waves are really two different views of the same phenomenon in 

this configuration, but as stated, further inquiry is in order. 

The hypotenuse of a right angle prism is coated with a thin 

silver film in the evaporation plant. The prism is then placed on a 

spectrometer table and illuminated through one face with a laser beam. 

The assembly is shown in Figure 4.7. The beam totally internally 

reflects off the hypotenuse, exits through the other prism face and 

into a detector-telescope combination. The reflectivity is measured as 

a function of incident angle and plotted. At a particular angle, the 

reflectivity dips to a minimum due to the excitation of a SPW at the 

air-silver interface. This attenuated total reflection technique is 

known as the Kretschmann configuration. Knowing the thickness of the 

silver film, its optical constants can be computed from the profile of 

the reflectance dip. Once these constants are established, the prism is 

again placed in the coating chamber. A dielectric film is then 

deposited, and the measurement process repeated. Dielectric film 

thickness must be monitored to an effective half wave at the incident 

angle for which the· reflectivity was minimum. Now the refractive index 

and thickness of the dielectric layer can be computed from its 

reflectance dip profile. The computations assume uniform layers and no 

absorption in the dielectric layer. The angle as measured on the 
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Figure 4.7. Surface plasma I-rave (Induced absorption) measurement 
configuration. 

L - laser, C - chopper, B - beam splitter, N - neutral 
density filter, P - prism, F - film, D - detector, 
T - spectrometer telescope, I - lock-in amplifier sig
nal input, R - lock-in amplifier reference input, 
S - spectrometer table, V - divider. 
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spectrometer had to be converted into incident angle on the hypotenuse 

using Snell's law and the prism angle. Also, the reflectivity values 

had to be corrected for the four percent reflection loss at each of the 

other two faces. This was accomplished by simply dividing the measured 

value by 0.92. The 100 percent reading was established by removing the 

prism from the table and rotating the detector arm until the incident 

laser beam shone directly into it. As with the guided wave technique 

discussed in the previous section, the sensitivity of this method owes 

itself' to the high degree of angle measurement precision. Also, 

dielectric films of.any refractive index can be analyzed. 

Highly precise right angle pris~~ 

(n=1.516) "t.rere obtained from Melles-Griot. 

of borosilicate glass 

They were subjected to the 

same cleaning procedure as the micr08cope slides previously discussed. 

Four prisms at a time were coated in the plant with silver evaporated 

from a molybdenum boat. Thickness ~'as monitored with the quartz 

crystal monitor to a value near 50 nanometers. 

Each prism was measured on a Wild number 79 spectrometer and 

its silver film constants computed. As a check, two prisms were 

returned to the chamber. One was electron bombarded at 1000 volts for 

six minutes, the flux level being 1.3x1015 electrons per square 

centimeter per second. The other was shuttered during this 

bombardment. These two prisms were then taken out and remeasured, and 

one of the other prisms which had been left out of the chamber was 

also remeasured. Table A3 lists the measurement results for these 

prisms for the before and after cases. The slight change in optical 

constants brought on by electron bombardment is not significant when 
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compared to the change due to oxidation of the silver surface layer or 

variations in the measurement conditions. 

After measuring the bare silver films of all four prisms, two 

were placed in the coating chamber. As a check, both were coated 

simultaneously with the dielectric material. They were then removed 

and measured on the spectrometer. The two remaining prisms were then 

placed in the chamber. Une was overcoated with the dielectric while 

being electron bombarded at 2000 volts and a flux level near 1.6x1015 

electrons per square centimeter per second. The other was shuttered 

during this deposition. When the first prism had been completed, the 

shutters were moved to cover it and expose the remaining prism, all 

without breaking vacuum. This prism was given the same coating but 

without electron bombardment. The same power level was applied to the 

evaporation source to try and match the deposition rates, and thickness 

was controlled with the quartz crystal monitor. 

An initial series of runs was made with the optical monitor to 

establish a rough idea of the quartz monitor behavior, but these 

samples generally were not close enough to the required thickness to 

give precise results. Also, the chamber was not glow discharged prior 

to dielectric deposition because of the catastrophic effect on the 

silver films. The same four prisms were reused for each material. The 

old coatings were stripped off in a warm nitric acid solution of about 

50 percent. They were then washed under tap water with cotton and 

Liquinox soap, rinsed thoroughly with· deionized water, and blown dry 

with the nitrogen gun. 



The computer programs available for the optical constants 

calculations from these measurements were written by Dr. J.F. Tang. 

They are based on a random sampling approach to finding the global 

extremum of a merit function, used by Tang and Zheng (1982) as the 

basis for a numerical synthesis technique for designing multilayer 

interference filters. Basically, initial ranges of values for the 
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optical constants are input, along with the corrected reflectivity 

measurements at three different angles in the reflectivity dip. The 

programs initiate a search throughout the ranges for values which will 

minimize the merit function. This merit function is an expression 

comparing the reflectivity dip profiles of the initial and refined 

optical constants. An error factor, representing the size of this merit 

function, gives a rough idea of the accuracy of the computed values. 

In general, the silver film results were accurate to three 

decimal places, as indicated by the extremely low error -factor. 

Unfortunately, the dielectric films did not always exhibit similar 

precision. Only two decimal places were reliably determined. Small 

amounts of absorption, scatter, and film inhomogeneity probably all 

contributed to the lack of precision in these measurements. 

Appendix 3 shows a few representative graphs of measured 

reflectivity as a function of corrected angle for bare silver films and 

subsequent dielectric deposits. 

Spectrophotometer Analysis 

A spectrophotometer can provide reflectance or transmittance 

of a sample as a function of wavelength over a wide spectral range. 

- . 
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From this, the optical constants can be computed. The method enjoys 

widespread use and has been explained quite elegantly by Berning (1963) 

and summarized by Turner (1976), but the precision is not as great as 

the two' preceeding methods. However, it was employed in this study to 

obtain an easily understood presentation of the effects, if any, of 

electron bombardment on film optical properties. 

Basically, the double beam spectrophotometer (Cary 14) measures 

relative transmittance or reflectance by comparing the intensities of 

two different beams from the same source. Wavelength of the incident 

light is scanned- using a dispersing prism in tandem with a ruled 

diffraction grating. A bank of compensating resistors corrects for 

variations in source output and detector response with wavelength. The 

beams are first compared with no sample present to establish a 100 

percent line. Then the sample is inserted into the path of one of the 

beams and the wavelength scan is repeated. The visible spectrum 

between the wavelengths 330 and 650 nanometers was investigated. Using 

some simple relations between refractive index, physical thickness, and 

reflectance or transmittance, the film's refractive index can be 

calcul·ated. To improve the accuracy and eliminate material dispersion 

effects, film physical thickness was measured separately using a 

Hilger-Watts FEeO interferometer, and this value was used in the 

equations. Using Figure 4.8, we see the expression for film index 

becomes; 
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Figure 4.8. Specrophotometer transmittance curve. 
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where hf is the physical thickness value from the FECO, m is an integer, 

and A is the wavelength at which the transmittance is an extremum. 

This is a maximum for a film with index higher than that of the 

substrate, and a minimum for a film with lower index. Basically, the 

rays reflected from the air-film interface interfere with those 

reflected from the film-substrate interface. For certain wavelengths 

of light, the thickness of the film causes this interference to be 

constructive, or t~e rays to be added in amplitude. Other wavelengths 

suffer destructive interference. Wavelengths for which the thickness 

causes no addition or subtraction display reflection and transmission 

equal to 'that of the bare substrate. At these wavelengths, the optical 

thickness of the film is one half of the wavelength. 

Comparing reflectance and transmittance curves, a rough idea of 

film absorption loss can be obtained. Any bulk and surface scattering 

losses will be included in this calculation. For a perfect dielectric 

film with no loss, reflectance and transmittance at any wavelength will 

add to unity. The difference in this sum from unity represents film 

losses. 

The FECO (Fringes of Equal Chromatic Order) measures physical 

thickness of a film by looking at the wavelength shift of interference 

minima (dark fringes) between the sample and a reference flat surface. 

The sample consists of a substrate coated with a film patch forming a 

step, then entirely coated with aluminum, as shown in Figure 4.9. The 

aluminum provides a highly reflecting surface to improve fringe 

contrast and eliminate phase shift differences in the reflections from 

the air-film and air-substrate interfaces. The sample-reference 
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Figure 4.9. FECO sample configuration. 
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interface is illuminated with white light at the step using a 

microscope objective. The reflected light is dispersed with a prism and 

viewed with an eyepiece. The field shows dark fringes at the 

wavelengths for which the distance between the sample and reference 

flat is an integral number of half waves. There is a displacement in 

wavelength of each fringe at the sample step. By measuring this shift 

for the different fringes (interference orders), the height of the step 

above the substrate (film thickness) can be calculated. Figure 4:10 

diagrams the set up. From this figure, we get the expression for hf to 

be 

hf (/::,)"/2),,'/(';..'-,,), 

where the quantities are as labeled. 

Adhesion, Hardness, and I'1oisture Resistance 

The physical properties of thin films, when considered on a 

macroscopic level, include film hardness, degree of adhesion to the 

substrate, and resistance to penetration and damage by water vapor in 

the atmosphere. Simple, straightforward tests of these properties were 

performed on bombarded and non-bombarded film samples of all the 

materials in this study. The first two tests were explained in detail 

by Macleod (1969). 

The well known "Scotch tape" test provides a rough idea of how 

strongly a film adheres to its substrate. As the name implies, a strip 



Figure 4.10. FEeO measurement configuration. 
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S - sample, F - reference flat, ) - microscope objec-: 
tive, W - white light, B - beam splitter, M - mirror, 
L - slit, D - dispersing prism, E - eyepiece. 
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of common cellophane tape is applied to the film and then lifted off. 

If the film peels off with the tape, it obviously is not adhering well. 

Equally crude but just as effective is the "eraser" test of 

film hardness. The sample is rubbed with a pencil eraser to see if any 

scratch damage can be inflicted. This gives an idea of how strongly a 

film can "hold itself together". Different films can be compared by 

applying the same number of strokes at the same pressure to each 

.sample. In this test, 20 strokes of the eraser at moderately high 

pressure were applied, about the same conditions as trying to remove a 

pencil mark from paper. Certain devices exist which allow for little 

variation in test harshness, but none was available. All samples were 

subjected to this test at the same time, and every effort was made to 

keep the same applied pressure on each sample. 

