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ABSTRACT
The columnar microstructure of most thermally evaporated thin films
detrimentally affects many of their properties through a reduction in packing density.
In this work, we have investigated ion-assisted deposition as a means of disrupting this
columnar growth for a number of coating materials.
A Kaufman hot-cathode ion source bombarded thermally evaporated films with
low-energy « 1000 eV) positive ions during deposition in a cryopumped box coater. We
have investigated MgF2, Na3AIFs, AIF3, LaF3, CeF3, NdF3, A1 20 3, and AIN.
Argon ion bombardment of the fluoride coatings increased their packing densities
dramatically. We achieved packing densities near unity without significant absorption
for MgF2, LaF3, and NdF3, while Na3 AIFe, AIF3, and CeF3 began to absorb before unity
packing density could be achieved. Fluorine was preferentially sputtered by the ion
bombardment, creating anion vacancies. The films adsorbed water vapor and hydroxyl
radicals from the residual chamber atmosphere. These filled the vacancy sites,
eliminating absorption in the visible, but the oxygen complexes caused increased
absorption in the ultraviolet. For LaF3 and NdF3, a sufficient amount of oxygen caused a
phase transformation from the fluoride phase to an oxyfluoride phase.
The refractive indices of AI 20 3 films increased with ion bombardment. Values as
high as 1.70 at 350 nm were achieved with bombardment by 500 eV oxygen ions. Since
xvii

xviii
all of the AI 20 a films had packing densities near unity and were amorphous, we postulate
that the increase in refractive index was due to a change in amorphous networking.
Aluminum nitride was deposited by bombarding thermally evaporated aluminum
with nitrogen ions. Films with N:AI ratios of 0.5-1.5 could be deposited by varying the
deposition conditions. Films with low absorption for wavelengths longer than 1 J.l.m could
be deposited. Annealing the films at 500 °C eliminated absorption at wavelengths longer
than 500 nm ..

