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INTRODUCTION

Optical thin films have become critical components in a broad range
of technologies, ranging from energy conversion to information storage.
In response to the resulting demand for increasingly specialized and
durable coatings, inquiry into the basic nature of these coatings has
intensified. Such efforts have been necessary because earlier
assumptions that thin films were similar to nominally identical bulk
materials have been proved unreliable. For example, while most bulk
materials show a high degree of isotropy, whether they are crystalline
or amorphous, thin films display pronounced anisotropy. Another
distinction between bulk and thin film materials is the lower density of
the latter, with the concomitant porosity. Both anisotropy and porosity
often contribute to the unpredictable performance and durability of
optical coatings. Efforts to modify film microstructure in the direction
of greater isotropy and density have been made by a number of
researchers in recent years.

In August 1984, three years of fruitful research on the fundamental
microstructural properties of optical thin films, generously supported
by the Defense Advanced Research Projects Agency of the Department of
Defense, were completed. During this period, our Thin Films Laboratory
made significant progress in the three areas just described
(characterizing film anisotropy, understanding film porosity, and
modifying these features) and established a strong basis for further
advances in tnese areas. In this final report, the progress is described
by presenting the experimental details of our work in the five sections
of Part I, equipment acquisition and modification, deposition processes,
measurement techniques, degradation processes, and computer simulations.
Progress in each of these areas depended on support from the others; the
encouragement of our sponsors to interpret the domain of our contract in
the broad sense required by basic research contributed to the beneficial
interaction that resulted. Part II places these experiments in the
context of the three basic issues addressed by this program: anisotropy,
porosity, and modification. The reader who is interested in conclusions
might begin here, referring back to Part I for further information on
equipment and procedures. The final chapters contain a list of the
publications and doctoral dissertations supported by this contract and
include some reprints of published material.

This research has not only contributed to our understanding of thin
films, but also supported four excellent graduate students through parts
of their studies and/or research-related equipment. Their work appears
in very abridged form throughout this final report; those interested
should obtain copies of their dissertations. Cheng-Cheung Lee
investigated water adsorption of thin films; Steve Browning
experimented with electron-assisted deposition, Flavio Horowitz devised
an optical measurement technique for the indices of birefringent
materials, and John Wharton explored ion- and electron-assisted
deposition. Other students involved in this research will be receiving
degrecs in the next year or two. Since the Optical Sciences Center is




one of very few institutions granting optical science degrees, this
support of students has a valuable and unique impact on the level of
American optics.




PART I

REVIEW OF RESEARCH ACTIVITIES

A. LABORATORY DEVELOPMENT
1. Deposition Equipment: Balzers 760 Box Coater
a. Acquisition and Installation

At the outset of this three-year project, our laboratory was
extremely limited by size, age, and sophistication. Our largest plants
were a Balzers 510 coater (510 mm, or 20 in.) and an Edwards 18-in. bell
jar coater. Both were diffusion pumped, with manual vacuum control
systems and very few possibilities for upgrading. Further references to
these two plants can be found in the next section on deposition
processes and in several doctoral dissertrations. Despite their age, both
of these plants performed well for certain aspects of the research
conducted under this contract, but it was realized that to perform the
experiments central to our proposal, a larger, cleaner, system would be
needed. Consideration of our objectives led to several requirements on
the new system:

(1) Cryopumping, inherently cleaner than diffusion pumping, was
necessary to achieve extremely low levels of contamination of
residual gases, especially for activated prccesses.

(2) Residual gas analysis, both to monitor unwanted contaminants
and the concentration of working or reactive gases, was
specified.

(3) Capacity similar to production systems was important, so that
successful process technology could be transferred to other
laboratories without oroblems of scaling. Adequate chamber
capacity was also needed to accommodate the many interaal
modifications implicit in process development. It was
concluded that a box coater roughly 30 in. in each dimension
was appropriate.

(4) Substrate rotation and heating arrangements were obviously
desired.

(5) Optical and quartz crystal monitoring, for data on both optical
and mass thickness, were ordered, with the intention to
construct a more elaborate scanning monochromator unavailable
at the time.

(6) Resistance and electron beam sources were included to provide
the two basic evaporation processes.




(7) Flexibility was also critical, since our experimental program
envisioned the need for considerable and continual changes in
the plant's internal configuration.

After competitive bidding, the Balzers 760 was selected, not only
because it met all our requirements, but also because previous
experience of the Principal Investigator and of the significant thin-
films group in Marseille indicated that this system was the best
available at the time. This box coater's performance since its arrival
in 1982 has not disappointed us.

Moving and installing such a box coater is a formidable job.
Fortunately, communication between us and Balzers as to the delivered
dimensions of the plant was accurate: The uncrated main coating module,
which incorporates the chamber, its base, and the cryopump, and the
three electronics modules, or racks, fit through all the doors on its
route from the truck to the “"clean room” with a few precious inches to
spare. For the next several months, our thin films specialist, Ross
Potoff, performed and supervised the connection of roughing vacuum
lines, electricity, hot water, and chilled water, to the plant. Of these
services, the most problematic was the volume of chilled water required.
Existing supplies were inadequate, so the University's Physical Resources
Department designed a new system around a large heat exchanger located
several floors below. After numerous delays which affected our program
during parts of the first and second years, the chilled water system has
worked without unusual problems up to the present.

b. Modification and Improvement

Once the plant was operational, modifications and additions were
initiated. A large number of ports were specified in the system,
including 20 at the base of the chamber and one on each side. These
ports provide the means of adding new components. A 1list of important
changes follows., Some are mentioned only here; the scanning
monochromator and ion and electron beam guns are of such importance
that individual sections cover them in more detail. Once again, Ross
Potoff deserves most of the credit for designing and machining the
majority of the mechanical parts in this system.

(1) External Superstructure - The scanning monochromator and
ultraviolet source had to be physically located, for optical reasons, on
the top and side of the coating chamber, respectively. Since no extra
space was available in the three supplied electronic racks, ultraviolet
source and ion gun power supplies also needed a home. To this end, a
framework of brazed 2-in.-square tubing was erected over the top and
left side (facing the door) of the large module that included the main
coating plant. The framework incorporated a sturdy optical baseplate,
drilled and tapped on l-in. centers, for the monochromator.

(2) Ultraviolet Source - One possible means of increasing adatom
mobility on the growing film surface is irradiation by ultraviolet light.
Toward this end, a 1000-W mercury-xenon lamp was installed in the
superstructure so that it could be projected into the chamber through a




side port. This project required careful work to couple the lamphouse
to an ultraviolet-transmitting viewport and to direct the beam up to the
substrate with internal reflective optics. To remove the ozone
generated by the lamp, a separate exhaust and cooling duct extending to
fixed fume hood ductwork was built.

(3 Scanning Monochromator Input Optics - The scanning
monochromator reqrired numerous modifications to the plant. The
original lamphouse under the coating chamber was removed and replaced
with a more powerful unit containing a chopper and a 500-W tungsten-
halcgen lamp. Jithin the chamber, the beam had to be laterally
translated with a pair of flat mirrors to align better with the witness
samples, and improved fixturing for the witness samples to insure
centering was required. Above the chamber, the original photomultiplier
was removed, and the mount was modified to accommodate a turning
mirror, which steers the beam into the scanning monochromator. A
description of the scanning monochromator, which is mounted on the
external superstructure, follows below.

(4) Gas Cylinder Rack - A rack for the secure, horizontal storage
of four compressed gas cylinders was built to reside under the extermal
superstructure already described, which allows quick access to the
associated regulators. The gases are used in a variety of thin film
deposition processes.

(5) Internal Superstructure - The wide range of experiments that
were to be performed suggested that the limited number of options be
increased for mounting equipment such as heaters, guns, and sensors in
the coating chamber. To implement this, an internal structure made of
l-in.~square stainless tubing was fabricated. It fits against the top
and side walls of the chamber and can be easily removed. Without this
structure, every internal change would require major modifications and
long, complex supports for each new device.

(6) Quartz Lamp Heaters — The quartz lamps were moved to the top
of the chamber for three reasons. First, they occupied much critical
space above the baseplate, while space above the substrates was wasted.
Second, they were removed from the vicinity of the main stream of
evaporant material. Third, by heating the substrates in close proximity
from above, heating was more localized and temperature control was more
accurate, This helpful change required use of the internal
superstructure and the procurement of stainless cable armor to extend
the existing flexible conduits.

(7) 1Ion Guns - An ion gun from Denton Vacuum were positioned in
the coating chamber in 1984. Appropriate power and cooling water lines
had to be fed through to supply the device internally.

(8) Second Electron Beam Gun - A second Balzers electron beam gun
was purchased on another contract and installed at the factory before
shipment.




9 Multipoint Thermocouple System - To provide critical
temperature data, thermocouple system sampling temperatures in five
different chamber locations was installed recently.

(10) Domed Fixtures - A set of four spun 22-in.-diameter domed
alumin m plates was ordered to serve as rotating substrate holders, or
fixtures. These have been machined in-house to accommodate a variety of
substrate shapes of maximum dimensions in the 4- to 5.75-in. range. The
domed shape holds the substrates roughly equidistant from the sources
below. Coating uniformity is improved by allowing for critical
adjustment to compensate for the positions of the resistive and electron
beam sources.

(11) Computer Control - The Balzers 760 was delivered with its own
computer system for overseeing vacuum conditions and valve positions and
for displaying this information with a light board in the middle
electronics module. As part of an overall plan to monitor the progress
of film growth, our own computer was added, first a Southwest Technical
Products system based on the 6809, which was later replaced by an IBM-
PC. Interfaces with both the scanning monochromator and the quartz
crystal monitor were built, While the full anticipated diagnostic
potential was not completely realized during the three years of the
contract, we feel that the effort will pay off handsomely in the future.
More on this computer will follow in the section on the scanning
monochromator.

¢c. Scanning Monochromator Development

To produce an evaporated coating that conforms to a specified
design, it 1is necessary to control numerous parameters. Starting
materials of the form and purity appropriate tor the chosen evaporation
process must be selected. The coating environment-—-the partial
pressures of the residual gases, the temperature of the substrate, the
electromagnetic fields and ionization, if any, in the chamber, and other
parameters——must be monitored. Finally, the deposition rate must be
directly controlled by manipulating the operation of the hot sources and
the position of the shutters. This entire effort is aimed at depositing
films of predetermined thicknesses and optical constants. These film
characteristics are normally measured by crystal monitors, which measure
the mass-dependent frequency of a piezoelectrically driven quartz
crystal, and by optical monitors, which gauge optical thickness by
following the fringes generated by interference effects in the growing
filme The Balzers 760 evaporation system was supplied with both types
of systems. Quartz crystal monitors are often used as controllers to
maintain a constant deposition rate until the desired thickness is
reached; this was originally implemented in the 760. Even with such
monitors, however, several runs are still required to understand the
effect of each of the parameters on a coating process. Our interest in
experiment rather than production made the existing systems inadequate.

To augment the capabilities of the original process controller, the
simple, single wavelength optical monitor was replaced with our own




scanning monochromator and was connected to an IBM PC. The same
computer is interfaced with the existing quartz crystal monitor. The
scanning monochromator required a new, brighter source, to deliver
sufficient signal to the detector through a more complex, dispersive
optical train. The optical path in the chamber had to be adjusted.
Above the chamber, the narrowband filter and the photomultiplier were
removed, to be replaced by a flat mirror that diverted the beam
horizontally into the scanning monochromator detection system. The beam
passed first through a telescope-slit configuration, which sent it on to
the Jobin Yvon holographic grating, built to disperse the 400 to 800-nm
band, of which about 360 nm is used. This reflective grating sends the
converging beam on to another turning mirror and to a Fairchild 1728
element CCD array, which consists of 1728 elements that are added in
tens in the interface electronics to define 173 data points. Given that
360 nm are observed, this allows the CCD to resolve about 2 nm. From
here, data acquisition and interface electronics read and send the data
points to an IBM PC. Figures 1, 2, and 3 show side and top views of the
Balzers 760, emphasizing the modifications made to accommodate the
scanning system.

The IBM PC, incorporating a Tecmar A/D board, accepts data from
both the quartz crystal and the scanning optical transmission monitors.
Although the system could record data at a frequency of 4 Hz, data are
actually recorded more slowly, once every 6 seconds, due largely to the
lack of adequate storage or use for this potential torrent of data.
This is adeq%ate, since in 6 seconds, the manageable, typical thickness
of 20 to 40 A is deposited.

Although the results obtained with the scanning monochromator will
be mentioned in connection with some of the studies reported in later
chapters, examples of its capabilities follow:

(1) A sequence of transmission spectra for each run can be stored
for later analysis of the effects of various process parameter
effects. A 360K double-density 5 1/4 in. disk can accommodate
about 50 minutes of continuous monitoring data.

(2) The wideband transmission spectra that appear on the monitor
provide the plant operator with a much broader view of coating
progress. Should problems arise, the operator can base
decisions during deposition on a larger data base.

(3) Monitoring done in situ permits the execution of many different
tests on samples without removing them from the system. For
example, the effects of residual water vapor in the evacuated
coating chamber can be monitored continuously both during and
after deposition.

(4) The larger data base available to the computer permits better
characterization of a film's optical constants and their
associated dispersion. These measurements can be performed as
a function of film thickness as well.




Fig. 1. Balzers 760 coating plant with scanning monochromator
modification.
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Fig. 2. Balzers 760 with scanning monochromator modification.




Fig. 3.