In addition, films placed in a controlled humidity chamber can 

be observed for moisture resistance. By gradually increasing the 

relative humidity in the chamber, the level at which damage begins can 

be determined, as well as the extent of penetration and damage. A Blue 

M model VP 100AT-l chamber was used for this investigation. Samples 

were left for at least 24 hours at each of several successively higher 

relative humidities, and the results of a visual inspection of the 

samples .were collected. Relative humidity was determined by comparing 

wet and dry bulb thermometer readings and consulting a table provided 

by the chamber manufacturer. 

The durability test results for all materials are gathered in 

Appendix 4. 



CHAPTER 5 

RESULTS 

The analytical results for each material appear in the 

following sections. 

Antimony Trioxide 

Accorqing to Remy (1956), the crystalline state of antimony 

trioxide can exist in two forms. Cubic senarmontite is stable below 

5700 c while rhombic valentinite is stable above this temperature. x

ray diffraction analysis of the powdered source material reveals a 

great number of peaks for both structures. The data table has listings 

for only the cubic form, and the peaks with no corresponding listing 

were assumed to be due to the presence of rhombic structure. Certain 

changes accompanied the evaporative heating of the powder. Almost all 

peaks were still observable after heating, but that at 27.60 

corresponding to the (222) lattice plane spacing was greatly enhanced. 

Also the peak at 32.20 corresponding to the (400) planes was slightly 

reduced. Figure 5.1 is a graph of X-ray intensity versus incident angle 

for the two powder samples of antimony trioxide, with some of the 

peaks identified. 

Thin film samples showed only several of the most intense 

peaks that appeared in the powder samples. The angles, lattice 

spacings, and corresponding Miller indices are given in Table 1. Only 

.. 50 



80 70 60 50 40 30 20 

a. Unheated 
Angle (degrees) 

80 70 60 50 40 30 20 

b. Heated 
Angle (degrees) 

Figure 5.1. X-ray diffractometer traces of antimony trioxide 
powder. 

Note: Top graph has expanded vertical scale. 
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peaks associated with the cubic form appear, and the same peaks are 

evident for both heated and unheated substrates. Figure 5.2 shows the 

traces for thin film samples of antimony trioxide on heated and 

unheated subsrates for several electron bombardment voltages. The 

electron bombardment conditions for each sample are listed by its 

graph. These plots show a reduction in the peaks of the (222) and (440) 

planes, and an enhancement of the (400) peak, with electron 

bombardment. In other words, there is not a rearrangement of the 

crystal structure per se, but a different set of lattice planes becomes 

preferentially oriented parallel to the substrate. The X-ray 

diffractometer traces provide the most concrete evidence of bombarding 

electrons affecting the microstructure. As previously shown, the 

molecule arrival rate typical of the antimony trioxide films was 

1.72xl01S molecules per square centimeter per second. Electron arrival 

rates were 1.6xl012 to 1.5xl015 electrons per square centimeter per 

second, at energies from 1000 to 2000 electron volts. It is apparent 

from the traces that these different flux levels and energies did not 

produce very large differences from each other in the crystal 

microstructure of the evaporated films. 

Apparently an electron to molecule arrival ratio of less than 

0.01 was sufficient to nearly saturate the bombardment effect. It is 

interesting to note Figure 5.2b, the trace of the film bombarded after 

deposition. The film was bombarded for 10 minutes at a flux of 

1.4xl01S electrons per ~l!ucu.t: centimeter per second at a potential of 

1000 volts. Comparing this trace to the others, we see that the (222) 

peak suppression is not quite as pronounced as in films where 
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80 70 60 so 40 30 20 
Angle (degrees) 

a. 

80 70 60 so 40 30 20 
Angle (degrees) 

b. 

80 70 60 so 40 30 20 
Angle (degrees) 

c. 

Figure 5.2 .. X-ray diffractometer traces of antimony trioxide fi lms. 

a. Sample EB-7, heated substrate, no bombardment 
b. Sample EB-23X, heated substrate, bombarded after deposition 
c. Sample EB-8, heated substrate, bombarded at 1000 volts 
d. Sample EB-9, heated substrate, bombarded at 2000 volts 
e. Sample EB-ll, unheated substrate, no bombardment 
f. Sample EB-lO, unheated substrate, bombarded at 1000 volts 



80 70 60 50 40 30 20 
Angle (degrees) 

d. 

80 70 60 50 40 30 20 
Angle (degrees) 

e. , 

80 70 60 50 40 30 20 
Angle (degrees) 

f. 

Figure 5.2. cant. X-ray diffractometer traces of antimony 
trioxide films. 
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bombardment accompanied deposition. Electron bombardment thus appears 

more efficient if applied during deposition for antimony trioxide films. 

Also, its effect seems to be slightly increased with increasing 

substrate potential. The different electron to molecule arrival ratios 

indicate that the effect is gradual and no real threshold exists. Also, 

substrate temperature did not seem to make any difference in the 

electron bombardment effect. 

TEM photographs of carbon replicas were not quite as easily 

interpreted. All the films seem to have some sort of columnar 

structure, and any changes brought about by electron bombardment are 

difficult to see. Figure 5.3 shows some of these photographs along 

with the electron bombardment conditions for antimony trioxide films. 

Direct film TEM photographs also are a bit difficult to 

interpret, but some observations are possible. Figure 5.4 is a 

collection of photographs of antimony trioxide films for different 

bombardment conditions, all at a magnification of 87,500. Most obvious 

is the grainy appearance of all the films, which seem to be composed of 

closely packed, randomly oriented crystallites. The sample showing the 

largest crystallite size is EB-14, deposited on a substrate at I900 C and 

not bombarded. The next largest crystallites seem to be in EB-1S, this 

sample electron bombarded on a ISSoC substrate. The remaining samples 

all contain smaller crystallites and were deposited on cooler 

substrates. 

The electron diffraction patterns for the above samples provide 

some interesting information. The patterns are shown in Figure 5.5. 

The concentric ci~cles of each pattern occur at the same radii for all 
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a. Sample EB-ll 

D. Sample EB-ll 

Figure 5.3. eros,; section fractographs of antimony trioxide films. 

a. Sample EB-ll, unhe,ltl'd substratl', no bombardment 
b. Sample EB-S, unheated substrate, bombarded at 1000 volts. 



57 

Table 1. X-Ray diffractometer peaks for antimony trioxide films. 

Miller indices are for senarmontite crystal structure. 

Angle (Degrees) Lattice spacing (angstroms) Miller Indices 

27.8 3.22 (222) 

32.1 2.79 (400) 

35.1 2.56 (331) 

46.0 1.97 (440) 

54.6 1.68 (622) 
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samples, indicating the same basic crystal structure exists in all the 

films and confirming the X-ray diffraction results. However, the large 

number of rings include several which do not coincide with any of the 

lattice plane spacings listed in the table. Table 2 is a list of the 

measured ring radii, their corresponding lattice spacing as computed 

from the Bragg formula, and the Miller indices where applicable. The 

ring radius was converted to diffraction angle in radians by dividing it 

by 40 centimeters, the sample to photograph distance in the TEM. 

In the samples ~07hich show some diffraction rings darker than 

others, these rings correspond to the (111) and (222) lattice plane 

spacings for senarmontite. As previously stated, relative crystallite 

sizes in the films can be inferred from the grainy appearance of the 

rings. Smooth, continuous circles indicate a large number of tiny 

crystallites, while large spots result from a few bigger crystallites. 

Gathering this 'information from the electron diffraction patterns, a 

few contradictions are encountered in comparing it to the photographs 

in Figure 5.4. Samples EB-17 and EB-19 both have largely spotted 

diffraction patterns, but the photographs seem to show comparatively 

small crystallites. The photographs of EB-14 and EB-15 indicate larger 

crystallites, but the diffraction rings are fairly continuous and only 

slightly grainy. ,The discrepancy is greater for EB-14 than for EB-15. 

However, both photographs and diffraction rings for samples EB-18 and 

EB-20 indicate tiny crystallites. 

High magnification images of these films all reveal electron 

interference fringes. Table 3 is a collection of measured fringe 

spacing, and Miller indices where applicable. Most samples had a fringe 
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Table 2. Electron diffraction measurements on antimony trioxide films. 

Miller indices are for senarmontite crystal structure. 

Ring Radius (mm) Lattice Spacing (angstroms) Miller Indices 

5 24.8 

9 8.27 

10.5 6.44 (111) 

14 4.51 

15 4.13 (222) 

17.5 3.22 

19 3 •. 10 (400) 

21 2.78 (331) 

22.5 2.56 (511) 

24 2.07 

27.5 2.02 

31.5 1. 74 

32 1.71 

36.5 1.48 

40.5 1.29 

42 1.27 (662) 

46 1.15 
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e. f. 

Flgul:C,5.4. TEM plwtogr;'ph:-; of antil:1011Y trLoxidc films. 
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Table 3. High magnification TEM measurements on antimony trioxide films. 

Sample 

EB-14 

EB-15 

EB-17 

EB-18 

EB-19 

EB-20 

Graphite 

Miller indices are for senarmontite crystal structure. 

Bombardment 

Voltage 

none 

1000 

none 

2000 

400 

1000 

Substrate 

Temperature 

190e 

l55e 

30e 

l20e 

l30e 

30e 

Fringe 

Spacing 

0.319 

0.321 

0.326 

0.429 

0.369 

0.322 

0.170 

Lattice 

Spacing 

6.38 

6.43 

- 6.52 

8.57 

7.38 

6.44 

3.40 

Miller 

Indices 

. (111) 

(111) 

(111) 

(111) 

(002) 



(,2 

<1. h. 

c. d. 

l" • f. 

FigUrL" 5.5. Ell'ctron dLffrnct:inn jli.lttl'rns of <.lllt i .1T10IlY trioxide f·i1m,.;. 

i1 • Sampll" EB-14, heated :·~lll)sLrclte ., no bombardment 
b. Si1mplc 1':13-19, lwatpd substrate', bomb!lrclvd at 1100 volts 
c. Sample EU-IS, heCl tl'c! suhstr!1tv, bumb,lrdl°(i at lODe volts 
cl • SamplL' :~B-lB , heatpci slibstriltc', l)Qmbardl'd at 2000 vol i:!; 
('. Sample·' L~13·-11 , unllL'atc'd sub s t: i- <1 t c' , no bomb!1 rrl !",ll'n t 
f. Sample EB-:W, llnlwatc>c} suhstLI!:C', !:'OIll~)(1 rc!l'd nt L00~) volts. 
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'l. S·.m;lle E~--18, antinol1Y tri 0:;-1.-1,; film. 

b. G~aphite reference 

Figure :-.6. n.epres211t.;Jtive rr.:i1 ~lip,~l mqgnific:at::'on photo8rap:1s. 