CHAPTER 1

INTRODUCTION

Thin film coatings are an important part of the optics industry today, with
literally acres of coatings deposited every year--mainly onto camera lenses and
architectural glass (Baumeister 1985). These coatings, usually microns or less in
thickness, are used to modify the optical properties of the materials onto which they are
depoSited.
The great majority of these coatings are deposited by physical vapor deposition
(PVD). The coating material is heated in high vacuum (10-5 mbar or less) to a
temperature sufficient to raise its vapor pressure to 10-2 mbar (normally 1000-2500
°C). This material.may evaporate from a liquid state or sublime from the solid.
Substrates are then placed a distance less than or equal to the mean free path of the
evaporant from the source. This evaporant then condenses on the substrates, forming a
thin film.
An obvious question at this point is, "What is a thin film?" The optical thickness
(physical thickness times refractive index) of a thin film is typically on the order of the
wavelength of light in the spectral region of interest. This ensures that interference
effects are present between the waves reflected from the interfaces, a necessary
prerequisite if the film is to modify the light passing through, or reflected from, the
1
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optic. For this reason, these coatings are often referred to as interference coatings. Many
layers of different or alternating materials may be sequentially deposited onto the
substrates to allow the spectral properties of the substrate-film system to be tuned very
accurately.
These coatings are usually, to first order, designed under the assumption that
they are composed of homogeneous slabs of coating material stacked one upon another.
This assumption greatly simplifies thin film design. We know, however, that thin films
are far from ideal. The most striking evidence are the superb transmission electron
micrographs of Karl Guenther (Guenther and Pulker 1976). Figure 1-1 shows the
cross-section of a typical multilayer thin film. We can see that the layers of the coating
consist of vertical columns with void areas in between. These voids have a profound
influence on all film properties.
When the coating chamber is vented to atmosphere after deposition, the voids
partially fill with condensed water vapor. This fact alone has numerous implications.
The water changes the effective refractive index of the thin film, a factor which must be
taken into account during coating design. Changes in relative humidity can even change
the refractive index after the film is exposed to air. The additional surface area subject
to attack by moisture can also reduce the environmental stability of the coating, an
important concern if a coating is to be inaccessible in a system such as an optical
communications cable. Finally, adsorbed water may be of concern if the coating is
subject to extreme photon fluxes, such as in laser resonator mirrors. The light may
even couple into the water, lowering the damage threshold of the coating.
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Figure 1-1 . Transmission electron micrograph of a cross-sectional replica of a
ZnS-ThF4 multilayer structure (Guenther and Pulker 1976).
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The above remarks assume a microstructure of columns and voids; we have not
yet addressed the shape of the columns. If the columns were uniform in the direction
perpendicular to the film surface, the effective refractive index of the coating would at
least be uniform in that direction. We know from measurements, however, that the
refractive index of thin films is inhomogeneous in this direction, suggesting that the
packing density of the films is not uniform. While controlled inhomogeneity can lead to
interesting thin film designs (Jacobsson, 1975), inhomogeneity is normally very
undesirable; particularly since most thin film design programs cannot handle
inhomogeneous layers.
What then can be done to improve PVD thin films? The key is to disrupt the
columnar microstructure, densifying the films; the densification of the films will
improve the homogeneity and decrease the water content of the films. A guide to this film
modification is provided by the structure-zone model of Movchan and Demchishin
(1969). It shows that films deposited onto substrates with temperatures below
one-third of the evaporant melting temperature--the typical case for PVD--possess a
columnar microstructure, while films deposited at higher temperature have a denser
microstructure. While higher temperatures are not in general feasible, we can increase
the effective energy of the growing film by a numt)er of ion-based processes which
increase the effective energy of the impinging species to 0.1 eV or more, equivalent to a
temperature greater than 1000 K. Thornton (1974) has extended the structure-zone
model to the case of sputtering by including the chamber pressure as a second parameter.
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A great variety of these "high energy" deposition processes have been developed
over the years. Figures 1-2 through 1-8 show typical chamber configurations for these
methods. The goal of all these methods is to disrupt the columnar microstructure through