Scanning monochromator flow diagram.
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The development of our scanning monochromator system was inspired
by a pioneering system constructed at the Laboratoire d'Optique de
1'Ecole Nationale Supérieure de Physique in Marseille, France, led by E.
Pelletier and including F. Flory, A. Fornier, and R. Richier (Vidal,
Fornier, and Pelletier, 1979; Lerner et al., 1980; Bousquet and Pelletier,
1981; Pelletier, 1983). One other member of that group is among the
authors of this paper. We were fortunate enough to have B. Bovard as a
post-doctoral scientist for one year at the Optical Sciences Center. His
visit had an extremely stimulating influence on the construction and
completion of the instrument. The Air Force Office of Scientific
Research (AFOSR) provided salary support for his year in Arizona. Ross
Potoff was primarily respomnsible for the design and fabrication of most
of the mechanical components of the scanning monochromator. We express
equal thanks to Jim Meuller for constructing the electronics and
interfacing them with the Balzers 760 and the IBM-PC (Bovard et al.,
1984; Van Milligen et al., 1984).

2. Spectrophotometry
a. Cary 14 UV-Vis-NIR Spectrophotometer Upgrading

Since 1980, a later model Cary 14 spectrophotometer has been the
main source of transmittance and reflectance measurements in our Optical
Measurement Laboratory, which serves the Thin Films and other groups at
the Center. When properly calibrated and maintained, this instrument is
capable of very high accuracy and precision. However, production of the
Cary 14 stopped in 1969, and even its successor, the Cary 17, is now out
of production. As a result, spare parts are increasingly difficult and
expensive to obtain. To protect ourselves, a used Cary 14 was purchased
for $3,000 in 1983 to serve as a source of spare parts. The compensator
was incorporated from the used system in our working unit in a subsystem
that allows the operator to switch between compensators optimized for
reflectance and transmittance. When the chopper motor failed, a
replacement was at hand and the equipment was operational again in a
few hours. The used Cary 14 has already paid for itself.

b. Analect FX-6200 FTIR Acquisition

Another major instrument purchased through this contract was an
Analect FX-6200 FTIR spectrophotometer. This system was needed by the
Optical Measurement Laboratory to replace a Perkin-Elmer 137 NaCl Prism
Spectrophotometer. As with the large coater, the instruments available
for under the budgeted figure of $35,000 were scrutinized until a
request for bids could be prepared. Systems from Analect and Nicolet
competed for selection. The former was chosen on the basis of speed,
lack of noise, satisfaction of other owners, ruggedness, maintainability,
and overall customer support. The FTIR instrument arrived in our
laboratory and was installed and accepted in the spring of 1982 and has
continued to operate with no major problems.

11




3. Summary

The support provided by this contract has been carefully used to
build a powerful and versatile capability to deposit and characterize
thin films. The equipment of the Thin Film and Measurement Laboratories
has enabled us to pursue several lines of research and to contribute to
the understanding of thin film microstructure.

12




B. DEPOSITION PROCESSES
1. Introduction

A major objective of this program is to improve thin film
performance by devising a more durable microstructure. Many severe
problems of optical coatings could be solved if the films had bulk-like
properties. Instead of an isotropic, void-free continuum, equivalent to
a packing density very close to unity, conventional physical vapor
deposition produces a columnar microstructure with a large void volume
and extensive internal surface area. This has several problematic
consequences: (1) Film surfaces and interfaces are rough, due in part to
the intersection of the columns with the interface plane. In
multilayers of more than a few layers on critically smooth substrates,
the intrinsic surface roughness of the films dominates the optical
scattering. (2) These rough interfaces have also been identified as a
source of absorption losses in multilayers. (3) Films are frequently in
a state of considerable stress. The associated strain energy is often
high enough to drive adhesion failures or to contribute to damage caused
by high flux irradiation.

The pores also allow gases to enter the film and permit water
vapor to condense. Water in a film has important optical and structural
consequences; most of them are harmful. Liquid water's refractive index
differs from that of the gases it displaces, affecting the optical
performance. The same moisture weakens interlayer attractive forces,
promoting the delamination tendency already present in many films.

- Therefore, the porous, columnar structure assumed by most conventionally
deposited films is not desirable. Modifying the deposition process to
encourage a more isotropic configuration 1s a principal goal of our
research.

Extensive experimental evidence verifies the indications of computer
simulations and demonstrates that increasing the mobility of adatoms in
the growing film leads to a denser, less porous, structure for many
materials. Presumably, this leads to more stable optical properties.
The empirical relationship between substrate temperature and the film
microstructure was presented by Movchan and Demchishin (1969) and
Thornton (1974). This can be interpreted as a connection between
microstructure and adatom mobility. Movchan and Demchishin showed
that for some metals and oxides, the structure was a function of the
substrate temperature, Tg, as a fraction of the film material's melting
point. Thornton added a second axis representing residual pressure,
inversely related to adatom kinetic energy in a sputtering system. On
this basis, other workers have attempted different means of increasing
adatom mobility beyond that provided by the heat of the substrate.

Energy to increase mobility can be supplied either by incseasing the
energy with which the source material arrives at the surface or by
delivering energy to the growing film by other means. Sputtering and
its variants use the first approach, where a plasma is set up in which
ions are accelerated and target atoms are provided with considerably
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more energy than thermally evaporated species. The second approach is
the one we investigated. The film material is delivered to and adsorbed
on the substrate by standard evaporation techniques, but the surface is

under simultaneous bombardment by energetic electrons, ions, or photons,
which mobilize the adatoms.

We have focused on the refractory oxides, an important class of
thin film materials because of their durability and their range of
refractive indices. However, when conventionally deposited, they suffer
from the above defects and also may be deficient in oxygen, which tends
to reduce the refractive index and shift optical performance. This
oxygen deficiency can sometimes be corrected by deposition in a residual
oxygen atmosphere, but even then, a slight oxygen deficiency normally
remains. We have attempted to rectify these problems with electron,
ion, and ultraviolet photon bombardment, all of which are intended to
increase the mobility of adsorbed atoms, or adatoms, on the substrate.
The following sections describe our experiments. In Chapter III we place
these investigations in the context of film modification of anisotropy
and porosity.

2. Electron-Assisted Deposition

Although electron—assisted deposition (EAD) was patented by Rice
(1947), the actual mechanism by which electrons interact with the
growing films of various thin film materials is still not completely
understood. In work documented in a doctoral dissertation by Browning
(1983), an Edwards EC-18 evaporation system was modified with a tungsten
filament as an electron source and a nichrome loop as a positively
charged grid to direct electrons to the positively charged substrate
holders (see Fig. 4). The estimated current of 420 yA at the substrates
is equivalent to an arrival rate of about 25 electrons for every
molecule of a typical film material at normal rates of deposition. By
varying parameters, this ratio can be adjusted downward to zero.

Only thermally evaporated materials were used, due to limitations
of the equipment and concern that stray electrons would complicate the
analysis of electron beam effects. The five materials studied were
antimony trioxide (Sb,0,), silicon monoxide (Si0), zinc sulfide (ZnS),
magnesium fluoride (MgF,), and potassium hexafluorozirconate [2KF(ZrF,4}.
Brief results follow:

(1) Si0 remained amorphous after bombardment, as evidenced by X-
ray diffraction, and showed no other changes.

(2) For Sb,0,, the crystallite size was reduced, another lattice
plane was preferentially oriented parallel to the substrate,
and the packing density may have increased slightly. None of
these changes has any major influence on macrostructural or
optical performance.

(3) On the other hand, 2KF(ZrF,) strongly responded to electron
bombardment, in that crystallinity could be entirely eliminated
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Fig. 4. Coating plant diagram. F - filament, C - crucible (cutaway
view), L - accelerating loop, M - evaporant material source, B -
baseplate, J - bell jar, R - rotary drive rod, HV - high voltage lead,
S - substrate, H - substrate holder, T - teflon roller, 1 - 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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by electron/molecule ratios of 0.5 on a heated substrate. A
slight increase in blue-UV absorption was observed, but effects
on durability were not significant.

(4) Normally evaporated ZnS includes some of the hexagonal-close-
packed (HCP) form that is stable at high temperatures. Later
relaxation to the cubic form disrupts the film. Electron
bombardment encourages the formation of cubic ZnS during
deposition, eliminating the destructive stabilization phenomenon
and improving durability, without affecting the optical
properties.

(5) Electron bombardment's main effect on MgF, was the reduction
in erystallite size. The films were too thin for meaningful x-
ray diffraction analysis. Durability and transmittance of the
films suffered.

X-ray diffraction revealed that all of the materials except SiO
underwent some changes in crystal structure. No general effects of
electron bombardment were identified other than the observations that
multiple electron collisions are probable, that crystallites seem to be
reduced, and that the effects are roughly linear with electron number
and energy. The influence of the technique depends on the individual
materials. Further discussion follows in Chapter III.

3. Ion-Assisted Deposition

In contrast to the limited work in electron-assisted processes,
numerous ion-assisted deposition (IAD) processes have emerged in recent
years. This activity has taken place in the broader context of processes
that involve ions in other ways, such as RF sputtering, ion-beam
sputtering, ion plating, and reactive evaporation. Ion-assisted
deposition is distinguished by its emphasis on employing ions to deliver
additional energy to the growing film surface to enhance adatom
mobility. In the other processes, ions are the projectiles that sputter
coating material or are themselves a component of the coating material.
More on these distinctions appears in Part II. In IAD, the energizing
ions are generated by various types of ion guns. The important process
parameters are the values of and spreads in ion energies and the total
beam currents. One common watershed is placed at ion energies of 100
eV. Ions above and below this point are thus utilized in high- and low-
energy processes, respectively.

Ion-assisted deposition is compatible with existing thermal
evaporation techniques and equipment, which is a great advantage. Its
implementation, therefore, does not involve the abandonment of all the
skills and procedures that have been accumulated around the conventional
processes. Existing plants can be modified by the addition of ion guns
and alterations of similar magnitude to the installation of electron
beam evaporation sources. This approach was followed in coating plants
at two widely separated laboratories. In one case, the Principal
Investigator worked with a group led by R. Netterfield at the CSIRO

16




Division of Applied Physics in Australia. In the other, the modification
was carried out at the Optical Sciences Center.

The Australian work is described in a paper by Martin et al. (1983).
The oil-diffusion-pumped 28-in. bell jar coater reached base pressures of
10-4 Pa, and an electron beam gun evaporated the source material. The
substrates were held 420 mm directly above the centrally located
source. A Kaufman ion gun bombarded the growing film at an angle of 30
degrees from the normal and at a distance of about 350 mm.
Representative 02+ ion beam parameters ranged from energies of 600 to
750 eV and currents of 16 to 48 pA/cm? The experiments carried out at
the Optical Sciences Center took place in the Balzers 760 box coater
described above. A rotating turret sample holder carried test and
reference samples for alternating illumination by the monitor beam. A
water-cooled inverted magnetron Kaufman ion gun, manufactured by Denton
Vacuum, bombarded the test sample with 3-keV 02+ ions with an estimated
flux of 1 pyA/ecm? In Australia, single-layers coatings of Zr0,, TiO,, and
Si0, were prepared, along with multilayers incorporating these three
materials. Narrow-band filters (NBFs) made of the same materials were
deposited in Arizona. As we shall discuss more fully in Part II, the IAD
films made in Australia demonstrated that bombardment during deposition
has a beneficial effect on films of these oxides, as packing density
rises to the degree that no measurable change in performance is observed
on exposure to atmospheric moisture.

Wharton (1983) reported on evaporation of the same materials in
our Balzers 760 coating plant at the University of Arizona. In different
experiments, oxygen or argon ions from the Denton Vacuum ion gun were
directed on growing Z2r0, and Ti0, 2 films. For Z2r0,, the higher
tetragonal [111] peak corresponded to an increase in crystallinity, while
the TiO, became completely amorphous under even slight bombardment.
For both oxides, argon bombardment increased absorption, apparently due
to the removal of oxygen. Bombardment by oxygen ions mitigates this
effect. Also, bombardment tends to increase refractive indices for both
oxides.

Work in Arizona has also included post-deposition bombardment of
titania and zirconia films, with the result that films containing titania
show reduced adsorption and desorption of moisture, while films with a
high index layer of zirconia show no improvement. This opens a new,
simplified approach to the porosity problem. For some materials, ion
bombardment apparently converts the porous, open surface zone into a
dense layer that seals the film against moisture penetration.

4. Ultraviolet-Assisted Deposition

The irradiation of thin films after deposition by ultraviolet light
has been performed by a number of workers. In his doctoral
dissertation, Wharton (l1983) summarizes these experiments. At the
Optical Sciences Center we have investigated the influence of irradiation
during deposition. A Kratos LH-15]1 lamphouse was mounted in the
superstructure outside of a port on the left side of our Balzers 760 box
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coater. Ultraviolet radiation from the 1000~W mercury-xenon arc lamp
passed through a Schott UG-5 filter, which blocked the visible and
infrared spectrum, and a sapphire high-vacuum window. Inside the plant,
the beam was defined by a mask with a slit and was directed by two flat
mirrors onto a stationary substrate. Roughly 25 photons were calculated
to arrive at the substrate with each evaporant molecule. An alternative
UV source, wholly inside the chamber, consisted of a 160-W mercury lamp,
modified by removal of the outer glass envelope. It was connected to
line and starting voltages through two electrical feedthroughs. Single
layer coatings and multilayer filters with 17 or 21 layers were again
made from silica, zirconia, and titania. Effects of UV on the high index
layers were generally small, with less absorption and a slight increase
in index for ZrO, and less crystallinity and more stability with time for
Ti0,.