Table 4. Refractive index of antimony trioxide films as measured with 
the prism coupler. 

Sample 

EB-7 

EB-8 

EB-9 

EB-10 

EB-ll 

EB-23 

EB-23X 
(after 

Bombardment 
Flux (c/cm2 /sec) 

none 
12 

1.6xlO 
12 

3.5xlO 
15 

1.5xlO 

none 

none 
15 

1.4xlO 
deposition) 

Bombardment 
Voltage 

0 

1000 

2000 

1000 

0 

0 

1000 

Refractive 
Index 

2.093 

2.079 

2.085 

2.068 

2.056 

2.091 

2.111 
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spacing corresponding to the (222) lattice planes of senarmontite. 

Those corresponding to the measured spacings of samples EB-18 and EB-

19 are unknown. Figure 5.6 shows a representative high magnification 

photograph of an antimony trioxide film next to that for the graphite 

standard. The graphite was provided by the operators of the TEM. 

Table 4 lists the refractive indices of several antimony 

trioxide films, along with the electron· bombardment conditions, as 

measured with the prism waveguide coupler. It is evident that the 

different conditions of deposition had much greater influence on 

refractive index than the electron bombardment. 

Surface plasma wave analysis was not performed on films of 

this material. 

The spectrophotometer traces for several different antimony 

trioxide films are shown in Figure 5.7. These traces also contain the 

curves for the monitor plates used in these runs, and were used to 

determine the work to monitor ratio. The wavelengths corresponding to 

the half wave positions were compared. Table 5 lists these and the 

resulting work to monitor ratios, which averaged out to 1.1. Table 6 

contains the measured optical constants for a bombarded and a non

bombarded film. 

All films adhere well to the substrate, evidenced by the Scotch 

tape test, but all films were completely rubbed off the substrate in 

the eraser test. The films were completely impervious to moisture 

damage, even at conditions of very high humidity. Antimony trioxide 

powder is not water soluble in either crystalline form. Evidently the 



1.0 

T 

.8 

.6 

.4 

.2 

1.0 

T 
.8 

.6 

.4 

.2 

4 QO. 

500 
a. 

SQO 
b. 

66 

600 A. (nm) 

600 )..Cnm) 

Ftgure 5.7. Spectrophotometer Rand T curves for antimony 
trioxide films. 

a. Samnle EB-7, heated substrate, no bombard~ent 
b. Sample EB-9, heated substrate, bombarded at 

2000 volts .. 
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Figure S.~ cont. SnectronQotometer ~ and T curves for 
antrwony trioxide Films. 

c. Samples EB-7 and EB-9 
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Table 5. Half wave positions from spectrophotometer transmittance 
curves of antimony trioxide films. 
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Sample Work ),,/2 
(nm) 

Monitor "A/2 
(nm) 

Work/Monitor Ratio 

EB-7 607 544 1.12 

425 383 1.11 

341 323 1.05 

EB-8 639 535 1.19 

445 380 1.17 

356 330 1.08 

EB-9 588 521 1.13 

-417 373 1.12 

EB-10 611 532 1.15 

427 379 1.13 

EB-11 617 540 1.14 

429 384 1.12 



Table 6. Spectrophotometer measurements and calculated index values 
for bombarded and non-bombarded antimony trioxide films. 
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Sample A (om) R T l-R-T FEeD d (nm) A/2 index 

EB-7 375 .27 .70 .03 295 425 2.16 
(no bom-
bardment) 496 .25 .74 .01 606 2.05 

EB-9 370 .29 .67 .04 290 418 2.16 
(2000V) 

486 .25 .73 .02 587 2.02 



change in microstructure brought on by electron bombardment had no 

effect on these macroscopic properties. 

Potassium Hexafluorozirconate 

References to this material other than that previously 

mentioned are practically nonexistent in the literature. As stated 

before, direct film TEM analysis was not performed on thin films of 

this material. Fortunately, X-ray diffraction and TEM photographs of 

carbon replicas yielded consistent, easily interpreted results. 
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Upon heating, the source material crystals melted together to 

form a liquid, which cooled to a single, solid chunk of matter in the 

boat after evaporation. This mass had to be broken up and pulverized 

to make a powder sample for X-ray diffraction analysis. Figure 5.8 

shows the X-ray traces for melted and unmelted powder samples of 

potassium hexafluorozirconate. The principle effect of the melting 

seems to be a suppression of the peak at 47.70 and the appearance of 

the peak at 27.80 • The other peaks were not greatly affected. 

As with antimony trioxide, thin films of potassium 

hexafluorozirconate show only a few peaks. However, only the peaks at 

47.60 and 49.20 appear strongly in both the film and powder samples. 

Table 7 lists the angles where the peaks occur, their lattice spacings, 

and the corresponding crystal structure from the reference tables. No 

Miller indices were given by the reference. It can be seen that the 

films exhibit peaks corresponding to both a and S forms of KF'ZrF 4' The 

diffractometer traces are seen in Figure 5.9 for films deposited on 

heated substrates. 



BO 

a. Unheated 

BO 

b. Heated 

20 
Angle (degrees) 

20 
Angle (degrees) 

Figure 5.B. X-ray diffractometer traces of potassium 
hexafluorozirconate powder. 
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Figure 5.9. X-Ray diffra-tometer traces of potassium hexafluorozir
conate films on heated substrates. 

a. Sample EB~12, no bombardment 
b. Sample EB-12X, bombarded after deposition 
c. Sample EB-37, bombarded at 500 volts 
d. Sample EB-13, bombarded at 1000 volts 
e. Sample EB-36 , bombarded at 1500 volts. 



80 70 60 so 40 30 20 
Angle (degrees) 

a. 

80 70 60 so 40 30 20 
Angle (degrees) 

b. 

Figure 5.9. X-ray diffractometer traces of potassium 
hexafluorozirconate films on heated substrates. 

Note: Top graph has expanded vertical scale. 
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Angle (degrees) 

c. 

80 70 60 so 40 30 20 
Angle (degrees) 

d. 

80 70 60 so 40 30 20 
Angle (degrees) 

e. 

Figure 5.9.cont. X-ray diffractometer traces of potassium 
hexafluorozirconate films on heated substrates. 
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Table 7. X-Ray diffractometer peaks for potassium hexafluorozirconate 
films. 
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X-Ray Angle (Degrees) Lattice Spacing (Angstroms) Crystal Form Kf.ZrF
4 

23.2 3.83 

27.5 3.21 

29.7 3.01 

47.5 1.91. Ct. and 8 

49.2 1.84 Ct. and 8 
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The film samples on heated substrates show a definite trend. 

With increasing electron bombardment energy, an extreme reduction in 

peal<. intensity occurs for all peaks. Sample Ell-36 is practically 

amorphous. Unlike antimony trioxide, bombarding the film after 

deposition did not affect the relative peak strengths in the 

diffractometer traces. The sample was bombarded at a potential of 

1000 volts and an electron flux of 1.4xl015 electrons per square 

centimeter per second for 10 minutes. Electron flux levels were 

3.4xl014 to 1.1xl015 electrons per square centimeter per second, and the 

molecule arrival rate corresponding to the deposition rate of 30 

angstroms per second was 2.1xl015 molecules per square centimeter per 

second. The electron to molecule arrival ratios were thus 0.16 to 0.52. 

Again we see a gradual effect with no apparent threshold for this 

material bombarded during deposition. The films' tendency to become 

increasingly amorphous with bombardment energy apparently would 

eventually saturate at a complete absence of crystal structure. This 

was not too far away from the conditions produced by the bombardment 

levels used here. 

With unheated substrates, the results are a little different. 

The diffractometer traces are seen in Figure 5.10. Electron 

bombardment produces a shift in relative peak intensities, even after 

deposition, along with an overall reduction of crystallinity. However, 

due to the extreme fogging of these films shortly after removal from 

the coating chamber, they are of academic interest only. Residual 

water vapor in the plant was probably incorporated into the films 

during deposition. The electron flux levels and molecule arrival rate 



Figure 5.10. X-Ray diffractometer traces of potassium hexafluoro
zirconate films on unheated substrates. 

a. Sample EB-32, no bombardment 
b. Sample EB-32X, bombarded after deposition 
c. Sample EB-35 , bombarded at 500 volts 
d. Sample EB-43, bombarded at 1000 volts 
d. Sample EB-44, bombarded at 2000 volts 
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80 70 60 so 40 30 20 
Angle (degrees) 

c. 

Figure 5.10. X-ray diffractometer traces of potassium hexafluorozirconate 
films on unheated substrates. 
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Figure S.IO.cont. X-ray diffractometer traces of potassium 
hexafluorozirconate films on unheated 
substrates. 
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were essentially the same as those for the heated substrates. It is 

noteworthy that electron bombardment of these films on unheated 

substrates resulted in diffractometer traces which approach that for a 

non-bombarded film on a heated substrate (EB-35 and EB-12). This would 

indicate that electron bombardment of this material has the same 

effect as substrate heating, to a limited extent, although actual 

substrate temperature rise during bombardment was negligible. 

TEM photographs of carbon replicas show similar results to 

those of the X-ray diffractometer. In Figure 5.11, the non-bombarded 

film shows definite columnar structure. In contrast, the bombarded 

film appears greatly amorphous with no columns or crystallites evident. 

The replica of the film on an unheated substrate indicates the 

decomposition of the film by the large spots scattered throughout the 

image. 

Table 8 lists the results of the SPW analysis for films of 

potassium hexafluorozirconate. It is evident that the difference 

between the bombarded and non-bombarded film indices is not as great 

as that for the two non-bombarded films of the same run. Evidently, 

the uncertainty in the measurement exceeds the effects of electron 

bombardment at the levels used. 

Figure 5.12 shows the spectrophotometer traces of reflectance 

and transmittance for the various potassium hexafluorozirconate films. 

Table 9 lists the refractive index, absorption, and FEeU thickness. 

From these results, we see that electron bombardment has a negligible 

effect on the optical properties of these films. It does seem to 

increase the absorption a little, especially towards shorter 



79 

a. b • 

. \ (-' 

c. 