the bombardment of the growing film by energetic particles: These particles can be
either the film constituents or other species such as argon.
Most of these methods produce excellent films, although the various methods
obviously have their own unique advantages and disadvantages. If a coating operation is to
be started from scratch, many of these methods might be suitable. As stated above,
however, an enormous capital base exists for thermal evaporation throughout the optics
industry. While it may be possible to modify thermal evaporation equipment for
sputtering, much of the evaporation knowledge base would then be irrelevant, sending the
coater back to the bottom of a learning curve. It is therefore preferable to develop an
energetic deposition process which can retain this evaporation knowledge base;
ion-assisted deposition (lAD) fills this requirement.
ton-assisted deposition involves the bombardment of a thermally evaporated film
by an ion beam during deposition. In this way, the thermal evaporation data base is
preserved while the ion bombardment modifies the film structure. Modifying a
traditional coating plant for ion-assisted deposition simply requires the addition of an ion
source, with its electrical and gas feedthroughs, in the chamber.
The first portion of this work deals with the ion-assisted deposition of a number
of metal fluoride coating materials. Fluorides are useful optical materials, transmitting
from the ultraviolet to the infrared (Pulker 1979). They can be evaporated by either
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Figure 1-2. Schematic of vacuum chamber configured for DC diode sputtering (Jacobson
1987).
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Figure 1-3. Schematic of vacuum chamber configured for RF diode sputtering (Jacobson
1987).
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Figure 1-4. Schmatic of vacuum chamber configured for RF magnetron sputtering
(Jacobson 1987).
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Figure 1-5. Schematic of vacuum. chamber configured for triode sputtering (Jacobson
198?).
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Figure 1-6. Schematic of vacuum chamber configured for ion-assisted deposition
(Jacobson 1987).
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Figure 1-7. Schematic of vacuum chamber configured for ion cluster beam deposition
(Jacobson 1987).
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Figure 1-8. Schematic of vacuum chamber configured for ion plating (Jacobson 198?).
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resistive or electron-beam evaporation. However, they suffer from two major
problems:
1} Fluorides normally form films with packing densities of 80% or less when
deposited onto substrates at room temperature (Ogura 1975). While packing density is
increased by heating the substrates to several hundred degrees Celsius, this decreases the
productivity of a coating plant; also, some types of substrates--including ultraflat
surfaces and plastics--cannot safely be heated to high temperatures.
2} Thin films of many fluorides exhibit high tensile stress; magnesium fluoride
is the classic example. Thicker films of these materials crack or delaminate from the
substrate as a result, making these materials impractical for infrared applications
where a quarter-wave film is a J.1m or more thick.
For this work, we have prepared MgF2, AIFs, NasAIFs, LaFs, CeFs, and NdFs
films by lAD. We will show that many thin film properties can be improved by lAD;
however, problems will also appear. The principal disadvantage is the additional
absorption that appears in the ultraviolet when films are bombarded with large ion
fluxes. This can always be alleviated by decreasing the ion flux or energy, but it may not
then be possible to modify the film properties to the desired extent.
We next will discuss the ion-assisted deposition of aluminum oxide (AI 2 0 S).
Aluminum oxide is an excellent coating material, with high transmittance from 200 nm
to 7 J.1m (Pulker 1979). Aluminum oxide films are also very hard, and typically have
packing densities near one. They do, however, sometimes suffer from poor moisture
resistance (Rainer et al. 1985). An obvious question is, "Why deposit aluminum oxide
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by lAD in the first place?" Aluminum oxide was investigated because a study by Ebert
(1982) of the activated reactive evaporation of a number of oxides suggested that
aluminum oxide was the only material which showed an increase in absorption when
deposited in this manner. It was hoped that a thorough investigation would shed some
light on this discrepancy. The work repoft,ed here continues that previously reported by
Saxe (1985). We will see that lAD does have beneficial effects on aluminum oxide and
that it can actually decrease absorption.
The previous topics involve the modification of compounds deposited by thermal
evaporation. Another possibility for lAD is the synthesis of materials, such as nitrides,
which cannot be deposited thermally. We will describe the synthesis of aluminum nitride
by bombarding thermally evaporated aluminum with nitrogen ions during growth.
Dielectric films were produced, but the optical properties were worse than films
deposited by diode sputtering (Pawlewicz et al. 1986); annealing greatly improved these
films.