5. Summary

Work on three types of deposition modification, involving electron,
ion, and ultraviolet photon bombardment, has been pursued under this
basic research contract. For the materials studied, impinging ions have
had the greater impact than electrons or energetic photons. The
implications of this effort will be discussed more fully in Part II. 1In
our next section on measurements, a description of both general and
specialized techniques of thin film characterization will be presented.
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C. CHARACTERIZATION TECHNIQUES
l. Introduction

In the course of investigating anisotropy and porosity in thin
films, we have employed a wide variety of analytical techniques. Some
techniques involve optical photons as probes to be reflected,
transmitted, or scattered and then detected. These approaches are
primarily aimed at determining optical constants. Others methods
involve x-rays, electrons, and ions as probes for elucidating structure
and composition. The equipment, procedures, and some results follow
below. The results will be discussed in terms of the broader issues of
anisotropy and porosity in Part II.

2. Optical Methods
a. Narrowband Filter Shifts

Spectrophotometric measurements of films, especially those
incorporated in narrowband multilayer filters, can detect absorption and
birefringence. Birefringence is often a consequence of anisotropy in
thin films. Two examples of such measurements, both made in a Cary 14
spectrophotometer, follow. First, three Zr0,/Si0O, filters were deposited
and irradiated over part of their surfaces by a UV source mounted within
the chamber. In two of the three cases, the irradiated regions showed
less absorption, and in the third case, the absorption was unchanged.
For ion bombarded films, the reverse held, with increased absorption, due
perhaps to the preferential removal of oxygen in both Zr0,/Si0, and
Ti0,/Si0, filters. Much of this work was carried out in our laboratory
by Prof. Ian Hodgkinson (1983) during his sabbatical year from the
University of Otago in New Zealand.

Second, a series of narrowband filters deposited early in the
program displayed a double, rather than the expected single, peak. By
using a matched pair of polarizers mounted in the Cary 14, this double
peak was shown to be an effect of birefringence. The amount was
determined by noting the maximum shift in wavelength while rotating the
polarizer. An additional, more qualitative experiment was performed
with the filters still in the vacuum chamber by using the optical
monitor beam, a turning mirror, a polarizer, and a monochromator.
Rotating the polarizer and watching the monochromator, the transmission
peak shift decreased from 45° in vacuum to 25° after air was admitted.
The latter agrees with the hypothesis that intercolumnar voids are
partially filled with airborne water vapor, reducing the contrast in
refractive index between columns and voids (Wharton, 1983).

b. Surface Plasmon Detection
One technique developed under the Joint Services Optical Program
contributed significantly to our work on film porosity. A surface wave,

or plasmon, can be generated on the metal coated hypotenuse of a prism
which is internally illuminated by p-polarized light beyond the critical
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angle (see Fig. 5). The coupling of the light into the plasmon is
observed as a sharp dip in the internal reflectance, which can
theoretically be zero under the correct conditions. This p-polarized
resonance is one of a family of resonances for both s— and p-polarized
light that occur when the metal is overcoated with one or more
dielectric layers. The resonances all show a marked sensitivity to
conditions either at the metal surface or within the dielectric
overcoating layers. We have employed this plasmon resonance to
investigate the stability of dielectric layers and and the anisotropy of
both metal and dielectric layers.

For example, obliquely deposited silver films with strong
anisotropies have been examined, but only shifts in resonance smaller
than the uncertainties in the measurement have been observed. Another
measurement involved computing the adsorption isotherms of cryolite
films. The prisms were first coated with silver and the resonance angle
for p-polarized light was measured. This allows us to determine the
thickness and optical constants for the silver 1layer. Then, the
dielectric film (in this instance, cryolite) is added. For a p-polarized
resonance, the thickness of the dielectric should be around one halfwave
at the appropriate angle of incidence, while for s-polarized resonance,
the thickness should be an odd number of quarterwaves. Measurements of
the resonance, together with the knowledge of the thickness and the
optical constants of the silver film, permit the derivation of the same
quantities for the dielectric. When the assembly is exposed to
atmospheres with varying degrees of humidity, changes in thickness or
refractive index can be tracked by repeatedly measuring the resonance.

For cryolite, the changes in the index were consistent with a
reasonable value of the packing density. The thickness apparently grew
slightly, near the measurement limit of a few tenths of a nanometer,
with most increases in relative humidity. Changes in refractive index
were similarly smali, until a critical value of around 807% relative
humidity above the cryolite took place. Around this point, the humidity
jumps from 1.315 to 1.52, which is equivalent to a packing density of
0.38 and an index of the solid film of 1.82. Both of these figures are
outside the range of what could be considered possible, so that some
chemical reaction seems to be the only feasible explanation. Desorption
of water from porous films shows considerable hysteresis, indicating
that much of the chemical change was irreversible (see Fig. 6).

c. Ellipsometry

The form birefringence of non-normally deposited, anisotropic films
is of particular interest to us. The differing amounts of columnar film
material presented to waves of orthogonal polarizations provides a means
of quantifying this birefringence. Measurements of this anisotropy in
Zr0, films have been performed by Horowitz (1983) and by Horowitz and
Macleod (1983), as described in the following paragraphs.

In this discussion of anisotropy measurements, we will employ a set
of axes oriented as shown in Fig. 3.1 of Horowitz's dissertation.
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Obviously, for films deposited at normal incidence, no unique plane of
incidence can be defined, and birefringence cannot be detected by
measurements at normal incidence. However, if films are obliquely
deposited, biaxial birefringence will be observable with optical axes
parallel to ny and n,, since maximum and minimum amounts of material
will be encountered along those respective axes, as shown in Fig. 7.

The anisotropy in index was measured with a modified ellipsometer,
as shown in Fig. 8. A HeNe laser with a stability of better than 0.5%
served as a source, followed by a chopper and a quarterwave plate to
produce circularly polarized light from the linearly polarized laser
input. Glan-Thompson prisms, part of the Gaertner ellipsometer,
polarized and analyzed the light. A Babinet-Soleil compensator, mounted
on the polarizer arm of the elljipsometer, determined optical path
differences on the order of 10 A after careful calibration. A
photomultiplier on the analyzer arm of the ellipsometer was preceded by
a diffuser to diminish the effects of small lateral shifts in the beam
on the photocathode. In the center, the Gaertner ellipsometer included
a smaller rotating specimen table, coaxial with the motion of the
analyzer arm. The accuracy of the measurement was critically
dependent on the exact positioning of a point on the surface of the
specimen substrate at the center of rotation for both the inner and
outer tables. Special procedures (Zeidler, Kohles, and Bashara, 1973)
insured this alignment.

Since film thickness and the three refractive indices for the three
axes of the sample had to be determined (d, n,, n, n,), four
measurements were necessary. Details of this method are described by
Horowitz (1983). Wwith the four data in hand, algebraic manipulation
yielded the three indices and the thickness. However, the system as
devised, though successful, was very difficult to use, due to its great
vulnerability to vibration and disturbance and its essentially manual
operation. We have proposed the construction of a dedicated, automated
instrument.

d. Fringes of Equal Chromatic Order (FECO)

The computed thickness was checked by aluminizing a sample and
performing a FECO measurement. Results were within 20%, which is quite
reasonable, considering the nonuniformity of film thickness and phase
changes due to reflection. Indices were estimated from models by
Sikkens et al. (1984) at the appropriate angles of vapor incidence, which
yield columns of elliptical cross section. If a bulk value of index is
used and one of the three indices is assumed, a value of packing density
can be derived and used, with the estimate of column ellipticity, to
compute the other two indices, based on an adaptation of an expression
due to Wiener (Bragg and Pippard, 1953). The results are within 2% of
those computed from the anisotropy measurement.
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3. X-Ray Diffraction

On a truly microscopic level, crystal structure in thin films or
bulk materials can be detected through x-ray diffraction. Bragg
diffractometers operated by other University departments compared the UV
irradiated and ion bombarded S5iO,, TiO,, and Zr0, films to the materials
before evaporation. The Si0, remained amorphous throughout, while
effects on crystal structure were observed for the latter two
materials. The Ti,0, source material for TiO, had the expected x-ray
signature, while thin single layers of TiO, lacked x-ray lines
altogether, due either to their thinness or to an amorphous structure.
On the other hand, multilayers of Si0, and Ti0, revealed a crystalline,
anatase structure for the Ti0, where the crystallinity was reduced by UV
irradiation. The crystalline structure vanishes completely for ion
bombarded Si0,-Ti0, multilayers, providing additional evidence that
increasing adatom mobility promotes amorphous, uniform, noncolumnar
growth. For Z2r0,, strong lines indicate polycrystallinity before
deposition that is clearly retained in monolayers. Ultraviolet
irradiation and ion bombardment either preserve or enhance the
crystallinity.

Returning to SiOz/TiO2 multilayers, if such samples are rotated 90
degrees in their own plane in the diffractometer sample holders, the
pattern changes. This anisotropy is more pronounced for UV irradiated
films, so much so that they appear almost amorphous at some
orientations. Two explanations have been advanced: One argues that the
tilted columns have elliptical cross sections, so that observation along
the long axes results in more consistent crystal order and stronger x-—
ray lines. Another possibility is that the crystal planes are not
exactly parallel to the substrate, so that rotation of the substrate
changes the line strengths. If the former explanation holds, x-ray
diffraction provides another sensitive probe to birefringence and
columnar structure (Wharton, 1983).

4, Transmission Electron Microscopy (TEM)

Other means of observing birefringence involve imaging film
surfaces or cross sections obtained by fracture of the substrate. The
imaging can be either direct, as in scanning electron microscopy (SEM),
or indirect with higher resolution, through carbon replicas, as in
conventional TEM. Using the facilities available in other University of
Arizona departments, replicas of conventionally deposited, UV irradiated,
and ion bombarded Zr0,~Si0, multilayers, were examined in a TEM. A
distinction between conventional and UV -irradiated layers was found, in
that the latter did not show a distinctive “plateau” texture common in
the normally deposited and fractured 5i0, layers (Wharton, 1983).

5. Summary
The conclusions that can be drawn from the techniques and results

described above include the superiority of ion-assisted deposition over
other processes with respect to the improvement of film structure, the
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importance of birefringence as a probe of columnar structure and as a
possible means of producing films with specialized functions, and the
need to refine measurement techniques to characterize our films more
completely.
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D. DEGRADATION PROCESSES
1. Introduction

Degradation of thin films under a range of environmental conditionmns,
from high and/or variable humidities to intense photon fluxes, is now the
major problem in their application. At one time, design of a coating to
fill an optical need in the first place was a severe challenge, but
powerful and readily available computers have eased this difficulty.
Even the best designs for as-deposited optical performance, however, do
not directly address the material problems that affect coating
durability. In our research program, we have considered the influence of
microstructure on two agents of coating damage--moisture and lasers. Of
course, laser damage may be aggravated by the presence of moisture, so
the subjects are related.

2. Moisture Damage

The transmittance of a narrowband filter is extremely sensitive to
slight changes in the optical properties of its layers. By incorporating
the material in question into a filter, this phenomenon can be used to
reveal small optical changes caused by the adsorption of moisture in a
multilayer coating. If the film is then monochromatically illuminated
at the design wavelength, the areas of the film that transmit the beam
as intended will be bright. In areas where the layer properties have
changed, the monochromator must be tuned to the new passband at that
point. By observing the film with a microscope or projecting portions of
the filter into a camera, the pattern of defects can be studied with
respect to the direction and degree of the shifts in transmission
wavelength.

In our laboratory, this procedure was implemented by Lee (1983)
with a simple system on a single optical bench. A tungsten-halogen lamp
in a Bausch and Lomb lamphouse and a small, high-intensity Model
33-86-76 monochromator, also by Bausch and Lomb, illuminated a small,
aluminum environmental chamber that contained the sample. The chamber
was physically connected to one of many adjacent vessels that contained
saturated salt solutions, over which constant humidities can be
maintained. Entrance and exit windows permitted sample illumination and
observation by either a small microscope or by Polaroid photography.

Metal-dielectric filters, a simple glass/metal/dielectric/metal/air
design, can isolate the properties of the dielectric if a metal
relatively impervious to the effects of ‘water is used. Silver serves
well, since it has a high packing density and is stable in humid
atmospheres, as evidenced by other work we have done on silver with the
surface plasmon technique. Several such filters were used in this
program, but these filters had several disadvantages. Their
transmittances are low, and tuning the filter to the correct peak
wavelength 1s difficult. All-dielectric filters avoid these problems.
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The narrowness of the bandwidth is proportional to the number of layers,
which is limited in practice by the tedium of the evaporation process and
the cumulative effects of small amounts of absorption.

The multilayer design used most often has 19 layers, with high (H)
and low (L) index quarterwaves in the following sequence:

Glass/(HL)*HLLH(LH)*/Air

The superscript refers to a fourfold repetition of the (HL) period. 1In
some films, the high index material was ZnS, which has a high packing

density and is relatively unaffected by water, allowing us to assume

that the main effect of water adsorption is on the low index cryolite.
Other films studied used Zr0, and Ti0, as the high-index layers and SiO,
as the low-index layers.

Study of water adsorption by these films led to significant
quantitative results, which will be included and reviewed in Chapter III.
In brief, the appearance, as well as the number, of moist patches
observed is significant. For example, patches in zirconia/silica filters
have much less definite boundaries than do zinc sulfide/cryolite filters.
It is clear that =zirconia is much more porous than silica, but the
comparison between zirconia and cryolite is more difficult. The films
were baked to desorb the water, and it was found that although much
water was driven off, some remained. Further exposure to water
enlarged the patches again, but boundaries were blurred and/or
different, indicating subtle, permanent changes caused by liquid water.

3. Laser Damage

We hypothesized that many defects associated with laser damage in
dielectric coatings may be a result of their columnar, porous
microstructure, and that these defects limit the optical performance of
coatings at high laser powers. The objective of this experiment was to
investigate the hypothesis with respect to three types of film defects.
Narrowband dielectric filters were chosen as the test specimens because
one can view, with a microscope, film defects in monochromatic light.
Multilayer filters of ZnS/Cryolite and 2r0,/Si0, were deposited and
examined by Desandre (1984) for moisture patches, penetration sites, and
pits.