~igure 5.11. ~ross section f~actographs of potassium hexafluorozirconate 
films. 

a. Sample EB-12, heated substrate, no bombardment 
b. Sample EB-13, heated substrate, bombarded at 1000 volts 
c. Sample EB-32, unheated substrate. 
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Figure 5.12. Spectrophotometer Rand T curves for potassium 
hexafluorozirconate. 

Same pump down cycle. 
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Table 8. Surface plasma wave analysis of potassium hexafluorozir
conate films. 

Sample Bombardment Flux Bombardment Volts Index 

EB-69 none 0 1.37 

EB-69 none 0 1.34 

EB-70 none 0 1.35 

EB-70X 1.6xlO15 2000 1. 33 

EB-76 none 0 1.40 

EB-76 none 0 1.36 

EB-77 none 0 1.39 

EB-77X 1.6xlO15 2000 1.38 
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Table 9. Speccrophotometer measurements and calculated index values for 
bombarded and non-bombarded potassium hexafluorozirconate films. 

Sample A. (nm) R T l-R-T REeo d 1../2 index 

EB-58 (no 409 .05 .93 .02 358 483 1. 35 
bombard-
ment) 483 .06 .92 .02 

EB-58X 381 .05 .91 .04 450 608 1.35 
(bombarded 
at 2000 V) 488 .04 .93 .03 

608 .06 .92 .02 
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wavelengths. Both bombarded and non-bombarded films show the 

absorption cutoff of the substrate. The slight absorption can be seen 

which probably caused the rather wide variations in the SPW index 

results. 

Films deposited on a heated substrate show no damage from the 

Scotch tape test for both bombarded and non-bombarded conditions. 

However, bombarded films display slightly less scratch damage from the 

eraser test. The humidity test results were rather interesting. The 

film bombarded during deposition began to show spots when the humidity 

reached 70 percent. The non-bombarded film and that bombarded after 

deposition showed similar spots at 80 percent relative humidity. One 

would have expected the film without columnar structure to be more 

impervious to moisture damage due to the lack of pores between the 

columns. The milky films deposited on unheated substrates were heavily 

damaged by the eraser and Scotch tape tests. These films were already 

very cloudy from moisture damage on exposure to the atmosphere in the 

laboratory, which has a relative humidity of around 35 percent. 

Electron bombardment thus does nothing to improve the properties of 

films on unheated substrates. 

Silicon Monoxide 

Again, direct film TEM analysis was not performed on these 

films, and powder samples were not made for X-ray diffraction studies. 

Figure 5.13 shows the X-ray diffractometer traces for the different 

films. The molecule arrival rate corresponding to the deposition rate 

of 20 angstroms per second was 5.7xl0 15 molecules per square 
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Figure 5.13. X-ray diffractometer traces of silicon monoxide 
films. 

a. Sample EB-25, no bombardment 
b. Sample EB-25X, bombarded after deposition 
c. Sample EB-24, bombarded at 1000 volts 
d. Sample EB-27, bombarded at 2000 volts 
e. Sample EB-29 , unheated substrate, bombarded 

volts. 
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at 2000 
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Figure 5.13. cont. X-ray diffractometer traces of silicon monoxide 
films. 

a. Sample EB-25, no bombardment 
b. Sample EB-25X, bombarded after deposition 
c. Sample EB-24, bombarded at 1000 volts 
d. Sample EB-27 , bombarded at 2000 volts 
e. Sample EB-29, unheated substrate, bombarded 

at 2000 volts. 
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centimeter per second. Electron arrival rates of up to 1.5x101s 

electrons per square centimeter per second were applied. In no case 

does any sign of a peak appear in any of the traces, indicating 

completely amorphous film structure. Obviously the electron 

86 

bombardment has not affected the crystal microstructure of the silicon 

monoxide films. Just as dramatic are the photographs of the carbon 

replicas from the TEM shown in Figure 5.14. In faCt, the complete 

absence of structure' in the images made the film cross sections 

difficult to locate when viewing the samples in the TEM. 

Table 10 contains the SPW analysis results 'for silicon monoxide 

films. Not surprisingly, the variation in refractive index of the 

different samples due to the different run conditions exceeded any 

measurable difference attributable to electron bombardment. Absorption 

in the films definitely contributed to the uncertainty in these results. 

The presence of absorption is brought out clearly in the 

spectrophotometer traces of Figure 5.15. Table 11 contains the 

measurements of index and absorption, along with the FE CO thickness and 

electron bombardment conditions. The index and absorption appear to be 

extremely sensitive to variations in chamber conditions during 

evaporation. Both bombarded and non-bombarded film samples show a 

pronounced absorption cutoff near 420 nanometers towards the shorter 

wavelengths. 

The silicon monoxide films held up extremely well under the 

durability tests, confirming their usefulness as protective overcoat 

layers. They were not damaged by either the Scotch tape or eraser 

tests. Also, no spotting or degradation of any kind occured at even the 
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:!."ip;ure 5.14. Cross secti.on fractographs of silicon monoxide films. 

a. Sample EB-25, heated substrate, 110 bombanlment 
b. Sample EB-24, heated substrate, bombarded at 1000 volts, 



1.0 

T 
.8 

.6 

.4 

.2 

400 500 600 
a. \ (nm) 

1.0 

R 

.8 

.6 

.4 

.2 

o 

b. 

Figure 5.1S. Spectrophotometer Rand T curves for silicon 
monoxide fi lms. 

Same pump down cycle. 
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Table 10. Surface plasma wave analysis of silicon monoxide films. 

Sample 

EB-62 

EB-62 

EB-63 

EB-63X 

EB-6Z+ 

EB-64X 

Bombardment Flux 
(/ cm2 / sec) 

none 

none 

none 

l.6xlOl5 

none 

none 

Bombardment Potential Index 

0 1.95 

0 1.98 

0 1.86 

2000 1.85 

0 1.85 

0 1.87 
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Table 11. Spectrophotometer measurements and calculated index values 
for bombarded and non-bombarded silicon monoxide films. 

Sample A(nm) R T l-R-R REeD d (nm) A/2 n 

EB-59 (no 583 .06 .90 .04 324 583 1.80 
bombardment) 

EB-59X 568 .06 .90 .04 310 568 1.83 

90 



91 

highest humidity levels. Again, electron bombardment had no measurable 

effect on the macroscopic properties of these films. 

Zinc Sulfide 

Zinc sulfide can exist in either a cubic sphalerite structure, 

stable below 1000oC, or a hexagonal close packed (RCP) wurtzite 

structure. Figure 5.16 shows the X-ray diffractometer traces for 

powder samples of heated and unheated zinc sulfide. The two traces are 

practically identical except in absolute amplitude of the peaks, 

probably due to a thickness difference of the powders. Unfortunately, 

many lattice spacings of one structure are equal to those of the other. 

Peaks from both structures are evident in the powder samples, but those 

of the cubic form dominate. Table 12 lists the diffractometer angles, 

their lattice spacings, and the Miller indices for the two different 

structures. 

Figure 5.17 shows the X-ray diffractometer traces of zinc 

sulfide films. These traces show only two peaks. That at 28.50 has a 

corresponding lattice spacing of 3.12 angstroms, which is characteristic 

of both cubic and RCP structures. The peak at 47.80 , with spacing 1.91 

angstroms, is also characteristic of both crystal structures. The 

deposition rate of nine angstroms per second had a corresponding 

molecule arrival rate of 2.27xl015 molecules per square centimeter per 

second. From the traces, an electron flux of around 1.3xl015 electrons 

per square centimeter per second at energies of 1000 and 2000 electron 

volts during deposition led to a suppression of the 47.8° peak and an 

enhancement of the 28.5° peak. Increasing the energy enhanced the 
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Figure 5.16. X-ray diffractometer traces of zinc sulfide 
powder (Irtran). 
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Figure 5.17. X-ray diffractometer traces of zinc sulfide films 
on unheated substrates. 

a. Sample EB-38, no bombardment 
b. Sample EB-38X, bombardment after deposition 
c. Sample EB-42, bombarded at 1000 volts 
d. Sample EB-40, bombarded at 2000 volts. 
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Figure 5.17 cant. X-ray diffractometer traces of zinc sulfide 
films on unheated substrates. 
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Table 12. X-Ray diffractometer peaks for zinc sulfide powder. 

Angle (Degrees) Lattice Spacing (Angstroms) 

27.1 3.29 

28.7 3.11 

30.8 2.90 

33.2 2.70 

47.6 1.91 

56.4 1.63 

59.1 1.56 

69.6 1.35 

76.8 1.24 

78.2 1.22 

Hiller Indices 
Cubic HCP 

(100) 

(111) (002) 

(101) 

(200) 

(220) (110) 

(311) (112) 

(222) (004) 

(400) 

(331) 

(420) (211) 
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effect. A film bombarded with a similar electron flux for 10 minutes 

after deposition showed little effect in its X-ray trace. 
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From these results, several explanations of the effects of 

electron bombardment can be inferred, none conclusively. A shift from 

one crystal structure to the other or a rearrangement of lattice 

planes parallel to the substrate of either particular structure are two 

possible explanations. The films definitely do not tend to become 

amorphous with electron bombardment. 

TEM photographs of cross section replicas shed little light on 

what is actually happening. As seen in Figure 5.18, all films show some 

columnar structure, with little difference between the samples. 

Due to the importance of zinc sulfide as a component in optical 

filters, as well as its history of being affected by electron 

bombardment, a subsequent group of films was made and the experiments 

repeated. This time, the source material was a 300 mesh powder from 

Atomergic Chemicals, evaporated from a tantalum boat at about seven 

angstroms per second. Chamber pressure varied between O.s-l.Ox 10-4 

torr. The substrates were heated to 100°C and allowed to stabilize for 

around 20 minutes prior to film deposition to insure good uniformity. 

Figure 5.19 shows the diffractometer traces for the heated and 

unheated powder samples. Again, they are identical except for absolute 

amplitude, and as before they show peaks for both crystal structures, 

with those of the cubic form dominating. These traces indicate the 

source materials from the different suppliers to be practically 

identical. 
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a. 

b. 