CHAPTER 2
ION-ASSISTED DEPOSITION
lon-assisted deposition (lAD) has been extensively examined as a means of
modifying many properties of thermally evaporated thin films, including packing
density, refractive index, stress, adhesion, and environmental stability. Many of these
properties are manifestations of the porosity inherent in columnar microstructure. Ion
bombardment apparently can disrupt this columnar structure, increasing the packing
density of thin films (Macleod 1986).
lon-assisted deposition is a very straightforward modification of thermal
evaporation. An ion source is simply added to the vacuum chamber, bombarding the
growing films (Figure 2-1). Our definition of lAD will include only that work done with
broad-beam ion sources: a large body of work has also been performed at energies of tens
of keVor higher using small-area sources. These discussions will necessarily be
incomplete, but will summarize the current understanding of the lAD process and its
capabilities. Several excellent reviews have appeared (Martin 1986; Macleod 1986;
Gibson 1986; Martin and Netterfield 1986), and are recommended to the reader
interested in a broader coverage of ion-based processes.
15
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Figure 2-1. Basic configuration for ion-assisted deposition.
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Ion Sources
The availability of compact, commercial ion sources has been instrumental to the
interest in ion-assisted deposition. These sources by and large fall into two categories:
cold-cathode and hot-cathode sources.
Much of the early lAD work was done with cold-cathode (also known as
hollow-cathode) sources (Ebert 1982; Allen 1982). These generate a discharge between
a cylindrical cathode and a wire filament anode (Figure 2-2) due to the potential gradient
between the two, with the working gas admitted through a gap in the cathode. The ion
beam is extracted through a hole in this discharge chamber by the electric field of the
extraction electrodes. This source has the advantage of having no hot filaments, and
therefore can run for indefinite periods with reactive gases such as oxygen. The main
disadvantage is that the ion beam has an almost continuous energy distribution (Figure
2-3). This might be satisfactory in a production environment, but it makes careful
experimentation very difficult. These sources have therefore been supplanted, at least in
research laboratories, by hot-cathode sources.
The hot-cathode ion source was originally invented by Kaufman for NASA as a
possible space propulSion system (Kaufman, Cuomo, and Harper 1982) and is therefore
often called the "Kaufman" source. A heated metal filament cathode (usually tungsten or
tantalum) emits thermal electrons in a discharge chamber formed by a cylindrical anode
(Figure 2-4). The electrodes ionize the working gas atoms or molecules, creating a
plasma. The ions produced in this form of discharge predominantly have a single positive
charge, although some atoms are doubly-ionized. An optional magnetic field provided by
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Figure 2-2. (a) Schematic and (b) electrical connections of a cold-cathode ion source
(after Saxe 1985).
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either permanent or electromagnets increases the time the electrons spend in the
discharge chamber by deflecting their paths into spirals around the magnetic field lines,
increasing their ability to ionize the working gas.
In the dual-grid source design used in this research, the ionized working gas
exits the discharge through an electrically insulated screen grid. This grid is effectively
at the discharge chamber voltage. The ions then are accelerated by the second, or
accelerator grid, which is at a negative voltage relative to the discharge, to the desired
beam energy. A second hot filament, called the neutralizer, emits electrons which give
the beam a net neutral charge. It is important to note that the beam still consists of
positive ions and electrons, but that equal numbers of the two are present. This
neutralization prevents charging effects when insulating substrates and coating materials
are used. Unfortunately, ll.e filament must be immersed in the ion beam for proper
. neutralization to occur; otherwise, a space-charge layer forms at the edge of the plasma
and limits the number of electrons which can enter the ion beam. Sputtering of the
filament therefore is a source of film contamination. Hollow cathode and plasma bridge
neutralizers have been developed to solve this problem by eliminating the filament.
The main disadvantage of the Kaufman source is the presence of hot metal
filaments, which have drastically shortened lifetimes with reactive gases because of
accelerated erosion, and which can cause heavy metal contamination in the films. The
principal advantage of this source is the almost monoenergetic energy of the resultant ion
beam. This well-characterized beam is very important for experiments on the nature of
the lAD process.
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A major concern with molecular gases is whether the resulting ions3re atomic
or molecular. Other groups have shown, with Kaufman sources similar to ours, that both
oxygen (McNeil et al. 1984) and nitrogen (Van Vechten, Hubler, and Donovan 1986) ion
beams are predominantly molecular in nature. We will use this result in our analysis,
but will not verify it in our setup.
Early lAP Research
The first report on the ion-assisted deposition of optical thin films was probably
the work of Hirsch and Varga (1978,1980). They observed that the bombardment by
argon ions of thick germanium films grown on glass could relieve the cracking caused by
germanium's large intrinsic stress. They concluded that the str~ss was relieved by an
annealing process, and that the adhesion was being increased by an ion mixing process at
the film-substrate interface. This work will be discussed further in the next section.
Three other groups reported lAD work in 1982 at a meeting of the Society of
Photo-Instrumentation Engineers (SPIE). Ebert (1982) reported the activated reactive
evaporation of metal oxides, with negatively-ionized oxygen being created by a hollow
cathode ion source. The ionized oxygen, which generally had ion energies below 100 eV,
was more effective than neutral oxygen in decreasing the absorption of the oxide films,
usually by a factor of approximately three. The lone exception was AI2 0 S' which showed
an increase in absorption. Using this technique, a reflectivity of 99% was achieved at
193 nm with 35 layers of BeO and Si02•
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Herrmann and McNeil (1982) at the same meeting reported the ion-assisted
deposition of durable MgF2 films with slight absorption « 0.5%) in the visible. These
films were deposited at a substrate temperature of approximately 50°C, with