Examples of these defects and adjacent intact portions of the film
were irradiated with a continual-wave (cw) 5l4-nm Coherent Innova argon
laser (Model 90-4). The beam was focused onto the test sample with a
microscope. The same microscope was used for inspecting the sample
before and after laser exposure. Damage was revealed in the same way
as in the moisture damage experiment described above, in that a
monochromatic beam was tuned to the passband of the filter and
projected through the filter from the back. Damaged areas no longer
transmitted as well and were easily distinguished. At the sample,
output powers as high as 2.5 W were produced. Using pinholes, scans
across the beam in its focal plane revealed a Gaussian profile with a
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1/e? waist diameter of 115 ym. The experimental procedure began with
centering the defect to be irradiated in the field of the microscope.
Next the laser beam was directed through the microscope to the sample
for a range of times and at a range of power levels.

Evaluation of the data in terms of the damage frequency was made
and compared to theoretical damage probability distributions from a
degenerate defect ensemble model, which treats every defect as capable
of inducing laser damage at an identical nonprobabilistic onset value
(Porteus and Seitel, 1984) (see Table 1). Laser damage onset values were
approximated for the three types of defects and for nondefective areas
that were examined. Because time and resources for the experiment were
limited, we had to compromise between the number of tests and the
exhaustiveness of the diagnostics. We do not believe that the errors
resulting from the restricted sample size and diagnostic measurements
are large enough to invalidate the findings.

Four conclusions can be drawn

(1) From the values at the 507 damage threshold, and for the
defect types investigated, the Z2r0,/Si0, film is more
susceptible to laser damage.

(2) Penetration site defects have the lowest 507% damage threshold
and damage onset values for both filter designs.

(3) For the Zr0,/Si0, filter, the onset values for both the clear
areas and moisture patches were nearly equal and were larger
than those of penetration site defects. However, the steep
slope in the moisture patch damage frequency curve indicates a
greater number of defects per unit area than in the clear
portions of the film.

(4) Results of the measurements on the ZnS/cryolite filter are
even more inconclusive than those on the Zr0,/Si0, sample.
However, adsorption site defects do show less laser damage
resistance than clear areas or other defects present in the
film.

In summary, certain defects influence laser damage in the
dielectric narrowband filters tested. Moisture penetration sites appear
to be most responsible for lowering the damage threshold. Although the
influence of other defects on laser damage is not clear, moisture patch
areas may contain a greater number of defects.
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E. SIMULATIONS OF THIN FILM GROWTH
1. Two-Dimensional Hard Sphere Model

The advent of rapid scientific progress several hundred years ago
can be correlated with the addition of controlled experiments to the
largely theoretical approach of ancient and medieval philosophers. With
the arrival of powerful and accessible computers, a third avenue of
enquiry has been opened, that of simulation. By reproducing certain
conditions in a mathematical model and writing a computer program, the
implications of those conditions can be investigated to a degree that
depends mainly on the speed and memory of the computer. The growth of
thin film structures from individual atoms is difficult to predict from a
purely theoretical basis, and is not easily controlled or observed in
real time with existing techniques. Computer simulation of this process,
however, has been implemented and continues to be an instructive means
of elucidating film microstructures.

A notable early effort in modeling thin film growth was made when
Henderson and others (1974) modeled a gas with individual hard spheres,
directed them at random on the growing surface, and permitted them to
move to the nearest triangular pocket formed by three other spheres.
For normally incident particles, such simulations reproduce the columnar
structure that frequently dominates thin films. When the spheres are
obliquely incident, tilted columns are reproduced, with the column angle
with respect to the film normal, 8, always less than the angle of vapor
incidence, a. Niewenhuizen and Haanstra (1966), first noted that these
angles were related by the expression: 2tang = tanaa. Qualitatively,
“shadowing"” by particles already present, combined with limited mobility,
are responsible for the structure. Further efforts by Dirks, Leamy, and
Gilmer (1977, 1980) presented a more detailed picture of the columnar
growth process.

With the essential features of these models confirmed, more
sophisticated programs have been written to simulate more realistic
structures., At the Optical Sciences Center in early 1983, Sikkens (1983)
developed two- and three-dimensional modeling programs for
microcomputers in BASIC and later in PASCAL. One of his concerns was
film porosity-—-the structure and topology of the intercolumnar voids,
often filled or lined with water, that permeate the film. When
multilayer filters evaporated over a range of angles were simulated, the
models began to deal with anisotropy as well.

Late in 1983, Bangjun Liao, a Visiting Scholar from the Peoples
Republic of China, arrived with a strong interest in thin films and in
simulation. He extended Sikkens programs through and beyond the end of
the contract period. A recent paper of his (Liao and Macleod, 1985) in-
cludes this work. The program can be adjusted to accommodate varying num-
bers of unit adatoms. The resulting matrix cells are dimensioned so that
no more than one disk can reside in each cell. The film cross section is
organized as an NY by NX matrix, where NY and NX are the total numbers
of cells perpendicular to and in the plane of the substrate,
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respectively. Each cell has unit size. The row at the bottom
represents the substrate. The y and x coordinates of a disk are stored
in cell {i,j], where i = trunc(y), j = trunc(x). In all but one special
version of the program, the coordinates are truncated to save space in
memory, where they are held in two separate integer arrays, containing i
and j values. In the epitaxial version, the original [y,x] values remain
real to improve calculation accuracy. Of course, with the truncating
versions, transformations back from "cell” space to "coordinate” space
will contain small displacements from the original positions. A typical
model is 85 disks wide and 52 disks high. Disks are incident at random
lateral positions at a angle fixed by the program.

The disk diameters must be greater than v2 so that one cell cannot

be occupied by two particle centers. Also, to satisfy the periodic
boundary conditions, the diameters of the particles must be chosen so
that the number of particles required to span a horizontal layer is
close to an integer. Otherwise, the modeled part of a film could not be
extended indefinitely without leaving gaps between the modeled segments.

Disks are projected toward the substrate from random positions
along a plane above the film. The angle at which the disks are directed
toward the growing film can be set anywhere from normal to grazing
incidence. When the vapor stream is obliquely incident, tilted columns
appear, just as observed in real films. The columnar tilt follows the
tangent rule given above, 2tang = tana. This relationship nas been
extensively explored in our work, since it is central to the
understanding of film anisotropy.

2. Relaxation and Mobility

A critical set of assumptions involves the mobility of the disks
after their arrival at the growing film surface. We have presumed that
if the adatoms retain sufficient mobility to minimize their surface
energies, the film will tend toward a smooth, dense configuration. On
the other hand, if the adatoms are assumed to have only limited
mobility, so that shadowing is important, a more open matrix will grow.
These hypotheses have been borne out by simulations. Liao improved the
two-dimensional hard-disk model by elaborating the important relaxation
process.

The sticking coefficient is assumed to be unity. However, after
impact, an incident disk may move from one adsorption site to another
until certain relaxation conditions are obtained, such as contact with
two other disks. The average distance traveled by disks, x, is
normalized by their diameters, d, to yield the parameter x/d, which is
regarded as a quantitative measure of their mobility. An approximate
expression for this parameter is

% = 0.6R, + 1.6(R,~R,) + 2.6(R,~R,) + 3.6(R,~R,) + 4.6(1-R,).
(2)
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The values [Rl, (R,~R,), ..., (1-R,)] represent the rates of the number of
disks jumping (1, ..., 5) times from the point of impact, respectively.
The factors (0.6, 1.6, ..., 4.)] are the average distances traveled by
these disks. The jumping time of each disk is determined randomly, and
the maximum number of jumps, 5 in this version, can be easily changed to
another value. By appropriately selecting the numbers (R,, ..., R,), the
disk mobility can be controlled. In one of the modified versions the
disks moving left and right may have different sets of jumping rates to
simulate the anisotropic relaxation processes having anisotropic
relaxation. The first jump of a disk determines the direction of
subsequent jumps.

As the computation proceeds, some "process parameters” are
calculated and stored in another file: the total number of deposited
disks, the number of disks moving left and right, the average distance
x/d traveled by the disks, and the distributions of disk jumping rates
and relaxation distances. An auxiliary program also computes the
packing density of the deposited film by counting the occupied cells in
the [i,j] array, the column angle, and the angular autocorrelation
function,

3. Extensions of the Program

When the contract ended in August 1984, Liao was engaged in further
extensions of the program. One aspect included the effects of changing
disk size to simulate "two-layer” systems, a factor in substrate quality,
since the earlier systems assumed perfectly smooth substrates.
Attempts to reproduce the effects of substrate irregularity have been
made by superposing rectangular depressions and elevations on flat
substrates. The effects of multiple sources and substrate rotation have
also been modeled in this program. Aside from such elaborations on the
model during simulation, software is being developed to characterize the
resulting models in terms of packing density, column angle, and
anisotropy. These extensions are contained in specialized modules that
can be called from the main program to simulate certain facets of film
growth, To summarize, the two-dimensional hard sphere model has
attempted to simulate nodule formation, substrate defects, two incident
angles due to two-source vaporization, multiple incident angles due to
substrate rotation, anisotropic relaxation, oblique incidence (mentioned
above), and epitaxial growth.
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PART 11

DETAILED ACCOUNT OF THE SCIENTIFIC RESULTS

Part I of this report contains a summary of the project, its
objectives, and the progress made toward fulfilling them. Part II
contains a more detailed account of the scientific achievements including
those parts that were sufficiently well developed to warrant
publication. Wherever possible, the published accounts are used and
included as appendices. Short commentaries have been added in order to
connect these various parts together and to explain the way in which
they fit into the overall goals of the project. So that it should not be
necessary to refer to Part I in order to read Part II, some material in
Part 1 is repeated.

A. INTRODUCTION

This report describes the scientific results of a three-year
fundamental study supported by the Defense Advanced Projects Agency, and
administered and monitored by the Naval Weapons Center, China Lake. The
objectives of the study were broad and gave us considerable freedom to
pursue what was perceived as fruitful research topics in the general
area of vapor-deposited optical thin films. Several broad topics were
addressed in the study, ranging from the measurement of fundamental
film properties to details of the deposition process. The thread that
runs through all of them is film microstructure.

Thin films are often considered to be like bulk material with one
very small dimension. This is the ideal model that is commonly used for
the calculation of their optical properties and for coating design. Real
thin films differ from this model in a number of respects, and the
differences are responsible for most of their problems (Macleod, 1982).
In particular, there is almost invariably a disappointing gap between the
performance of real thin film multilayers and ideal predictions. Thin
film performance rarely, if ever, exceeds what we might expect from
bulk material of the same dimensions.

The reason for the unfortunate deficiencies are largely connected
with film microstructure. Evaporated thin films have a columnar
microstructure that includes a large internal surface area around the
columns and a large internal void volume between them. An important
parameter directly associated with this microstructure is packing
density, p, defined as:

volume of the solid part of the film
total volume of the film

or
columns
solid plus voids '

p =
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It is normally in the range 0.7 to 1.0 and most frequently between 0.8
and 0.9. The lower the packing density, the more the film departs from
ideal bulk-like material. The columnar microstructure has enormous
repercussions on film properties of all kinds: It (1) reduces film
density below bulk values; (2) induces considerable internal stress; (3)
reduces film durability; (4) lowers the refractive index of dielectrics
and increases losses in metal films; (5) permits the adsorption and
desorption of atmospheric constituents, especially water, which renders
the films unstable both optically and mechanically; (6) induces
anisotropy and inhomogeneity of all film properties particularly optical;
and (7) makes film performance sensitive to preparation conditions. Not
only is the regular microstructure far from ideal, but related defects
such as nodules cause further problems. It is not an exaggeration to
state that 907% of the troubles with thin film coatings are traceable to
microstructure-induced effects.

The structure is columnar, but although the columns in a given film
are of similar size, they appear to vary with film thickness. Thick
films have larger columnar diameters than thin films. The reason for
this phenomenon has been given by Messier (1981). The basic building
unit is of small dimensions. The structure of very thin films consists
of a close-packed array of features some 2 or 3 nm in diameter. As the
film grows in thickness, the length of these dendritic features increases
until gradually they are pulled into contact by attractive forces to
form units of larger diameter. As the film thickness increases, these
larger units are combined into still larger units, and so on. Since the
columnar structure exists in virtually all evaporated thin films, it
must have a physical rather than a chemical origin. The primary causes
of columnar growth are shadowing of parts of the film by material that
has already been deposited, and the limited mobility of condensing atoms
or molecules, which make it difficult for them to enter the shadows once
they have condensed. Mechanical models of film growth that include
these two effects reproduce well many of the features seen in real thin
films.

The account that follows begins with the modeling of film growth
using a mechanical model but implemented on a computer. It then
considers some aspects of microstructure-induced thin film behavior, in
particular optical anisotropy, optical inhomogeneity, and moisture
adsorption. Finally, techniques for the modification of film
microstructure are considered. The order is chosen to be logical rather
than chronological.
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B. THEORETICAL STRUCTURE MODELING

Much can be learned about layer microstructure and its origins from
computer models of film growth. Perhaps the most successful published
model to date is the two-dimensional approximation of Dirks and Leamy
(1977) in which the molecules are represented by hard disks that arrive
at the growing film at random lateral positions from a fixed direction
corresponding to the source direction. The molecules either have zero
mobility, so that they stick where they land, or limited mobility, in
which case they can roll into the nearest position where they are
supported on two points (three if they were spheres in a three-
dimensional model). The results support the theory that the columnar
structure of the films is due to self-shadowing within the growing film
(a molecule being unable to reach the area shadowed from the evaporation
source by previously deposited molecules) combined with the limited
mobility of the condensing evaporant on the substrate, which prevents
later molecules from migrating into the shadows of previous ones. The
zero-mobility case produces long thread-like growths with low packing
density, but the limited-mobility case reproduces a dendritic growth that
is similar to what is seen in practice. At first sight there are some
immediate problems of scale. The dendritic features of the model are an
order of magnitude smaller than the columns that are seen in films of
normal thickness. Messier (1981), however, has shown that the real
structure of thin films is a hierarchical one in which there is a
continual clustering of smaller units into larger ones as film thickness
increases. The basic units are of a size comparable to those of Dirks
and Leamy. The rigid disk model has been successful particularly in
reproducing an empirical law of deposition that relates the angle of
inclination of the columns, B, to the angle of incidence of the vapor, «a,
by a simple expression,

2 tang = tana
known as the tangent law.