Figure 5.18. Cross section fractographs of zinc sulfide films. 

a. Sample E?"-38, unheated substrate, no bombardlllent. 
b. S'lmple EE--tIO, unheated substrate, bombarder' at 2000 volts. 
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Figure 5.19. X-ray diffractometer traces of zinc sulfide powder. 
(Atomergic). 
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Thin films of this material show only the peak at 28.50 in the 

diffractometer traces. The corresponding lattice spacing is 3.12 

angstroms, with Miller indices of (Ill) in the cubic form and (002) for 

Rep. Figure 5.20 shows that the peak does not perceptibly shift for 

bombarded versus non-bombarded films. The diffractometer traces for 

unheated substrates show the tendency for electron bombardment to 

eliminate the 47.70 peak. In a result reminiscent of potassium 

hexafluorozirconate, we see that electron bombardment begins to 

accomplish the same result as substrate heating. 

There is a slight difference in lattice spacing for the two 

different structures. The Rep spacing of 3.128 angstroms has a 

corresponding peak angle of 28.510 , while the cubic spacing of 3.123 

angstroms has a corresponding peak angle at 28.560 • By decreasing the 

diffractometer angle scan rate, this difference in angle can be 

resolved. Figure 5.21 shows the expanded diffractometer trace of the 

angle range 28.000 to 29.000 for bombarded and non-bombarded films. 

There is indeed a definite shift of the peak away from 28.51 0 towards 

28.560, indicating the disappearance of Rep structure zinc sulfide in the 

film and the appearance of the cubic form with electron bombardment. 

This confirms the results of Bangert and Pfefferkorn (1980). No flux 

levels were mentioned by these authors. The bombardment effect 

increases with both energy and flux. The effect is saturated by the 

utilized flux level, and the lowest level producing a discernable peak 

shift was 4.8x10 13 electrons per square centimeter per second. The 

electron to molecule arrival ratio was 0.02. Also, comparing Figures 

5.21a and 5.21b, we see the shift of the peak from 28.510 to 28.56° for 
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Figure 5.20. X-ray diffractometer traces of zinc sulfide films 
on heated substrates. 

a. Sample EB-5l, no bombardment 
b. Sample EB-51X, bombarded after deposition 
c. Sample EB-53, bombarded at 2000 volts. 
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Figure 5.20.cont. X-ray diffractometer traces of zinc sulfide 
films on heated substrates. 
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Figure 5.21. Expanded x-ray diffractometer traces of zinc 
sulfide films. 

! I 
28.0 

! I 
28.0 

a. Sample EB-5l, no bombardment, moisture damaged 
b. Sample EB-5l, no bombardment 
c. Sample EB-73, bombarded at 1000 volts 
d. Sample EB-75, bombarded at 300 volts. 
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Figure 5.21. cont. Expanded x-ray diffractometer traces of 
zinc sulfide films. 

e. Sample EB-53, bombarded at 2000 volts 
f. Sample EB-74, bombarded at 1000 volts. 
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the non-bombarded film after it was moisture damaged in the humidity 

chamber. This further confirms that a shift in crystal structure of 

zinc sulfide is responsible for moisture damage in thin films. 

Table 13 contains the refractive index of bombarded and non

bombarded zinc sulfide films as measured by the prism coupler. The 

results are fairly consistent, with little variation among the different 

samples. Apparently the electron bombardment does not affect the 

refractive index of the films. 

The SPW results are listed in Table 14. Again, probably because 

of absorption, the index values show a fair amount of variation. Any 

effects due to electron bombardment are overwhelmed. 

The spectrophotometer curves of the zinc sulfide films are seen 

in Figure 5.22. Table 15 contains the calculated optical constants and 

the respective measured parameters. The refractive index closely 

matches that measured by SPW, and again we see a small amount of 

absorption. No appreciable difference exists between bombarded and 

non-bombarded films. In both instances, a strong absorption cutoff 

towards the short wavelength end of the spectrum begins near 370 

nanometers. 

The results of the durability tests are encouraging for 

applying electron bombardment. The non-bombarded film on an unheated 

substrate was easily lifted by the Scotch tape test, even when said 

film was bombarded after deposition. The eraser test heavily damaged 

the films in both instances. However, ~he films deposited on unheated 

substrates with electron bombardment showed no damage from the Scotch 

tape test and only slight scratch damage from the eraser test. All 



Table 13. Refractive index of zinc sulfide films as measured with 
the prism coupler. 

Sample 

EB-38 

EB-40 

EB-42 

EB-57 

EB-57X 

Bombardment Flux 
(/cm2 Jsec) 

none 

none 

1.6xl015 

Bombardment Voltage Index 

o 2.351 

1000 2.348 

2000 2.356 

o 2.340 

2000 2.343 

Table 14. Surface plasma wave analysis of zinc sulfide films. 

EB-65 none 0 2.34 

EB-65X none 0 2.31 

EB-66 none 0 2.31 

EB-66X 1.6xlO15 2000 2.30 

EB-67 none 0 2.29 

EB-67X 1.6xlO15 2000 2.29 

EB-68 none 0 2.31 

EB-68X none 0 2.31 
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Figure 3.22. Spectrophotometer Rand T curves for zinc sulfide 
films. 

Same pump down cycle. 
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Table 15. Spectrophotometer measurements and calculated index values 
for bombarded and non-bombarded zinc sulfide films. 

Sample A (nm) R T l-R-T FEeD d (nm) A/2 n 

EB-57 385 .25 .61 .14 200 467 2.34 

409 .44 .53 .03 

467 .16 .82 .02 

540 .37 .61 .02 

EB-57X 385 .41 .45 .14 225 526 2.34 

416 .16 .80 .04 

457 .40 .58 .02 

526 .11 .86 .03 

612 .35 .63 .02 
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these samples held up well under high humidity conditions. For films 

deposited on heated substrates, the Scotch tape test did not lift either 

the bombarded or non-bombarded films. However, the bombarded films 

showed less scratch damage from the eraser test, even when bombarded 

after deposition. The non-bombarded films began to show moisture 

damage when the humidity reached 80 percent, while the bombarded 

samples did not suffer damage until the humidity was 94 percent. From 

these results, optimum film durability is achieved for zinc sulfide when 

deposited on unheated substrates with electron bombardment. 

Magnesium Fluoride 

Films of this material were the subject of a comprehensive 

paper quite a few years ago by Turner and Ullrich (1947). Due to its 

widespread use in the industry, electron bombardment studies were 

carried out on it. 

Figure 5.23 shows X-ray diffractometer traces of heated and 

unheated powder samples of magnesium fluoride. Table 16 lists the peak 

angles, lattice spacings, and Miller indices. The powder samples are 

practically identical except for a slight suppression of the (112) peak 

with heating. 

X-ray traces of the film samples, seen in Figure 5.24, were a 

bit difficult to interpret. None of the peaks was very prominent, 

indicating too low a value of film thickness for optimum measurements. 

Magnesium fluoride films of greater thickness show much more definite 

peaks. However, it was possible to discern a definite increase in peak 

height with increasing electron bombardment energy, particularly for 
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Figure 5.23. X-ray diffractometer traces of magnesium fluoride 
powder. 
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Table 16. X-Ray diffractometer peaks for magnesium fluoride powder. 

Angle (Degrees) Lattice Spacing (Angstroms) Miller Indices 

27.1 3.29 (110) 

34.8 2.58 (101) 

40.0 2.25 (Ill) 

43.4 2.08 (210) 

53.1 1.72 (211) 

55.9 1.64 (220) 

60.2 1.54 (002) 

63.3 1.47 (310) 

64.4 1.45 (221) 

67.8 1.38 (112) 

71.4 1.32 (311) 

73.6 1. 29 (320) 

77 .4 1. 23 (212) 
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Figure 5.24. X-ray diffractometer traces of magnesium fluoride 
films. 

a. Sample EB-47, no bombardment 
b. Sample EB-47X, bombarded after deposition 
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Figure 5.24.cont. X-ray diffractometer traces of magnesium 
fluoride films. 

c. Sample EB-46 , bombarded at 1500 volts 
d. Sample EB-45, bombarded at 2000 volts. 
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the peak at 40.60 (111). Its corresponding lattice spacing is 2.23 

angstroms. Other peaks which appear enhanced by electron bombardment 

are at 34.80 (101) and 53.80 (211), with lattice spacings 2.58 and 1.71 

angstroms, respectively. Electron flux levels of up to 103xl015 

elec:trons IJer square centimeter per second were applied. The molecule 

arrival rate was 5.6x1015 molecules per square centimeter per second. 

Bombarding the film after deposition had the effect of only slightly 

increasing peak height. The electron flux was 1.1x1015 electrons per 

square centimeter per second at a potential of 1000 volts for 10 

minutes. The peak at 27.56° (110), with spacin"g 3.27 angstroms, did not 

seem to be changed by electron bombardment. 

TEM photographs of cross section replicas reveal little 

diffc:rence in microstructure between bombarded and non-bombarded 

samples, as seen in Figure 5.25. Columnar growth structure is seen in 

both types of samples. 

Interestingly enough, both the SPW and spectrophotometer 

results always give magnesium fluoride films a refractive index of 1.38, 

whether bombarded or not. Table 17 contains the SPW values. In Figure 

5.26, the transmittance curves of the bombarded and non-bombarded films 

coincide al mos t exac tly. However, the reflectance curve for the 

bombarded film is uniformly lower than that for the non-bombarded, 

indicating the presence of greater absorption across the entire 

spectrum of interest. This is brought out in the calculated values of 

Table 18. Raine (1976) points out that absorption due to the presence 

of F centers tends to occur mostly in the shorter wavelength region. 

However, in light of the durability results below, the increase in 
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'.J. 

Fi~. 5.25. Cross section fractographs of magnesium fluoride films. 

a. S:'l_111ple EB-47, he'lteo. substrate, no bombardment 
b. ~ample E3-45, heated substrate, bombarded at 2000 volts. 
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Figure 5.26. Spectrophotometer Rand T curves for magnesium 
fluoride films. 

Same pump down cycle. 
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Table 17. Surface plasma wave analysis of magnesium fluoride films. 

Sample 

EB-71 

EB-71X 

EB-72 

EB-72X 

Bombardment Flux 
(/cm2 /sec) 

none. 

none 

none 
15 

1.6x10 

Bombardment voltage Index 

o 1.38 

o 1.38 

1.38 

2000 1.38 
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Table 18. Spectrophotometer measurements and calculated index values 
for bombarded and non-bombarded magnesium fluoride films. 

Sample 7\ (nm) R, T l-R-T FEeo d (nm) 7\/2 n 

EB-60 382 .08 .90 .02 424 585 1. 38 

465 .05 .93 .02 

585 • Os. .91 .01 

EB-60X 382 .06 .90 .04 424 585 1. 38 

465 .04 .93 .03 

585 .05 .91 .04 
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"absorption" is probably due to greater scattering from electrons 

having disrupted the film. 
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The durability test results are rather interesting. The non

bombarded magnesium fluoride film was not lifted at all by the Scotch 

tape test and showed only moderate scratch damage from the eraser 

test. The film bombarded after deposition also was not lifted, but was 

more heavily damaged by the eraser test. Finally, the film bombarded 

during deposition was slightly lifted by the Scotch tape test and 

moderately damaged by the eraser test. The humidity tests revealed 

that magnesium fluoride films generally resisted moisture damage 

extremely well. The only evidence of damage was a small amount of 

spotting at a humidity of 94 percent on the sample bombarded after 

deposition. Electron bombardment either during or after deposition had 

a detrimental effect on overall film mechanical durability. Even 

though the electron to molecule arrival ratio was appreciable, the 

electron bombardment effects on magnesium fluoride films do not appear 

to be very considerable. 



CHAPTER 6 

REMARKS ON FILM FORMATION ~~D ELECTRON INTERACTION 

To understand more fully the bombarding electron interactions 

with the thin films, a brief look at the theory of film formation is 

presented here. Chopra (1969) gives an excellent review in his book, as 

well as numerous references. 

It is generally recognized that a thin film forms in discrete 

stages. Nucleation, agglomeration, and secondary filling or 

supplemental growth are the steps common to most materials, although 

agglomeration is much more pronounced in metal films. As evaporant 

molecules arrive at the substrate, they are attracted by the quadrupole 

and dipole moments of the substrate molecules. The arriving molecules, 

once surface-bound, can continue to move along the substrate surface. 

They are now called ada toms because they have been adsorbed by the 

substrate. Their mobility depends on several factors, including the 

nature of the materials and substrate temperature. Adatoms begin to 

cluster at specific areas, called nucleation sites. The positions of 

these sites are determined by factors such as discontiriuity defects on 

the substrate surface and arriving molecule flux. As additional 

molecules arrive and migrate along the surface, they bond onto these 

existing nucleation clusters. The clusters grow and expand outward 

until another is encountered. Depending on the material as well as 

numerous other parameters, the clusters can coalesce into one 
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crystallite or simply butt into each other. Metals tend to 

agglomerate, leaving large voids which give rise to secondary nucleation 

and filling. In the case of most dielectrics, as more evaporant 

molecules arrive, they continue to bond onto the existing crystallites, 

which grow upward to form columns. Pulker and Jung (1971) and Ogura 

(1975) have given more detailed studies of such columnar growth. The 

columns are not necessarily composed of a homogeneous crystal 

structure, but may contain many fibrous constituents. This phenomenon 

has yet to be satisfactorily explained. We see then that film 

crystallite size, columnar structure, and void content or packing 

density depend on nucleation density on the substrate surface and 

adatom mobility after arrival. Increased nucleation forms smaller 

crystallites, while higher mobility tends to enlarge crystallite size. 

The effects of bombarding the substrate with electrons can now 

be analyzed. First, Chopra points out that the presence of 

electrostatic charge can lower the free energy of an adatom, 

facilitating condensation. This leads to more nucleation sites per unit 

area. Chambers and Prutton (1967) contend that the increase in 

nucleation sites is the result of the electrons causing more surface 

defects on the substrate, but their depositions were formed on cleaved 

salt plates. Stirland (1966) achieved similar results for gold films 

evaporated onto cleaved rocksalt plates. By either mechanism, 

nucleation is enhanced by the electrons, which should lead to a 

decrease in crystallite size. 

Electron collisions with adatoms could increase surface 

mobility if an elastic collision with the nucleus takes place. As 
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pointed out later, this type of collision is not common. However, the 

electrons 0;:+:"",. il1elas.tically scatter from the bound electrons, which 

could break up the molecular bond or the lat tice bond, breaking up 

crystallites that have already formed. Thus we expect the principle 

result of electron bombardment to be an overall decrease in 

crystallite size, both from increased nucleation density and destruction 

of existing crystallites. 

One point to mention about films bombarded after deposition 

concerns electron penetration-Into the film. This is often called 

sc'attering range. Beaman and Isasi (1972) give a summary of formulas 

for this range obtained by different investigators. Basically, four 

electron-molecule interactions are possible. 1) Elastic scattering with 

no energy loss is possible from the nucleus or 2) the bound electrons, 

although the authors claim that the latter is negligible. 3) Inelastic 

scattering from the nucleus produces Bremstrahlung radiation, while 4) 

inelastic scattering from the bound electrons can ionize the molecule 

or, less frequently, eject an inner core electron. The first and fourth 

processes mentioned above dominate the scattering interaction. The 

following expression was presented for the range, although others more 

explicitly dependent on atomic number were also given; 

R= O.064EOI p, 

where R is the penetration in micromete~s, EO is the electron potential 

in kilovolts, and p is the material density in grams per cubic 

centimeter. Using the bulk density values for the materials and EO 

• 
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equal to one kilovolt, electron ranges from 120 to 300 angstroms were 

calculated. These values are typically less than 10 percent of total 

film thickness, which may explain the general lack of change in X-ray 

diffractometer traces for films bombarded after deposition. However, 

antimony trioxide films do not fit into this pattern. The 

diffractometer traces indicate crystal reorientations for bombardment 

during or after deposition to be comparable. This could possibly 

indicate that the films' interaction depth with the X-rays is on the 

same order as the electron range. It could alternately indicate that 

the films' lattice bonding energy is less than the amount of energy an 

electron can transfer to the molecule. This lattice bonding energy is 

certainly weak, as evidenced by total film removal in the eraser test. 



CHAPTER 7 

CONCLUSIONS 

In the beginning, it was felt that the effects of bombarding 

thin films with electrons as they were being deposited could best be 

explained with a transfer of energy or momentum approach. A certain 

electron flux at a certain energy bombarding a certain number of 

arriving molecules would produce a definable change in the 

microstructure. This change could then be correlated to changes in 

macroscopic quantities. While this approach may indeed apply for some 

instances, others exist where it clearly does not. Therefore, rather 

than concentrating on one or two materials, a fairly representative 

sampling of thermally evaporated materials was investigated. Many 

others exist, but those selected cover a wide range of applications and 

include some of the most commonly used in the industry today. 

From the results in Chapter 5, electron bombardment shows no 

clear general trend for all materials in either micro- or 

macrostructural properties. However, the X-ray diffractometer traces 

indicate that the bombarding electrons definitely affect the crystal 

structure, except for silicon monoxide, where no crystal structure 

existed anyway. The results of electron bombardment of each material 

will be summarized in the following sections. Specific emphasis will 

be placed on the X-ray traces in trying to interpret these results. 
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We have used antimony trioxide extensively as a wave guiding 

layer in several integrated optics experiments in our laboratory. As 

previously stated, scattering losses in guided wave structures can be 

very detrimental to overall performance. The light must propagate 

through film for up to several centimeters rather than just a few 

wavelengths, as in typical interference filters. Scattering can arise 

from surface roughness at the layer boundaries as well as from 

impurities and discontinuities within the film. Often these internal 

dislocations are the actual walls and voids of the growth columns 

discussed earlier. Channin, Hammer, and Duffy (1975) investigated bulk 

and surface scattering in epitaxially formed zinc oxide waveguides. 

They found that slowing the deposition rate and annealing the films at 

high temperatures after deposition decreased bulk scattering. Both of 

these processes tend to form very large crystallites. Surface 

scattering was reduced by sophisticated polishing of the substrates 

prior to deposition. 

The above results are probably not applicable to vacuum 

deposited films because while crystallites in exitaxial films may be 

large, their common orientation excludes the presence of voids. In 

other words, the crystallites butt against each other with faces having 

the same crystallographic orientation, so they fit together very 

closely. 1£ bulk scattering is assumed to have a Rayleigh form, 

smaller voids would reduce the scatter. This comes from the 

dependence of the scattering cross section on the sixth power of the 

radius of the inclusions. Thus, for vacuum deposited films, the 

crystallites must be reduced in size. The idea behind electron 



bombardment of the antimony trioxide films was to pulverize the 

growing columns to compact the film and break up the crystallites, 

eliminating the crystal structure. From the results of all the 
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analyses, particularly the X-ray diffraction and TEM carbon replicas, 

the original ideas of electron bombardment effects were not entirely 

applicable to antimony trioxide. The growth columns did not seem 

greatly affected, and the crystal structure was rearranged, not 

eliminated entirely. 

Reviewing the antimony trioxide results, we see that the X-ray 

traces indicate a different set of lattice planes becoming 

preferentially oriented parallel to the substrate, even at electron to 

molecule arrival ratios as low as 0.01. The rearrangement increases 

with electron flux to a point, then little further change takes place. 

The fact that these changes occured even after deposition suggests a 

weak lattice bonding for antimony trioxide, further evidenced by the 

complete removal of the films from the substrate in the eraser test. 

The TEM cross sections do not look vastly different for bombarded and 

non-bombarded films, although the non-bombarded film appears more 

coarse, suggesting a lower packing density. Electron diffraction 

indicates that the films have smaller crystallites when electron 

bombarded than when not, perhaps due to the breaking up of forming 

crystallites. This coincides with the predicted results. Refractive 

index suffers little change from the bombarding electrons, evidenced by 

the prism coupler and SPW results. Also, the wave guiding quality as 

evidenced by the appearance of a nice, clean streak in the prism 

coupler set-up was not improved by electron bombardment. All samples 
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guided poorly, indicating that factors other than film crystallite size 

dominated the scattering process. Spectrophotometer traces reveal that 

bombarded films have slightly more absorption or scatter. The 

durability is not affected by electron bombardment. The crystallite 

changes nearly saturate at electron to molecule arrival ratios of less 

than unity. All in all, the arriving electrons appear to reduce 

crystallite size, rearran~e the crystallites to preferentially orient 

the (400) plane parallel to the substrate, and possibly increase the 

packing density slightly. These changes have only minimal effect on 

film optical and macrostructural behavior. 