The model used by Dirks and Leamy in their original publication was
mechanical and operated by hand, but the principles can readily be
programmed for computer calculation. As a first step it was decided to
use one of our small laboratory computers to reproduce the Dirks and
Leamy model and repeat some of their results. Although the existing
model confirmed the tangent law and the general appearance of the film
microstructure, the packing densities achieved were well below values
for normal optical thin films. All the published models used a fixed
direction of incidence unlike the conditions in an optical thin-film
coating plant where rotating substrates are subjected to a range of
angles of incidence. It was not immediately obvious that shadowing
would be as effective in the presence of varying incidence angles. We
hoped also to examine the generation of defects in the films.

The first computer-implemented model assumed a featureless flat

plane for the substrate just as the Dirks and Leamy version did. This
was almost immediately changed to a regular array of close-packed disks.
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The first runs of this modified model gave the expected dendritic
outgrowths from the substrate, but the growth was perfectly epitaxial.
Every molecule was in perfect register with all other molecules in the
film and substrate. Nevertheless, the usual void structure was present
and, excent for the long-r.nge o:der, the film was normal. This result
emphasizes the fact that epitaxial growth does not necessarily imply the
absence of voids. To make the growth more realistic, the first layer
deposited on the substrate was assumed to have zero mobility, and this
broke up the epitaxy. Dendrites were still often single crystals, but
the orientation varied from one dendrite to another, and the typical
voids were also present. In the Dirks and Leamy work, the epitaxial
growth was prevented by including a small quantity of molecules of
different size in the evaporant. Later versions of the computer model
assumed a different size for the substrate molecules and normal mobility
for those of the condensing evaporant, and this too gave polycrystalline
columns.

Using the model, films have been deposited at various angles of
incidence. Some of these results are shown in Fig. 9. The results have
been analyzed in terms of film density, column orientation, and column
size.

Packing density is calculated with reference to perfect hexagonal
packing, which has the highest possible density and is therefore
designated as unity. There are difficulties in making density
measurements because of the uncertainty in measurement of film
thickness. The density is therefore determined in thin strips across the
film parallel to the substrate. There is usually a disturbance next to
the substrate and next to the outer surface, so only 29 inner strips are
used for density calculations in each film. Figure 10 shows the
variation of density as a function of the tangent of the angle of
incidence, a, of the vapor during deposition, the error bars representing
the variation of density in the various strips of each film. According
to Dirks and Leamy, the relative density should vary linearly with tana.
It is difficult to say what the relationship is in Fig. 10. Possibly, a
straight line could be drawn through the points up to tana = 4.5, but
points beyond that are certainly off the line. Note the rapid fall in
density with oblique incidence of the vapor. There is no suggestion in
Fig. 10 of a plateau at angles around normal.

Measurement of the column angles presents some problems, so it was
decided to make the procedure as automatic as possible and to avoid
subjective judgment, although some subjective element remained. An
orientation function was defined, which measures the mean deviation of
density along a line swept across the film inclined at a set angle to
the substrate. Variations in density show variations that are a maximum
when the line is parallel to the columns. For infinitely thick films and
perfectly aligned columns, the normalized orientation function should be
unity if the line tilt is equal to the column orientation. Any other
tilt will give zero. Some results are shown in Fig. 1l. The orientation
function shows a wide spread with little definite sign of orientation for
a = 0 but for oblique vapor incidence the orientation is much more
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Fig, 9. Thin~film growth simulations. Theta is the angle of incidence
of the vapor, NX and NY are the approximate dimensions of the film
segments in terms of the molecular diameters. NX = 120, NY = 65.
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Fig. 9. (Continued) Thin-film growth simulations. Theta is the angle
of incidence of the vapor, NX and NY are the approximate dimensions

of the film segments in terms of the molecular diameters. NX = 120,
NY = 650
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pronounced. The results of measurement of the range of films produced
are plotted as tanB against tana in Fig. 12. The error bars are
estimates of the error in reading the peak of the orientation function.
The tangent rule

2 tang = tana

is plotted as a straight line and is reasonably well satisfied up to

a = 70°s For greater values of a, 8 is too small. This may be an
artifact of the periodic boundary conditions associated with the film
segment, which may force orientations different from those expected in
an infinite film. These angles are, of course, much larger than those in
optical coatings of normal manufacture. Note that in the Dirks and
Leamy paper, the periodic boundary conditions were found necessary for
the tangent rule to be obeyed. However, in that paper the column
orientation was subjectively compared with the tangent rule and the
highest value of a for which the results are actually reproduced is 60°.

The size of the dendrites relative to the molecular size can be
measured by the periodicity of the structure. The technique consists of
sweeping a line parallel to the columns across the film and calculating
the autocorrelation function of the density measured along the line.
The form of the autocorrelation function gives the period. A typical
plot is shown in Fig. 13, and a plot of the mean period against vapor
angle a is given in Fig. l4. The error bars in this case are estimates
of the likely errors in reading the results from the autocorrelation
function plots, The limited size of the film segment could force a
periodicity. The allowed values of such periodicities are shown in the
diagram.

The concept of mobility of the adatoms or molecules can be
represented by the parameter A, defined here as the ratio of the average
relaxation distance to the diameter of the particle. The average
relaxation distance is the mean distance traveled by a condensing
particle after impingement. For the zero mobility case, A is zero and
the simulations show that A is approximately 0.6 for the limited
mobility case. The packing density for » = 0.6 is, as we have already
seen, around 0.63 at normal incidence and therefore unrealistically low
in comparison with normal optical thin films. The mean distance between
pockets is roughly the diameter of an adsorbed atom or molecule, which
can be referred to as an addisk. We can introduce the idea of an
increased mobility by arranging that only a certain fraction, R,, of the
arriving addisks remain at the nearest stable position while a fraction
R, continues to the next nearest, R, to the next again, and so on. The
sum, IR is unity, and A is given approximately by

A = 0.6R‘ + 106Rz + 206R’ + .0 + Aan .
The set of R is chosen to give the desired value of A using the above
relationship, but the actual value achieved is calculated after each

simulation run. Slight variations from one run to the next with exactly
the same set of R values are found.
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Fig. 13. Typical plot of the autocorrelation function of density
measured along a line parallel to the columns., This example is for a
vapor incident angle of 60°. The abscissa is the displacement of the
density function in molecular units,
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With an angle of incidence of 40° the relaxation parameter A was
varied from the 0.6 corresponding to the simple limited mobility to just
over 3.0. The packing density of the films produced was measured along
with the columnar orientation. The results are shown in Table 2.

Table 2

Packing Density and Columnar Angle
as a Function of Relaxation Distance

Incident Angle 40°

Average Relaxation Columnar Angle
Distance (A=X/D) Density (Degrees)
0.590 0.593 26.9
1.106 0.666 32.4
1.506 0.725 26.9
1.794 0.777 28.4
2,065 0.780 34.9
2.686 0.780 32.4
3,117 0.806 38.4

The value of 2.065 for A appears fairly realistic with a packing
density of 0.780. This is selected as the standard value in what
follows.

Note that the columnar orientation in Table 2 is now departing from
the tangent law. This is not considered in any way a defect of the
model.

There are many accounts in the literature of violations of the
tangent law, and this modification of mobility gives us the opportunity
of studying such violations. From the model it appears that the tangent
law applies to the class of depositions where the mobility of the
condensing adatoms or molecules is quite small.

Next, the relaxation parameter, A, was held constant while the
angle of incidence of the vapor, a, was varied. Film packing density and
column orientation angle, g, were calculated. Results are shown in
Table 3.
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Table 3

Effect of Angles of Incidence on
Packing Density and Column Orientation

Average
Relaxation _
a« Distance (X/D) Density 8 ) tan~!(1/2 tana)
0° 2.073 0.810 3.0° 0.0° 0.0°
20° 2.075 0.773 17.6° 18.3° 10.3°
30° 26.2° 16.1°
40° 2.065 0.780 34.9° 33.3° 22.8°
50° 2.111 0.735 41.6° 39.7° 30.8°
60° 2.075 0.720 46.3° 45.,5° 40.,9°
70° 2.118 0.583 54.4° 50.8° 53.9°
75° 1.911 0.519 63.4° 53.2° 61.8°

¢ = a - sin"‘[sin’(%)]

The column orientation is clearly violating the tangent law. An
attempt to fit the results to a better law is showua in the column
marked ¢. This is based on the idea of a mean pair orientation. That
is, the direction defined by the angle of inclination ¢ is normal to the
line joining the centers of addisks in the two extreme positions around
an already condensed addisk on a flat surface. Figure 15 illustrates
this case. The density does fall with increasing angle of incidence of
the vapor but not as rapidly as was indicated in the earlier limited
mobility studies. Now the packing density remains fairly high uantil
angles of incidence of around 45°. This is consistent with studies of
the variation of film durability with increasing angle of incidence by
Holland and van Dam (1956), for example.

Figure 16 shows a simulation of the effect of a small scratch or
indentation in the surface of the substrate. The angle of incidence in
this case was 40°, and the effect of the scratch propagates to the
surface in the form of a column. There seems to be no suggestion of
nodular growth in this case, and although there is a corresponding
depression in the upper surface of the film, it tends to be lost in the
intrinsic roughness of the film itself. Could rotation of the substrate
during deposition help to eliminate the effects of such a scratch
altogether? The effect of substrate rotation in which the angle of
incidence oscillates through a range of 50° on either side of the normal
is shown in Fig. 17. The depression due to this somewhat smaller pit is
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Fig. 15. O is the center of an addisk already on the substrate surface.

a« is the vapor incidence. Lines inclinec at angle a passing through B

and C represent the extreme tracks of addisks that will make contact with

0. A is the midpoint of BC and D therefore represents the mean of the

range of positions possible for incoming addisks that make contact with

0. The idea of mean pair orientation is derived from Dirks and Leamy (1977).
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almost completely lost, but there is a fissure extending through the
film from the substrate to the outer surface. Investigations, using the
model, of density variations in films over such substrate defects shows
virtually no effect. Table 4 summarizes the findings.

Table 4

Simulation of Scratch

Density
a With Scratch Without Scratch
Large 40° 0.785 : 0.780
Scratch -50°+50° 0.756 0.766
Small 40° 0.776 -

Scratch -50°+50° 0.768 -

Density variations are, however, definite in the case of projections
from the substrate. These are summarized in Table 5. When the
substrate is subjected to a range of angles of incidence of the arriving
vapor, as in the case of substrate rotation, nodular projections tend to
form« These are not as obvious when only one angle of incidence is
involved.

Table 5

Simulation of Nodular Growth

Density
a With Bump Without Bump

Large 0° 0.778 0.810
Bump 40° 0.728 0.780

-30°+30° 0.776

-20°+70° 0.702°

=-50°+50° 0.754
Small 0° 0.776
Bump 40° 0.764

~-50°+50° 0.779
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Finally growth was simulated with dust particles on the substrate

in Figs. 18 and 19. Here, with substrate rotation, there are
unmistakable indications of nodular growth.

HA- 140 WT- 100
NP 60 b0
XUt

Fig. 18. Nodular growth in a bilayer above a dust particle on the
substrate. Substrate rotation is assumed.

WX« 140 NY= 100
AFIR=-20 - 170
/D=2

Fig. 19. Nodular growth above a dust particle. Substrate rotation
assumed but the angle of incidence varies from -70° to +70° so that
the columns are inclined.
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C. ANISOTROPY

Form birefringence in thin films has long been a subject of some
interest. Bousquet (1957a) published an analytical treatment of the
calculation of the optical properties of an anisotropic thin film. 1In
the same year he reported (1957b) the detection of birefringence in
calcium fluoride films that were uniaxial with optic axes perpendicular
to the film surfaces and with (ng-ng) = 2.5 x 107% 1In a review written
with Rouard in 1960 he warned of the problems caused by birefringence in
the measurement of optical constants involving obliquely incident light.
Rouard (1956) had already pointed out that provided the axes of the
grains in the films were normal to the boundaries, then methods of
measurement of optical constants that employ only normal incidence
would not be perturbed. Recently King and Talim (1981) carried out a
series of comparisons between various techniques of optical constant
determination. Guided wave techniques showed a significant difference
between indices measured for TE modes, 1.9887, from those for TM,
2.0015, at 632.8 nm in zirconium dioxide.

The columnar nature of the films strongly suggests that they
should be birefringent with the principal axes of the dielectric tensor
along the columnar direction (n,), and normal to the columns both in the
plane of incidence of the vapor (n,) and normal to that plane of vapor
incidence (n,), Fig. 7. For films that are evaporated at normal incidence
one would expect the birefringence to be uniaxial with the optic axis
normal to the film curface and not detectable by purely normal incidence
measurements. Normal incidence measurements would, however, permit us
to infer the presence of birefringence in obliquely deposited films where
biaxial birefringence could be expected with the optic axes in the plane
of incidence of the vapor. Because obliquely deposited columns are less
closely spaced in the plane of vapor incidence than normal to the plane,
the birefringence could be expected to be characterized by a maximum
index along the columns and by a minimum normal to the columns in the
plane of incidence. The optic axes for a biaxial film would therefore be
in the plane of vapor incidence.