In contrast, potassium hexafluorozirconate showed much more 

dramatic, easily understood behavior. Electron bombardment eliminated 

crystal structure if applied during deposition. An electron to molecule 

arrival ratio of almost 0.5 almost completely eliminated crystallinity 

on a heated substrate. This indicates possible mUltiple collisions of 

one electron with several different molecules. The electron 

bombardment was more efficient when the substrates were heated, 

indicating that the effect is partly due to elevating the energy level 

of the condensing molecules. The fact that films bombarded after 

deposition were not greatly affected points out that once the 

crystallites become formed, the lattice bonding energy is greater than 

what the electrons can transfer to the molecules. The only difference 

in optical properties caused by electron bombardment seems to be a 

slight increase in absorption towards the ultraviolet, consistent with 

the idea of electrons ejecting an anion from the molecules and 

replacing them in the lattice, forming an F center. This is in 
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agreement with the results obtained by Chambers and Prutton (1967), as 

well as Hoffman and Leibowitz (971). Film durability was only 

slightly affected by electron bombardment induced changes in the 

microstructure. 

Silicon monoxide shows no effects at all from the bombarding 

electrons. Microstructural and observable properties undergo no 

alterations. An electron to molecule arrival ratio of up to 0.26 was 

insufficient to bring about any changes. The silicon and oxygen atoms 

accumulate without regular repetitions of molecular arrangements 

because of the variable nature of their covalent bonding. In other 

words, shared electron pairs can exist between the atoms in any of 

several configurations. This also explains the lack of an established 

unique stoichiometry for films of this material. Bombarding electrons 

which disrupt the bonding do so indiscriminately, so the resul t is 

indistinguishable from the original situation. The optical properties of 

the films showed variations which were more attributable to residual 

gas pressure differences than to any other parameter. 

By studying zinc sulfide, the results of Bangert and 

Pfefferkorn (1980) were expanded and clarified. The long observed but 

little understood improvements in a "beamed" zinc sulfide film can now 

be seen in a quantitative light. When heated and evaporated, zinc 

sulfide vapor condenses on the substrates predominantly with HCP 

crystal structure, the form stable at elevated temperatures. However, 

the structure shifts to cubic as the film attempts to stabilize, 

disrupting the film and allowing moisture penetration. Electron 

bombardment during deposition with an electron to molecule arrival 
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ratio of 0.02 causes a perceptible change from HCP to cubic structure, 

and a ratio of 0.9 saturated this change, suggesting multiple electron 

collisions. Resistance to moisture penetration and damage improved 

with increasing bombardment flux, but was more pronounced for films 

deposited on unheated substrates. Adsorption of residual water vapor 

into the films during deposition is greater in this case. For this 

reason, as well as the lower temperature, any HCP structure is more 

likely to be changed to cubic as the film is forming. Conversely, films 

deposited on heated substrates will have more HCP structure both during 

and after deposition, which disrupts the film as it changes form and 

stabilizes. Films bombarded after deposition showed little effect, 

again suggesting the inability of the electrons to transfer energies to 

the molecules greater than the lattice bonding energy. Film optical 

properties were hardly changed at all by electron bombardment. 

Magnesium fluoride was a bit more difficult to understand, 

mainly because the films were too thin to provide good X-ray 

diffraction peaks. These small peaks were enhanced by electron 

bombardment, possibly because the crystallites are smaller and more 

numerous, enhancing X-ray interaction with the film. Electron to 

molecule arrival ratios of up to 0.23 were applied without saturating 

this peak enhancement. The increase in optical losses, along with a 

deterioration in durability, points out that the bombarding electrons 

weaken overall film structure. The changes in optical absorption are 

consistent with the findings by Raine (1976), but iLl his study the 

absorption was much more pronounced • 
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In view of the results for these very different film materials, 

general comments about the trends of electron bombardment are 

difficult to make. Each material was characterized as to the type of 

bonding between its constituent elements on the basis of 

electronegativity. Values from Gordy and Thomas (1956) were used. High 

electronegativity differences indicate largely ionic bonding, while low 

differences mean the bond is mainly covalent. Ionic bonds mean lower 

polarizability, hence lower refractive index. Table 19 lists each 

material, its electronegativity difference value, refractive index, and 

bonding character. This bonding character does not seem to play an 

important role in determining the effects of electro.n bombardment on a 

particular material. For instance, potassium hexafluorozirconate and 

magnesium fluoride both have ionic bonding, but each behaves in its own 

way under electron bombardment. Apparently, molecular bonding type can 

not be used to predict the effects of electron bombardment. Lattice 

bonding seemingly determines whether or not a film will be affected by 

bombardment after deposition, but does not explicitly affect 

bombardment results during deposition. 

Some generalities are possible, however. The electron 

bombardment effects for most materials saturated at electron to 

molecule arrival ratios of less than unity, suggesting multiple 

electron collisions. Crystallites seem to be made smaller, and 

eliminated in potassium hexafluorozirconate, by electron bombardment. 

Also, the effects tend to increase gradually with electron flux and 

energy. It can not readily be stated that electron bombardment will 

always produce an improvement in film properties. Zinc sulfide seems 
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Table 19. Bonding character of studied materials. 

Material Electronegativity Difference Index Bond Type 

Sb2 03 1.7 2.10 moderately covalent 

2KF.ZrF4 3.1 1.35 very ionic 

2.4 

SiO 1.7 (1. 85) moderately covalent 

ZnS 1.0 2.35 very covalent 

MgF2 
2.7 1.38 very ionic 
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to be a special case, involving an actual change in crystal 

microstructure from one form to another. Magnesium fluoride films 

show detrimental effects from the bombarding electrons, while silicon 

oxide shows no effects at all. For the materials studied, many changes 

in film microstructure induced by electron bombardment have been shown 

to accompany changes in macrostructural properties. 

On the whole, electron bombardment is a process which must be 

carried out on each individual material to determine its exact behavior. 

For the materials in this study, several recommendations are possible. 

Antimony trioxide is a good candidate for electron bombardment if the 

films are to be used as waveguides. I say this because of the 

reduction in crystallite size brought about by the bombarding electrons, 

although the guiding results in this study were inconclusive. Films 

deposited in different runs under supposedly identical conditions showed 

wide variations in guide quality. Further investigation is required, 

perhaps using higher quality polished substrates. Potassium 

hexafluorozirconate definitely needs to be evaporated onto heated 

substrates. Electron bombardment makes the films amorphous, a useful 

effect for guided wave applications. Silicon monoxide is not changed by 

electron bombardment, so there is no point in applying it here. Zinc 

sulfide films· definitely should be electron bombarded to increase 

longevity and durability. Magnesium fluoride is not greatly affected by 

electron bombardment, but the effects are detrimental, so it should not 

be applied here. 

Further investigations into the effects of electron bombardment 

of thin films during deposition are certainly called for. The behavior 
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of bombarded multilayer structures, particularly in regard to packing 

desity and moisture adsorption, would be most enlightening. Other 

materials, particularly those which have widely varying properties for 

different crystal structures, would also be very interesting to study. 



APPENDIX 1 

MOLECULE FLUX CALCULATIONS 

To get an idea of the arrival rate of molecules at the 

substrates during a deposition, some simple calculations were carried 

out. I should actually refer to the sticking rate, since re-evaporation 

effects are ignored. First, the depOSition rate in angstroms per second 

was calculated by dividing the total film thickness as monitored by 

total deposition time. It should be pointed out here that the work to 

monitor ratio was 1.1, as previously shown. In other words, the samples 

to be analyzed were 10 percent thicker than the monitor indicated, due 

to the geometry of the plant fixtures. Total film physical thickness 

was calculated assuming film refractive index equal to that of the bulk 

material. The deposition rate in angstroms per second was converted to 

grams per square centimeter per second using the density of the bulk 

material. This figure was then converted to molecules per square 

centimeter per second using Avogadro's number and the molecular weight 

of the material. The above assumptions greatly simplified the 

calculations. However, film refractive index is generally less than 

that of the bulk material due to packing densities of less than unity, 

which also leads to a film density less than bulk density. These two 

effects tend to cancel each other in the calculations. 
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A sample computation for antimony trioxide appears below. 

Table Al lists the different materials with their bulk refractive 

indices, densities, and molecular ,weights. 

Antimony Trioxide 

5500 angstroms (monitored optical thickness) x 1.1 (work to monitor 

ratio) x 1/ 2.1 (bulk refractive index) x 1/1800 seconds (total 

deposition time) = 1.6 angstroms per second (deposition rate) 
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1.6 angstroms per second x 1 cm/108 angstroms (conversion factor) x 1 

square centimeter x 5.2 grams per cubic centimeter (density) x 6.02x1023 

molecules (Avogadro's number) x 1/292 grams (molecular weight) = 

1.72x10 14 molecules per square centimeter per second 

, . 



APPENQIX 2 

LIST OF COATING RUNS 

The following table is a complete list of the coating runs per

formed along with the deposition conditions. 
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Table A.1. Refractive index, density, and molecular weight for the bulk 
form of the materials used in this study. 
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Hateria1 Refractive Index 1 Density (g/ cm3) Ho1ecular Weight 

Sb
2

03 
2.10 5.2 292 

2KF.ZrF
4 1.35

2 
3.5 3 

283 

SiO (1.R5) 2.1 44 

ZnS 2.35 4.1 97 

MgF
2 

1.36 2.9 62 

1. Values from Sloan Handbook (1973-74) 

2. From Bartle and Turner (1962 

3. No value was found, so a simple displacement of .. liquid (acetone) was used. 
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Table A.2. Coating runs and conditions. 

Sample Material Substrate Pressure Bombardment Bombardment 

Temperature (C) (torr) Voltage 2 Flux (/crn /sec) 

EB-7 1 170 1.1x10 - 4 0 0 
EB-8 1 150 1. 6xlO- 4 1000 1.6xlO~~ 
EB-9 1 150 1. OxlO- 4 2000 

EB-10 1 60 1.3xlO- 4 1000 
3.5xlO15 
1.5xlO 

EB-11 1 45 1.2xlO- 4 0 0 
EB-12 2 110 0.6xlO -4 0 015 
EB-12X 2 110 1. OxlO- 4 1000 

EB-13 2 105 O. 5xlO- 4 1000 
1. 4xlO15 
1.1x10 

EB-14 1 190 1.0xlO -4 0 0 

EB-15 1 155 1. 2xlO- 4 1000 3.0xlO
14 

EB-17 1 30 1.0x10 -4 0 014 
EB-·18 1 120 1.5xlO- 4 2000 5.0xlO13 
EB-19 1 130 1. 2x10- 4 400 6.2x1014 
EB-20 1 30 1.1xlO- 4 1000 3.0xlO 

EB-21 1 155 0.8x10- 4 0 0 

EB-22 1 150 0.9xlO- 4 0 0 

EB-23 1 145 1. OxlO- 4 0 0 

EB-23X 1 145 1. OxlO- 4 1000 1.4xlO15 

EB-24 3 175 2.2xlO- 5 1000 4.8xlO14 

EB-25 3 175 1. 3xlO- 5 0 0 

EB-25X 3 175 1.3xlO- 5 1000 4.8xlO14 

EB-26 3 145 1.9xlO- 5 0 0 

EB-26X 3 145 2.0x10- 5 2000 1.5xlO15 

EB-27 3 140 2.9x10- 5 2000 1. 5xlO15 

EB-28 3 150 2.1x10- 5 1500 1. 6x101 5 

EB-29 3 35 2.8xlO- 5 200 1. 5xlO15 

EB-30 3 30 2.4x10- 5 0 0 

EB-30X 3 30 2.8xlO- 5 2000 1.5x1015 

EB-31 2 30 4.0xlO- 5 1500 L 2xl01S 

EB-32 2 30 0.5x10- 4 0 0 

EB-32X 2 30 1. OxlO- 4 1000 1.4.x1015 

EB-33 2 50 0.6xlO- 4 1000 1.2xlO15 

EB-34 2 30 0.5x10-4 1500 1.3x1015 

EB-35 2 30 4.9x10-5 500 5.5x1014 

EB-36 2 115 0.7xlO-4 1500 1. 3xlO15 

EB-37 2 115 3.5x10-5 500 5.5xlO14 

EB-38 4 30 0.8xlO- 4 0 0 

EB-39 4 30 L 1xlO-4 1500 L3x1015 

EB-40 4 30 1.2x10-4 2000 1. 3xlO15 

EB-41 4 30 0.8x10- 4 500 6.0x1014 

EB-42 4 30 3.0x10-5 1000 1.2x1015 

EB-43 2 30 2.6x10- 5 1000 L 2x1015 
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Table A.2.--eontinued. 

Sample Material Substrate Pressure Bombardment Bombardment 

Temperature (C) (torr) Voltage 2 Flux Clem /see) 

EB-44 2 30 2.6xlO-5 2000 1.6xlO15 
EB-45 5 175 0.9xlO-4 2000 1. 6xlO lS 
EB-46 5 160 0.8x10-4 1500 1. 3xlOl5 
EB-47 5 155 0.9x10-4 0 0 
EB-47X 5 155 2.0x10-5 1500 1.2x1015 
EB-48 5 165 0.9x10-4 1000 1.4x1015 
EB-49 4 30 1.0x10-4 1500 1.3xlO15 
EB-50 4 135 O.7xlO- 4 0 0 
EB-51 4 100 0.6xlO- 4 0 0 
EB-51X 4 100 2.0xlO-S 1500 1. 2xlO 15 
EB-52 4 100 5.0xl0- S 2000 1. 6xlO 15 
EB-53 4 100 4.6xlO-S 2000 1. 6xl0 15 
EB-54 4 100 0.5xlO- 4 1500 1. 3xlO ~ ~ 
EB-55 4 100 0.6xlO-4 1000 1.2xlO 
EB-56 4 100 5.OxlO-S 500 6 .Ox10 15 
EB-57X 4 100 0.6xlO- 4 2000 1. 6xlO 15 
EB-57 4 100 0.5xlO-4 0 0 
EB-58X 2 100 2.2xlO- 5 2000 1. 6xlO 15 
EB-58 2 100 1.4xlO- 5 0 0 
EB-59X 3 100 1.5xlO-5 2000 1. 6xlO 15 
EB-59 3 100 0.6xlO- S 0 0 
EB-60X 5 100 2.6xlO- 5 2000 1.6xlO 15 
EB-60 5 100 1. 8xlO- 5 0 0 
EB-61X 3 100 0.7xlO- 5 2000 1. 6xlO 15 
EB-61 3 100 5.0xlO-6: 0 0 
EB-62X 3 115 1. 2xlO- 5 2000 1. 6x10 15 
EB-62 3 115 0.5x10- 5 0 0

15 EB-63X 3 110 1.9xlO- 5 2000 1,6x10 
EB-63 3 110 0.8x10- 5 0 0 
EB-64X 3 100 1.4xl0-S 2000 1. 6x10 1S 

EB-64 3 100 1.0xl0- S 0 0 
EB-65X 4 30 3.3x10- S 2000 1. 6xl0 1S 

EB-65 4 30 2.8x10- S 0 0 
EB-66X 4 30 1.4xl0-S 2000 1. 6x10 15 

EB-66 4 30 0.9xl0- s 0 0 
EB-67X 4 30 1.8xl0- S 2000 1. 6xl0 15 

EB-67 4 30 1.1xl0- 5 0 0 
EB-68X 4 30 2.3xl0- S 0 0 
EB-69 2 30 0.9x10- 5 0 0 
EB-70X 2 30 2.4xl0- 5 2000 1.6xl015 

EB-70 2 30 1.6xl0- 5 0 0 
EB-71 5 30 1.4xl0-5 0 0 
EB-72X 5 30 4.3xlO- S 2000 1.6xl01S 

EB-72 5 30 1.8xlO- 5 0 0 
EB-73 4 100 4.5xlO- 5 1000 3.1xlO12 



Table A.2.--eontinued. 

Sample Material 

EB-74 
EB-75 

1- Sb
2

0
3 

2- 2KF.2rF
4 

3- SiD 

4- ZnS 

5- MgF
2 

4 
4 

Substrate 

Temperature (C) 

100 
100 

139 

Pressure Bombardment Bombardment 

(torr) Voltage Flux 2 (/ em / see) 

3.4xlO-'3 1000 1. 9xJ.0 13 

4.5xlO-5 300 
13 2.3xlO 



APPENDIX 3 

REPRESENTATIVE SPW PLOTS 

This appendix should serve as an illustration of the types of 

graphs encountered in using the SPW technique. The graphs for each sample 

were omitted from the text to avoid repetitious figures. 

Figure A3.l shows the results 'of the check run on the silver films. 

Table A.3 lists the numerical'values as computed from these graphs. Figure 

A3.2 shows the pair of curves for run EB-68. These curves highlight the 

difference which can occur between films produced in the same run under 

identical conditions. 
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a. Prism 1 befor"" .. -
after - - __ 

~. Prism 2 before 
after 

c. Prism 4 before 
after 

-- ....... 

42.3 43.0 

Fig. A3.l. SPW graphs for silver films. 
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Table A.3. Check runs on silvered prisms used 'in the SPW experiments. 

Sample prism n k d (nm) Conditions 

4 before .114 4.116 52.0 left in atmosphere in 
after .106 4.066 54.0 closed jar 

2 before .103 4.132 52.0 shuttered in vacuum chamber 
a'fter .095 4.146 53.0 

1 before .072 4.132 49.0 electron bombarded 
after .109 4.158 51.0 
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Fig. A3.2 SPW graphs for zinc sulfide (EB-68). 
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APPENDIX 4 

DURABILITY TESTS RESULTS 

The following two tables contain the results of 

all the durability tests performed on the samples. 
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Table A.4. Hardness and adhesion tests. 

Sample Material 

EB-lO 1 
EB-ll 1 
EB-12 2 
EB-12X 2 
EB-13 2 
EB-23 1 
EB 23X 1 
EB 24 3 
EB 25 3 
EB 25X 3 
EB-27 3 
EB-29 3 
EB-30 3 
EB-30X 3 
EB-32 2 
EB-32X 2 
EB-33 2 
EB-38 4 
EB-38X 4 
EB-39 4 
EB-4l 4 
EB-45 5 
EB-47 5 
EB-'47X 5 
EB-50 4 
EB-51 4 
EB-5lX 4 
EB-52 4 

1 Antimony trioxide 

Bombarded ? 

Y 
N 
N 

AD 
Y 
N 

AD 
Y 
N 

AD 
Y 
Y 
N 

AD 
N 

AD 
Y 
N 

AD 
Y 
Y 
Y 
N 

AD 
N 
N 

AD 
Y 

Y - Yes 
N - No 

Scotch Tape 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
M 

VS 
VH 
ND 
ND 
VS 
ND 
ND 
ND 
ND 
ND 
ND 

2 Potassiu~ hexafluorozirconate 
3 Silicon monoxiue AD - After deposition 
4 Zi=c sulfide 
5 Magnesium fluoride 

• 

Eraser 

VH 
VH 

M 
S 
S 

VH 
VH 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

H 
H 
H 
M 
M 

VS 
S 
M 
M 
H 
H 
H 
M 
M 

ND - No damage 
VS - Very slight 

damage 
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S - Slight damage 
M - Moderage damage 
H - Heavy damage 

VH - Very heavy 
damage 



APPENDIX 5 

CONTROLLED HUMIDITY TEST RESULTS. 
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Table A.S. Controlled humidity test re~ults. 

Sample 40% SO% 60% 70% 80% 90% 

EB-IO NC NC NC NC NC NC 
EB-ll NC NC NC NC NC NC 
EB-12 NC NC NC NC spots cloudy 
EB-12X NC NC NC NC spots cloudy 
EB-13 NC NC NC NC spots cloudy 
EB-23 NC NC NC NC NC NC 
EB-23X NC NC NC NC NC NC 
EB-24 NC NC NC NC NC NC 
EB-2S NC NC NC NC NC NC 
EB-2SX NC NC NC NC NC NC 
EB-27 NC NC NC NC NC NC 
EB-29 NC NC NC tIC NC NC 
EB-30 NC NC NC NC NC NC 
EB-30X NC NC NC NC NC NC 
EB-32 NC NC NC NC spots cloudy 
EB-32X NC NC NC NC spots cloudy 
EB-33 NC NC NC NC NC cloudy 
EB-38 NC NC NC NC NC NC 
EB-38X NC NC NC NC NC NC 
EB-39 NC NC NC NC NC NC 
EB-41 NC NC NC NC NC NC 
EB-4S NC NC NC NC NC NC 
EB-47 NC NC NC NC NC NC 
EB-47X NC NC NC NC NC small patch 
EB-SO NC NC NC NC tiny spot large patches 
EB-SI NC NC NC tiny spot spot large patches 
EB-SIX NC NC NC NC NC large patches 
EB-S2 NC NC NC NC NC large patches 
EB-73 NC NC NC spots lnrgE: spots large patches 
EB-74 NC NC NC NC spots large patches 
EB-7S NC NC NC NC NC NC 

NC - No changes 
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