Some measurements of anisotropic behavior in dielectric films have
been made. In preliminary experiments, zirconium dioxide films
evaporated at very high angles of incidence were found to be anisotropic
with an effective D, = 0.042 for propagation through the film at normal
incidence. The transmittance of a film 4.6-mm thick is shown in Fig. 2.3
of the second part of this section taken from Horowitz's PhD
dissertation. It acts almost as a halfwave plate. For a perfect
halfwave plate, the transmittance at an orientation of 45° in 2.3(a)
would be zero.

Two techniques have been pursued for the measurement of the
principal indices of refraction of the films. One involved measurements
on single layers and the other the construction and examination of
multilayer narrowband filters. Both included normal and oblique
incidence measurements, the single-layer measurements being rather more
difficult and demanding, and both assumed that the orientation of the

56




columns in the films was known and used the tangent rule for this
purpose. The tangent rule, discussed in section 1, gives the
relationship between the angle of vapor incidence, a, and the column
orientation angle, g, both measured with respect to the substrate
normal:

tana = 2 tansg.

The most detailed study of anisotropy in thin films was performed
by Horowitz and Appendix A reproduces the central part of his PhD
dissertation. Part of the study involved the development of techniques
for the calculation of the optical properties of anisotropic multilayers.
These were based on an original paper by Teitler and Henvis (1970). Some
measurements were made on metal films, silver and aluminum evaporated
at extremely oblique angles of incidence, which demonstrated that these
metals acted as polarizers under such conditions. The high reflectance
of wire grids when the electric vector is along the wires and high
transmittance when the electric vector is normal to the wires is known
as the Hertz effect. At first sight the results on metal films seem to
be the opposite of the Hertz effect since the orientation of greatest
transmittance corresponds to electric vector along the columnar
direction in the films. However, the structural models dealt with in
another section of this report show that the metal is much more closely
packed in the direction normal to the columns and so the behavior is, in
fact, consistent with the Hertz effect.

The bulk of the work under this heading dealt with the biaxial
birefringence of dielectric films evaporated at oblique incidence, and in
particular =zirconium dioxide. The techniques developed for the
measurement of the optical constants of single films used four
measurements made using a converted ellipsometer. First, reference axes
labelled s- and p-polarization were established for normal incidence, p-
polarization corresponding to incident light with electric vector in the
plane of vapor incidence and s-polarization normal to that plane. S-
polarization was therefore along the n, axis. Next, a portion of the
film was found that corresponded to a thickness for s-polarized light of
an integral number of either quarter or half waves. Since the films
were evaporated obliquely, they exhibited considerable thickness
variations, and so this operation was not a problem. The second
measurement was of the relative retardation of the sample at normal
incidence for s- and p-polarizations. The third measurement was the
ratio of the transmittances for s- and p-polarized lighc. Finally the
Brewster angle of the film/air interface was found by the Abelds
technique. These quantities are: .

Ag = optical thickness for s-polarization = m(A/2) or m(A/4)
Ay = (npy —ng)d

Yy = arc tan|tpp/tssl

9g = Brewster angle between film and air
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Added to these measurements is the orientation of the principal axes of
the film found from the tangent rule. The ellipsometer was set up with
a HeNe laser; all measurements made were at 632.8 nm. The results for
Zr0, films deposited at an angle of incidence of 65° are listed in
Table 6.

The filters for the multilayer measurements had a (HL)*HHHH(LH)"
configuration in each case with a peak wavelength in the red around
630 nm. The high-index layers were either zirconium dioxide or titanium
dioxide, and the low-index layers were silicon dioxide. Here, four
measurements were made. These consisted of the peak wavelength of the
filter for p- and s-polarized light, with the planes defined as above, at
normal incidence and at 30° angle of incidence. Again, assuming the
orientation of the columns in the films is known and assuming further
that the birefringence is confined to the high index layers, the
refractive indices can be found by fitting calculated transmittances to
the measured results. Table 6 includes results found by this method for
titanium dioxide and zirconium dioxide evaporated at an angle of
incidence of 30°.

The measurements were made in air after deposition, so the films
must have contained moisture. Since form birefringence is being dealt
with (any strain birefringence has been estimated to be an order of
magnitude lower), the raising of the index of the voids from a dry value
of 1.00 to a wet value of 1.33 must reduce the birefringence. It is
difficult to measure the principal indices in vacuo but possible to
determine the wavelength shift between s- and p-polarization peaks at
normal incidence. For filters having a peak wavelength of around
630 nm, the shift for zirconium oxide deposited at a vapor incidence of
30° was reduced from 4.0 nm to 2.3 nm on air admittance, while titanium
dioxide deposited at 30° showed a reduction from 4.5 nm to 2.5 nm.

Silicon oxide deposited at 30° in a metal dielectric filter gave a
shift in air of 0.8 nm suggesting birefringence of around one quarter of

that found in the high-index materials. Figure 20 shows some of these
results.

Samples that have been rotated during deposition for uniformity
should, it is hoped, possess columnar axes normal to the substrate and
to the film interfaces. In such cases one would not expect to detect
any birefringent effects at normal incidence. Yet zirconium
oxide/silicon oxide filters deposited under such conditions in the BAK760
plant exhibited shifts of 0.3 to 0.4 nm at normal incidence, showing that
the columnar axes were not quite normal to the film interfaces and the
films were probably slightly biaxial.

Comparisons of measured results, other than those used for the
calculation of refractive index, and calculated results using the derived
figures for refractive index show good agreement and are listed in
Appendix A. '
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Table 6

Comparison of Measured Results

Material a g n, n, n,
Zirconium oxide 30° 16.1° 1.948 1.966 2.033
Zirconium oxide 65° 47.0° 1.502 1.575 1.788
Titanium oxide 30° 16.1° 2.437 2.452 2.552

Note:

n, corresponds to E in plane of vapor incidence normal to column axis
n, corresponds to E normal to vapor incidence plane - s-polarization
n, corresponds to E along column axis.
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Fig., 20. Birefringence in Si02 deposited at angles of incidence of
vapor of 60° (a) and 70° (b) shown by measurements of Ag/SiOp/Ag
filters in normally incident polarized light. The p-polarization
indicates light parallel to the dire-tion of vapor incidence. The
silver layers were deposited at normal incidence.
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D. MOISTURE ADSORPTION
l. TIntroduction

The study of moisture adsorption by optical coatings is important
because of its role in coating degradation and its utility as a vehicle
for the study of film microstructure. Optical techniques were used to
investigate moisture adsorption because they are straightforward,
nondestructive, and reveal the early degradation of filter performance
by moisture adsorption.

The microstructure of vapor-deposited optical thin films was
discussed earlier. Briefly, the columnar microstructure contains
considerable void volume in the form of pores between the columns. The
voids and the large surface area of the columns are accessible from the
atmosphere. Any fresh surface that is exposed to the atmosphere will
adsorb atmospheric moisture. At virtually any relative humidity, a
surface will acquire about one monolayer of water, although some
multilayer coverage will be present to an extent that varies with the
ambient relative humidity. When thin films are exposed to the
atmosphere, they adsorb atmospheric moisture (Koch, 1965; Pulker and
Jung, 1971; Ogura, 1975; Ogura and Macleod, 1976; Macleod and Richmond,
1976; Harris et al., 1979; Gibson and Lissberger, 1983). At low values
of relative humidity tlie principal effect is the formation of a layer
(essentially a monolayer) over the entire inner surface, that is, the
internal surfaces of the columnar grains. The quantity of moisture
adsorbed in this way has a significant effect on the optical properties.
The immediate result is an increase in film refractive index since the
moisture increases the index of the space it occupies. The optical
thickness, which is the product of film refractive index and geometrical
thickness, will also be increased. The film mechanical properties are
affected because the moisture blocks the bonds across the gaps between
the columns. The tensile stress falls and may occasionally become
compressive. At higher values of relative humidity, the pores in the
films fill with liquid water by capillary condensation (Ogura, 1975),
increasing still further the refractive index. 1If the relative humidity
falls, the liquid water tends to desorb, although there may be
considerable hysteresis. The materials used in optical coatings are
almost entirely high-surface-energy materials with strong bonds. In
such materials the bonds that link the water monolayer to the surface
are very strong so that the water is tightly bound and desorption is
inhibited even if the relative humidity falls to low values. The tightly
bound water is often called "irreversible"” water because it does not
desorb under vacuum. Pulker and Jung (1971) have shown that its volume
can be calculated on the basis of a monclayer over the entire surface of
the columnar grains. Because of the weakening of the forces between the
columns, the film durability falls.

In multilayers, the behavior is more complicated than in single
layers because the interfaces between the layers obstruct the pores.
Ogura (1975) has shown that a temporary halt in evaporation without
altering material can cause trapped pores. This obstruction slows down
the rate of moisture penetration. The behavior in any particular case
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depends greatly on the materials. In zinc sulfide/cryolite multilayers
the high packing density of the zinc sulfide effectively seals off the
multilayer so that the formation of the initial monolayer of moisture is
inhibited. In such a case, the moisture tends to enter at isolated
penetration sites passing through to deeper layers and spreading
laterally in circular patches that gradually expand with time. In
multilayers made up of titanium dioxide or zirconium dioxide as high
index and silicon dioxide as low index, the pores tend to have some
connection to the outside environment, and the formation of the initial
monolayer together with at least some multilayer coverage of the inner
surface can be exceedingly rapid. As relative humidity rises, the
intrinsic pore system tends to saturate, and isolated defects become
relatively more important. Then we see the formation of the spreading
circular patches centered on the isolated penetration sites in the same
way as the zinc sulfide/cryolite system. The rate of spreading depends
on the relative humidity and on the characteristics of the particular
materials. It may take a matter of minutes or of months, even years, to
reach equilibrium.

The effect of moisture penetration on coating performance depends
on the particular design. The wet areas of narcrowband Fabry-Perot (that
is single-cavity) filters simply exhibit a shift toward longer
wavelengths as the depth of penetration increases. The wet patches can
be observed by illuminating the filter with monochromatic light.
Depending on the relationship between the wavelengths of the
illuminating light and the peak of the filter, the patches will appear as
dark against a bright background or as bright against a dark background.
Narrowband Fabry-Perot filters have therefore been used widely in the
study of moisture penetration. The illuminated area of the filter will
normally be great enough to include a number of moisture penetration
patches. At an early stage of adsorption the wet patches will be small
and surrounded by relatively large areas of dry material that will
gradually decrease as the adsorption proceeds. The overall performance
of the filter will be a combination of the characteristics of the
individual elements of area, which depend both on the stage reached in
the adsorption process and on the filter design. Narrowband Fabry-Perot
filters have passbands shifted more or less toward longer wavelengths,
often broadened and curiously misshapen.

Much of the work on moisture adsorption under this contract was
aimed at a better understanding of its mechanism. A full description of
this part is given in an extract from the PhD Dissertation of C. C. Lee
(see Appendix B). A large part of the investigation of moisture
adsorption concerned multilayers of zint sulfide and cryolite. These
materials are normally combined in narrowband filter construction for
the visible region of the spectrum. Zinc sulfide is also a common
material in infrared coatings, and cryolite 1is finding increasing
application in the ultraviolet. A principal reason for the choice,
however, was simply that the BAK760 plant was not available in the early
stages of the contract, and the equipment that was operational had no
electron beam source and could not attain the power levels required to
evaporate titania and silica from directly heated boat sources. Once the
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BAK760 was installed, multilayers of silicon dioxide and either titanium
dioxide or zirconium dioxide became possible.

An interesting series of experiments was aimed at identifying the
origin of the penetration sites that exist at the center of each moisture
patch. Deliberate defects were introduced on otherwise normal
substrates, and the number of patches were observed. The defects
consisted of contamination, introduced simply by omitting the usual glow
discharge cleaning step in the deposition process, dust, scratches, and
small pits produced by a light sandblasting of the substrates. In every
case, many more patches were seen than with unaltered substrates. In a
further experiment superpolished substrates were used instead of the
usual microsheet glass and the number of patches in a given area was
reduced by a factor of around four. It seems clear that the penetration
sites can be caused by virtually any departure from substrate
perfection. The presence of patches on the superpolished substrates is
probably due to imperfect processing. Our laboratory is not a clean
room, and it is impossible to completely prevent dust or other minor
contamination on the surface before the coating operation.

The fact that there is no single specific defect that can be
associated with the production of a moisture penetration site reinforces
our suspicion that the penetration sites are in fact nodules. A nodule
is an inverted conical structure in a film that results in the appearance
of a small dome at the surface. Nodules are the result of a different
growth mechanism. The material of the nodule is exactly that of the
remainder of the film. Nodules are presumed to originate from
disturbances at the substrate surface, and they are rarely if ever seen
to originate at any other level in the film. Once nodular growth begins,
it propagates through the film system to the outermost surface, even in
multilayers.

Our identification of the nodules as the defects that admit water
into the patches is further strengthened by Lee's investigation of the
kinetics of tie process. The central defect must supply the water that
is needed by the patch in its lateral propagation across the layers. We
believe that this liquid water has to form at the penetration site itself
which must therefore have dimensions that encourage capillary
condensation at values of relative humidity around 50%, corresponding to
a pore radius of around 25 & A single cylindrical pore of this radius
could never supply enough water for even a very small patch, so we are
driven to the conclusion that either a very large number of such pores
exists in a cluster at the central site or the defect cross section is
long as well as narrow. In this way capillary condensation could take
place at the required level of relative humidity, but the volume of
water produced would depend on the defect length. The crack or fissure
that frequently surrounds a nodule would be an ideal candidate.

Another matter that is of some interest is the nature of the
transport ot moisture across the layers. Dces the propa, ~.ion of
moisture simply occur through undisturbed film material w.th its
intrinsically columnar structure in much the same way as ink across
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bloctting paper or is there something else? It seems clear that the
propagation is essentially a capillary effect where the fluid is carried
along by the surface tension forces at the meniscus but is restrained by
the viscous drag in the channels linking the advancing moisture front
with the central source of supply. The intrinsic film material can be
considered as a network of small interlinked channels that continually
divide into further similar channels as the distance from the supply
source increases. The observed rate of expansion of the patches, which
does not fall off rapidly with increasing radius, seems inconsistent with
such a model. The results appear more characteristic of transport
through a set of channels, which falls off in density as the distance
from the central site increases. This is consistent with a defect from
which radiates a series of cracks or fissures, and suggests that the
central defect exerts an influence over a much wider area of the film
than might otherwise be suspected.

2. Surface Plasmon Resonances

A technique that was devised during the course of the project for
investigating small instabilities in thin films involves the tracking of a
coupling resonance associated with surface plasmon propagation. The
Kretschmann coupling technique is used, in which a thin metal film is
first deposited on the base of a prism. Then, provided the thickness of
the metal film is correctly chosen, p-polarized light incident internally
on the prism base will exhibit a sharp dip in reflectance over a narrow
range of angles of incidence associated with the coupling of the light
into a surface plasmon on the outer surface of the metal. The shape of
the resonance and its position are a function of the eoptical constants
and thickness of the metal layer. In the visible region, silver has the
highest performance of any metal and the silver resonance is the
narrowest. The resonance is still obtained when the metal is overcoated
with a dielectric layer of correctly chosen thickness. Now the
parameters of the resonance are also sensitive functions of both films
and can be used to track small changes in the dielectric layer.
Depending on the thickness of the dielectric layer, it is possible to
have resonances either with s- or p-polarized light, but the p-
resonances are narrower and hence more useful. Some limited
experiments using this measurement technique are described in Chapter 3
of Lee's dissertation (see Appendix B).

3. Moisture Adsorption and Optical Instability
in Thin Film Coatings

(See Chapters 3 to the end of the PhD dissertation of C. C. Lee in
Appendix B.)

4. Anisotropic Moisture Penetration
The optical anisotropy of films, especially those that have been
deposited at oblique incidence, is considered in a separate chapter in

this report. However, oblique incidence of the condensing vapor lLeads to
other forms of anisotropy as well. Some experiments have been carried
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out on a series of metal-dielectric filters with Si0, as high-order
spacer and silver films as reflectors that demonstrate an anisotropy of
moisture penetration in such films. The silver was Jeposited at normal
incidence but the Si0, was deposited at a series of angles of incidence
from zero to 70°. Moisture penetration patches were rapidly detected in
those films with angles of incidence up to 45°, but 60° and 70° samples
showed no patches although spectral shifts were detected. Since it is
unlikely that these two samples were devoid of moisture, the most
plausible explanation is that the adsorption process on atmospheric
exXposure was too rapid for normal detection. Patches in the other
samples are shown in Fig. 21. In samples deposited at 23° or higher, the
moisture penetration patches have a markedly elliptical shape with the
ratio of major to minor axes varying from approximately l.4 to 1.9.
There is a slight scatter in the ratio for each individual film and a
tendency for the ratio to be greater at greater angles of incidence.
The major axes of the ellipses are normal in all cases to the direction
of incidence of the vapor. Although patches could not be detected in
the samples deposited at 60° and 70°, strong anisotropy was detected in
both,

A simple theory is proposed to explain the patterns. We can
suppose from the two-dimensional simulation of film growth that the
width of voids, measured in the plane of incidence, is given by B, for
normal incidence of the vapor and that at oblique incidence there is an
extra contribution that depends on tana, so that the total width is
given by

B = B, + B, tana. D

Extending the two-dimensional ideas to three dimensions, we can suppose
that the voids will have some significant length and random orientation

§ with respect to the vapor plane of incidence. Those ruuning normal to
the plane of incidence will have width given by the above expression, but
those parallel to the plane of incidence will have width B, similar to
normal vapor incidence. We can therefore express the randomly oriented
width as

B = Bo + B, tana cossg.

If we consider B, as so small that it can always be neglected and B,
tana as large, then we have for the width

B = B, tang coss = Bqg cosg.

We can suppose that the time taken for the water to propagate along a
given length of void, parallel to the film interfaces, is inversely
proportional to the void width. Now we consider the two directions x
and y normal to and along the vapor incidence respectively, indicated in
Fig. 22, that is
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Fig. 21. Elliptical moisture penetracion patches in filters of con-
struction Ag/SiO,/Ag. The silver reflecting layers were deposited at
normal incidence but the S5i0; layers were deposited at a range of angles
of vapor incidence: (a) 7°, (b) 23°, (c) 30°, (d) 38°, (e) 45°. 1In each
case the direction of vapor incidence, marked with an arrow, is parallel
to the minor axes of the ellipses.
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Fig. 21. (Continued) Elliptical moisture penetration patches in filters
of construction Ag/SiO,/Ag. The silver reflecting layers were deposited
at normal incidence but the Si0O; layers were deposited at a range of
angles of vapor incidence: (a) 7%, (b) 23°, (c) 30°, (d) 38°, (e) 45°.

In each c:se the direction of vapor incidence, marked with an arrow, is
parallel to the minor axes of the ellipses.




Fig, 21, (Continued) Elliptical moisture penetration patches in filters
of construction Ag/Si0,/Ag. The silver reflecting layers were deposited
at normal incidence but the SiO, layers were deposited at a range of
angles of vapor incidence: (a) 7°, (b) 23%, (c) 30°, (d) 38°, (e) 45°.
In each case the direction of vapor incidence, marked with an arrow, is
parallel + the minor axes of the ellipses.
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Fig. 22. Postulated void network in a deposited film looking downward
onto the film normal to the substrate. The quantities used in the
analysis of penetration rate are sketched in the lower diagram.
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i.e-,
= Ax = g —B8% _
cosg B, cose B, cos?s
and
Vx = éti = (Ba/k)cos?® = k' cos®.

If we average over randomly oriented voids, then the velocity Vy,
perpendicular to the plane of incidence, is given by

/2

Yy = — cos?s de = k?
-1/2

Similarly the velocity parallel to the direction of incidence is

k'
cos9 sing deg = 7: .

[W/Z

V., =

kl
X Ea

J-ﬂ/Z

Then the ratio of the major and minor axes of the ellipse is given by
the ratio of the velocities, that is

= 1.5/,

which is independent of a.

The theory is doubtless an oversimplification and is really only a
starting point for a more rigorous analysis, but it is surprising that
such simple assumptions can result in a figure that is close to the
actual measurements.

Silicon dioxide is an amorphous material by the usual tests of x-
ray diffraction and electron microscopy exhibiting a glassy fracture in
fractographs. This result illustrates that in spite of its amorphous
nature, a silicon dioxide film possesses a microstructure that is
revealed in these adsorption observations. It is impossible to say at
this stage whether or not the structure of the film around the defect
possesses the radial cracks postulated for the normal incidence films
discussed earlier. The explanation simply considers the intrinsic
structure of the films. However, the variation of packing with direction
around the defect, whicn was discussed, could be reflected in the width
and distribution of any radial cracks that might form, and so the
explanation of the effect is not inconsistent with such a model. It is
also relevant that a small amount of optical anisotropy was detected in
obliquely deposited silicon dioxide layers.
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5. Effect of Ion Bombardment on Moisture Adsorption

The effects of ion bombardment on moisture adsorption and
desorption of completed filters has been a further area of investigation.
This resulted from some observations made during testing of a cold-
cathode ion gun which was to be used in ion-assisted deposition
experiments. 1In order to optimize the parameters, the gun was being
used to sputter etch some existing coatings. An effect that was
initially thought to be an ion-induced desorption effect was observed at
ion fluxes that were quite low so that sputtering rates were small. The
suspected desorption was in fact found to be an inhibition of
readsorption. The experiment is described in some detail in Appendix C,
the text of a paper in Applied Optics.

E. OPTICAL INHOMOGENEITY

We have seen how thin films almost invariably have optical
properties that differ significantly from those of similar materials in
bulk form. Film microstructure is largely responsible. So far we have
considered microstructure as constant in character throughout the
thickness of the films under study. However, any variation of
microstructure as a function of film thickness will result in
inhomogeneity of optical constants. Inhomogeneity is found to some
degree in almost all thin films and the development of techniques for
its measurement was therefore considered as an important part of the
study. Although inhomogeneity of optical constants can be inferred from
post-deposition measurements, it is almost impossible to obtain the
actual profile of the optical constants within the layer. The reason is
the insensitivity of the reflectance and transmittance of the layer to
the profile. Provided the variation in optical constants is smooth, then
reflectance and transmittance are largely determined by the extreme
values. This implies that any detailed study of inhomogeneity must
include measurements made during the deposition of the layer. An
important part of the project, therefore, was the design and development
of a rapid-scanning spectrometer for the continuous measurement and
recording of fiim properties during deposition. The effort involved in
this part of the project occupied the better part of the three-year
program, and so results were obtained only through the latter part of
the final year of the project. Additional support was also obtained
through a DARPA/NOSC contract for the development of special filters and
through an AFOSR grant that permitted the employment for one year of a
post-doctoral research associate from the Ecole Nationale Supérieure de
Physique in Marseille where layer-thickness monitoring systems involving
rapid scanning systems have been under development since the mid 1970's.

The results have been described in two publications included in

Appendix D and E. The results reported on post-deposition bombardment
of multilayers were obtained using this system.
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F. ULTRAVIOLET AND ION BOMBARDMENT

A series of films has been deposited with and without ultraviolet
irradiation and ion bombardment during deposition. Measurements were
made of optical constants during deposition, of x-ray diffraction after
deposition, of the performance of multilayers containing the irradiated
layers, and of moisture sensitivity of these multilayers. The
ultraviolet flux was calculated roughly as 25 phctons for each
condensing molecule, which should be adequate for effects to be
revealed. The results are detailed in an extract from J. J. Wharton's
PhD dissertation (see Appendix F).

Results of x-ray diffraction measurements on films of zirconium
oxide, titanium dioxide, and silicon oxide, with and without bombardment,
are detailed in the dissertation. Silicon oxide appeared to be
amorphous, exhibiting no x-ray peaks at any time, consistent with the
observations of others. Single layers of zirconium oxide showed only
weak peaks, the principal one being the (l11) tetragonal peak. Ion
bombardment of zirconium dioxide resulted in a strong enhancement of the
(111) peak while ultraviolet irradiation appeared to have little effect.
Titanium dioxide films showed only exceedingly weak peaks and in single
layers it was virtually impossible to recognize any structure at all.
However, multilayers of titanium oxide and silicon oxide did show weak
peaks that were due to the titanium oxide. These peaks were reduced in
intensity by both ultraviolet irradiation and ion bombardment, the latter
removing them completely. The ion bombardment results are consistent
with the findings of Martin et al. (1983). The effects of ultraviolet
irradiation were similar but less intense.

Optical measurements made on zirconium oxide and titanium oxide
consisted first of optical constant determination from measurements of
transmittance made on the films during deposition. A modification of the
envelope method of Manifacier et al. (1976) was used to derive measures
of both n and k from transmittance results. Further work is required on
the topic of interpretation of in situ measurements, but there are clear
indications from the results so far of changes induced by both
ultraviolet irradiation and ion bombardment. Table 7 summarizes the
results.

Here the ultraviolet irradiation tends to decrease the absorption in
the layers, increasing the index of the zirconium oxide at the same time
but slightly reducing that of the titanium oxide. This reduction in
index may be due to the decrease in absorption and not an effect of
changes in packing density. )

These results were of course obtained on single layers, and the
measurements were made in situ. Every precaution was taken to try to
keep all conditions except uv irradiation and ion bombardment exactly
the same so that the comparisons should be valid. However, it is
possible that slight differences in temperature could have been
responsible for the changes rather than the irradiation. In an attempt
to reduce the possibility of such effects, narrowband filters were
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constructed with only part of their surface treated. Comparison was
made of the treated and untreated parts.

Table 7

Results of Optical Measurements on 2rQ, and TiO,

Material Normal Ultraviolet Ion bombardment
Evaporation Irradiation Argon Oxygen
n: 1.91 1.96 2.07
Zro,
K: 3.3x107? 2.9x107? 5.6x1073
n: 2.19 2.12 2.35 2.22
Tiv,
k: 16.0x1073 8.8x107¢ 59.0x107* 13.0x107¢

Zirconium oxide/silicon oxide filters showed clear evidence of
higher transmittance and lower absorption under uv irradiation. The
higher transmittance was present over the sidebands as well as the peak
of the filter, reinforcing the suggestion that the increase in
transmittance is indeed a reduction in absorption and not simply a
thickness effect related to monitoring.

The results of irradiation of titanium oxide and silicon oxide
filters are less clear, with apparently increased absorption in some
cases and reduced in others. However, there are indications that the
irradiated parts are more stable in the atmosphere after deposition.
After baking in air at 125°C for 72 hours to remove moisture, the parts
of filters treated with ultraviolet during deposition remained stable
while the untreated parts drifted in the usual way. The x-ray
diffraction measurements indicated that uv irradiated titanium dioxide
tended to become amorphous although not in as pronounced a way as with
ion bombardment. In the discussion of post-deposition ion bombardment,
this crystalline-amorphous transition is postulated as causing a swelling
of the titanium dioxide which inhibits 4dsorption of moisture. It is
likely that a similar, though less pronounced, effect is produced by the
uv irradiation. The uv irradiation during deposition therefore produces
beneficial effects, but they are less marked that those of ion
bombardment. Argon ion bombardment leads to higher absorption because
oxygen is preferentially sputtered from the condensing material, but
bombardmeat with oxygen ions rather than argon removes this problem.
(See Appendix F, pages 29 through 146.)
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G. ELECTRON BOMBARDMENT

An old trick to improve the durability of zinc sulfide is to bombard
the growing film with electrons. This prompted an investigation of the
effects of electron bombardment on a series of films of various and
different materials, the objective being to determine whether or not
there is any general benefit to be gained from electron bombardment
during growth. The results are described in detail in the excerpt from
the PhD dissertation of S. D. Browning (Appendix G).

Briefly, he found that there was no general effect common to all
film types. The results were exceedingly material-dependent. This
section of the study was begun well in advance of the installation of
the BAK760 and since no electron gun was available in the plant that had
to be used, it was necessary that the materials examined could be
thermally evaporated from boat sources. They included zinc sulfide,
potassium fluorozirconate (2KF.ZrF,, potentially useful in the blue and
ncar uv), antimony trioxide, silicon oxide, and magnesium fluoride.
Characterization techniques were principally x-ray diffraction and
electron microscopye.

l. Antimony trioxide

X-ray diffraction of films deposited conventionally with no
bombardment shows a preponderance of (222) planes parallel to the
substrate. The (222) planes are less prominent in electron-bombarded
samples and the (400) planes predominate. Thus there is a reorientation
of the lattice planes. Crystallite size is reduced, especially in films
deposited at room temperature. The appearance of electron micrographs
suggests a somewhat higher packing density for the bombarded films.

2. Potassium hexafluorozirconate

The structure tended toward a more: amorphous form under electron
bombardment with little evidence from electron micrographs of the
prominent columnar structure of unbombarded films. There was a very
slight increase in absorption in the blue and uv.

3. Silicon oxide

Virtually no effect of the electron bombardment could be detected
in these films. Silicon oxide films are amorphous in structure under
normal conditions and this continued to be the case with electron
bombardment. The durability of the films appeared completely
unaffected.

4. Magnesium fluoride
Magnesium fluoride films showed increased heights of x-ray
diffraction peaks, especially the (111) peak. Gross details of the

Structure as revealed by electron microscopy showed little change, but
the durability of the films was adversely affected.
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S. Zinc sulfide

Thermally evaporated zinc sulfide is usually a mixture of two
forms, a cubic form, stable at room temperatures, and a hexagonal form,
stable only at elevated temperatures. Lack of stability of zinc sulfide
films after deposition has been attributed to a gradual conversion of
the hexagonal form into the cubic. X-ray diffraction peaks in bombarded
films show a reduced fraction of the hexagonal form, which indicates
potentially greater stability. This is in accord with the published
findings of Bangert and Pfefferkorn (1980).

This has been, admittedly, a somewhat limited investigation, but
there is certainly no indication of any great general benefit to be
gained from electron bombardment. In zinc sulfide a definite change can
be recognized, and experience over the years has shown that there is a
perceptible advantage. Changes in the other materials studied were
small and not necessarily beneficial and in the case of magnesium
fluoride definitely detrimental. Zinc sulfide is a material that
separates almost completely into its atomic constituents in the vapor
phase. It is possible that the electrons might play scme part in the
recombination of the components on the substrate. (See Appendix G for a
detailed discussion.)

H. LASER DAMAGE

A very limited series of experiments on the damage sensitivity of
different defects was carried out on narrow-band filters toward the end
of this program. An argon laser became available to us for just a few
weeks and the opportunity was taken to make a short series of
measurements. These should be taken purely as an indication of the
interest in continuing this work in a more extended set of tests without
the tight time constraint. Details are given in Appendix Il extracted
from the thesis of L. DeSandre.

I. CONCLUSION

The research has confirmed the importance of microstructure in
determining the properties of thin films and especially those ways in
which films differ from corresponding bulk materials. Usually these
properties result in inferior performance, but this is not inevitable,
Some of the special behavior of thin films might be used to advantage.
This is the case with the very large form birefringence that exists and
that can be enhanced by oblique deposition. Possible additions to the
vacuum evaporation process for thin film deposition, and electron,
photon, and 1ion bombardment, have been examined to assess their
potential for modification of microstructure. Here there is no doubt
that the process of ion bombardment of the growing film has the largest
effect on microstructure. Electron bombardment was found ‘. be
dependent on the particular material involved, sometimes leading to
improvements, sometimes to deterioration, and sometimes having no
apparent effect at all. Ultraviolet irradiation appeared to give i1esults
gsimilar to those of ion bombardment but weaker.
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ABSTRACT

We consider in this work the contribution of anisotropic
microstructure to polarization effects in thin films. The microstructure
is pictured by a simple model as composed of identical columms with
elliptical cross section elongated in a direction perpendicular to that
of the vapor incidence. The asymmetry in colummar structure that
results from oblique deposition is identified as the common source for
the significant dichroism and birefringence observed in metal and
dielectric films, respectively. A four-dimensional theory for multilayer
systems is presented that starts from first principles, unifies previous
treatments for particular cases of film anisotropy, and properly handles
the most general case of elliptically polarized mode propagation. 1In
this framework and from a set of polarimetric measurements, a simple
method is devised, with explicit consideration of the anisotropic
microstructure, for the determination of the physical thickness and
principal refractive indices of a single dielectric film. A sequence of
transmittance measurements is performed with a zirconium oxide film
deposited at 65° and, substrate role and instrumental errofs considered,
good agreement is obtained between theory and experiment.
Spectrophotometer data for a narrowband filter with 21 layers deposited
at 30° is shown to confirm theoretical predictions of peak positions with
Angstrom resolution. A hyptothetical metal film is discussed that

reproduces the essential features observed in the optical behavior of an
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aluminum film deposited at 85°. Potential applications and suggestions

for future work are included.




CHAPTER 1

INTRODUCTION

In contrast with the conventional assumption in current
multilayer design techniques, virtually all vacuum-deposited thin films
are anisotropic. (See Figure 1l.1.)

Would such a porous, discontinuous material, with its evident
preferential orientations, produce under proper conditions a significant
amount of optical anisotropy? By optical anisotropy we mean a behavior
exhibited during the interaction with light that depends on the direction
of the incident electric field. 1Its relation to film microstructure is
the general theme of this dissertation.

We could well have entitled it "Form Birefringence in Thin
Films," as long as this is understood in a wide sense to include
dichroism, or direction-dependent absorption, especially for metal films.
According to Born and Wolf (1975, p. 705), form birefringence "...arise(s)
from a scale much larger than molecular, namely when there is an
ordered arrangement of similar particles of optically isotropic material
whose size is large compared with the dimensions of molecules, but small
compared to the wavelength of light."

Crystalline orientation and anisotropic stress have also been
known as sources of birefringence in dielectric coatings, although the

reported extent of their effect (Burgers and Dippel, 1934; Turner and
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3

Ulbrich, 1947; Bousquet and Delcourt, 1957; Lichtenstein, 1980) is at least
one order of magnitude smaller than the one we will be considering.
We now proceed to place our study in its proper historical

context, while briefly outlining its main contents.

Backgﬁound and Contents

This work is at the intersection between two main historical
trends in the sciemce of thin films, one primarily phenomenological, the
other predicat;ed on rigorous electromagnetic principles.

The first trend probably started when Kundt (1886) observed
polarization effects in several metal films by placing them between
Nicol prisms at orthogonal orientations. Supporting reports by Braun
(1905), Bergholm (1914), Cau (1928), and later by Coper, Frommer and
Zocher (1931), followed.

From that time, when thin film technolbgy was in its early
stages of evolution, we often find peculiar expressions such as "film
deflagration" and "exploding wires" in the description of deposition
procedures (sputtering was also used). It seems that the proximity of
sources to substrates initially required by such processes, by inducing
the deposition to occur at high angles in some regions, was the
triggering cause for those early observations.

Another wave of interest, mainly in obliquely deposited metal
films, emerged in the 1950's with investigations by Holland (1953) and

Reimer (1957). In 1959, Thiessen and Broglia came across an unwelcomed




polarization effect at the edges of their thermally-aluminized
astronomical mirror.

It should also be mentioned that a magnetic counterpart of the
optical anisotropy considered here was noticed in evaporated Permalloy
films (Smith, 1959; Smith, Cohen and Weiss, 1960).

In the last few years, apart from its use for metal polarizers
in the near-~infrared (Slocum, 1981) and as a rather small birefringence
detected in a few waveguiding dielectric films deposited at low angles
of incidence (King and Talim, 1981), the polarization effect attracted
little attention.

More recently, a significant retarder-like behavior was observed
in a zirconium oxide film deposited at a high angle of incidence. Its
amount of birefringence, as well as that of dichroism for a
semitransparent aluminum film deposited in similar conditions, were
quantitatively estimated at the HeNe wavelength by analyzing their
transmittance variations with azimuth angle in a conveniently adapted
ellipsometer., This work (Horowitz and Macleod, 1983) is reproduced in
Chapter 2 of this dissertation with some extensioms. It is still along
the first trend, essentially characterized by a (semi)phenomenological
approach.

As to the second trend, it probably acquired its initial well-
defined forms in the classic article i:ublished by Abelés (1950), which

presents the following three particularly attractive aspects. (1) The




theory starts directly from Maxwell Equations. (2) Interference
effects are taken into account without need to explicitly consider
multiple traversals of traveling waves within the medium. (3) The
resulting 2x2 matrix treatment is a powerful and simple tool for
multilayer calculations.

The problem then arose of finding a similar treatment which
would apply equally well for arbitrary anisotropic thin films. Early
theories by Schopper (1952) and by Bousquet (1957a) provide valuable
predictions but lack items (2) and (3) above, and are only valid when one
of the principal axes lies normal to the plane of the film (see also
Heavens, 1965, p. 92).

Goncharenko and Fedorov (1963) considered the problem of an
arbitrary absorbing crystal of arbitrary orientation imn plane-parallel
plate form at normal incidence. However, their approach lacks item (-3)
and cannot be extended to an arbitrary angle of incidence.

A useful 2x2 matrix technique was developed by Holmes and
Feucht (1966) for the case in which one principal axis is perpendicular
to the plane of incidence. Schesser and Eichmann (1972) proposed a
general theory for wave propagation in layered anisotropic media,
although their method lacks the simplicity mentioned in (3).

All three requirements are potentially fulfilled, with a high
degree of generality, by a 4x4 matrix formulation developed in the
following different contexts. In 1970 Teitler and Henvis extended the

traditional two-dimensional approAch to handle the case of refraction




under magnetically induced anisotropy in an otherwise isotropic
semiconductor. Later Berreman (1972) announced a solution to the
problem of reflection and transmission by cholesteric and other liquid
crystals with continuously varying but planar ordering, in which he
utilized a 4 x 4 differential-matrix technique. More recently, Yeh (1979)
presented a similar formalism in a solid state physics context, and
applied it to the Solc birefringent layered media, to the exchange Bragg
scattering, and for a mode dispersion relation in guided waves.

It was hinted by Berning (1963, p. 71) that if a procedure were
to be found for anisotropic films that would lead to the results
obtained by several authors through different methods, each appropriate
for a particular case, then such a procedure should arise from
fundamental principles based on electromagnetic theory.

In Chapter 3 of this dissertation we begin from Maxwell's
equations and recreate the Teitler and Henvis formalism, with Iits
potential application for thin films in mind. Their approach is
particularly suited to our purposes because it retains a close
resemblance to the original Abelés method. Once the 4 x 4 propagation
matrix of a system is known, transmittances and reflectances are
obtainable in a straightforward manner.

It is not made clear in thei‘r formalism, however, how the
elements of the propagation matrix are to be determined for applications

other than the particular one they were studying. Additional insight is




required to fully enable the theory to handle problems on thin-film
multilayer design.

We have interpreted the propagation matrix as an operator that
maps one vector basis onto another, each corresponding to one of the
film surfaces. With this understanding, we show that in the isotropic
limit the matrix, properly inverted, is composed of a pair of
independently operating submatrices, and these are identified as the 2 x
2 Abeleés matrices conmnected to the s and p-polarization modes. When the
same procedure is systematically applied for different anisotropic cases,
the results attained by Schopper (1952), Bousquet (1957a), and Holmes and
Feucht (1966) arise quite naturally.

In principle, apart from a few mathematical singularities, the
theory is capable of producing the results of all treatments previously
mentioned. At the end of Chapter 3 we go beyond them and consider the
interaction of normally incident light with a stratified system composed
of anisotropic layers, each with an arbitrary orientation of its optical
axes (here a convenient vector operation is defined to greatly simplify
the formalism).

A computer program was developed to turn the above
considerations into a practical tool. It is briefly described in the
beginning of Chapter 5. To determine reflectances and transmittances
corresponding to an anisotropic multilayer system, each of its component
layers (biaxial in the most general case) is specified by three pairs of

principal optical constants, a physical thickness, and the direction of



columnar growth (which represents the average preferential orientation
in the film microstructure).
The last of these is easily obtained from the so-called tangent

rule

tgv, (1.1)

o)

tgd =

where ¢ is the columnar orientation angle and v is the angle of vapor
incidence, both with respect to the substrate normal. This identity was
first experimentally determined by Nieuwenhuizen and Haanstra (1966) and
its universality has been confirmed for a large number of film
materials, as shown in Figure 1.2 with data from several investigators
collected by Leamy, Gilmer,