bomb~rdment by 50 J,1A/cm 2 of 700 eV argon ions. Also, 51-layer ThF4/AIF3 films with
low absorption which did not delaminate were deposited with oxygen ion bombardment.
The third paper on lAD at the conference was by Allen (1982), who reported the
lAD of Ti02 and Si02 films with a hollow cathode ion source similar to Ebert's. The Si02
films decreased in refractive index as ion current increased, and both the bombarded and
unbombarded films had no measurable absorption in the visible. Laser calorimetry at
1.06 J.1ln showed a decrease in absorbance to only 10 ppm with bombardment. In
contrast, the Ti02 films displayed an increase in refractive index with increasing ion
current, while the extinction coefficient of the films decreased from 1.5 x 10-3 to 1 .5 x
10-4 at 550 nm with bombardment. Allen also performed attenuated total reflectance
measurements of Si02 films in the infrared to study the packing densities of the films.
The un bombarded film had an absorption band near 3 J.1ln due to water in the film, while
the bombarded film had virtually no absorption in this region.
The next major contribution in this field was by Martin at al. (1983).

They

surmised that ion bombardment might improve the mobility of condensing adatoms,
promoting the growth of denser films (Macleod 1986). Although this mobility effect is
no longer considered the most likely result of lAD, they succeeded in greatly improving
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the properties of multilayers of Si02 and Ti02 or zr02 . They showed that ZrOiSi02
filters which exhibited no measurable vacuum-to-air shift upon venting the vacuum
chamber could be deposited with ion bombardment.
Modification of Film Properties by lAD
Since 1983, there has been a flurry of activity in lAD research, including the
work reported in this dissertation. Many groups have investigated the ion-assisted
deposition of a wide range of materials, including a variety of metal oxides, fluorides and
nitrides, as well as the metals themselves (Martin 1986). This work has shown that ion
bombardment can improve some properties of almost aU thin film materials; however,
there has been relatively little investigation into the nature of the lAD process itself. In
this section we will, in a necessarily incomplete manner, discuss the optical materials
which have been investigated with lAD, and in so doing present the reported
improvements in film properties. It is important to realize that much of this work has
been published subsequent to the start of this dissertation research in 1984.
Metal Oxides
The bulk of the lAD literature has centered on the transition metal oxides,
particularly Zr02, Ti02, and Si02 , commonly used in the coating industry. Zr02 and Ti02
are very prone to columnar growth, and lAD was therefore an obvious means of
improving their properties.
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Zirconium Dioxide. Zr02 has, as mentioned above, been studied by Martin et a!.
(1983, 1984a). They showed that, for a zr02 depoSition rate of 0.8 nm/sec, the
refractive indices of the films could be increased by 1200 eV oxygen ion bombardment to
2.18 at 550 nm, approximately the index of bulk Zr02 (Figure 2-5). This effect
saturated for ion current densities greater than 100 J.lAIcm2. For 600 eV argon ion
bombardment, the index could only be raised to 2.138 for an ion current density of 40
J.lAIcm2 (Figure 2-6). For higher current densities, the index decreased because of the
preferential sputtering of oxygen and the implantation of argon in the films.
Titanium Dioxide. This is another high index coating material which is popular
in the visible. It forms hard, transparent coatings, but is very difficult to deposit
reproducibly. Allen's initial experiments with negative ions have been discussed above.
His later experim~nts with a Kaufman ion source (Martin 1986) showed that the
refractive index at 550 nm could be increased from 2.3 to 2.45 by bombardment with
300 eV oxygen ions at an arrival rate of 0.12 ions/molecule.
McNeil et al. (1984, 1985) have investigated the difference between low- and
high-energy oxygen-ion bombardment using a Kaufman ion source. Both 60 and 500 eV
oxygen ions were used to bombard films grown at 0.2-0.5 nm/sec onto ambient
(50-100°C) and 250°C substrates. They observed that 500 eV ions were quite
effective at 250°C, increasing the index from 2.3 for no bombardment to 2.5 for 30
J.lAIcm2 of ions with virtually no increase in absorption. For ambient temperature
substrates, however, 500 eV ions could only increase the index to 2.3, with the films
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then beginning to absorb. 60 eV ions were then tried; at 250 °C, the index increased to
2.4 with no increase in absorption for an ion current density of 240 J,JA/cm 2. At

ambient temperature, however, the index increased to only 2.2 for an ion current
density of 120 J,JA/cm2. Nuclear reaction analysis showed that the 500 eV ions
significantly reduced the amount of hydrogen, and therefore water, in the films, while 60
eV ions had little effect. It therefore appears that, while low-energy ions increased the
refractive index somewhat without an increase in absorption, they did not result in a
packing density near unity. Higher-energy ions could cause absorption at ambient
temperatures, but appear to increase packing density to a greater extent.
Silicon DiOxide. Si02 is the standard low-index material for oxide multilayer
coatings in the visible and ultraviolet. Allen's hollow cathode work was mentioned above;
his Kaufman source work (Martin 1986) shows that the refractive index CQuid be raised
from 1.45-1.5 to 1.55-1.6 by argon or oxygen ion bombardment. No added absorption
was observed, suggesting that no appreciable preferential sputtering of oxygen occurred.
McNally, Williams, and McNeil (1986) have also examined Si02 depoSited onto
275 °C substrates. They observed no change in refractive index with 300 and 500 eV

oxygen ion bombardment, but observed a decreased transmittance shift after a humidity
test when the films were ion-bombarded.
Other Metal Oxides. Similar results have been reported for Ce02 (Netterfield et
al. 1985), AI20 3 (McNally et al. 1986), and Ta20S (McNally et al. 1986) films. The
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basic result in all these experiments was that the refractive indices could be increased
markedly by oxygen ion bombardment.
Metal Fluorides
Metal fluoride films have been widely applied because many are transparent over.
a wide wavelength range, from the infrared to the ultraviolet. Because of their low
packing densities and large

st~esses,

situation can be improved by

~l:gh

however, their thicknesses must be limited; this

tEtmperature depositions. Herrmann and McNeil

(1982) first attempted the ion-assisted deposition of fluorides, mentioning explicitly
MgF2 , AIF3, ThF4' and Na3AIF6 . No quantitative results were quoted. They simply
reported that MgF2 films bombarded with 700 eV argon ions withstood a humidity test
which conventional films deposited at ambient temperature failed, and that a 51-layer
AI F3IThF4 multilayer was deposited without delamination.
Most of the literature on the lAD of fluorides has centered on magnesium fluoride.
MgF2 is a popular low-index material which commonly serves as a single-layer
antireflection coating on glass in the visible. Unfortunately, substrates must be he2ted to
approximately 300°C before the coatings become sufficiently durable for commercial
applications. Kennemore and Gibson (1985) first investigated the ion-assisted
deposition of MgF2 as a means of anti reflecting plastics, which cannot be heated to
sufficiently high temperatures for conventional depoSition. The adhesion of films
deposited onto ambient-temperature quartz substrates was greatly improved by
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bombardment by 50 J.LA/cm 2 of 150 eV argon ions. A similar bombardment (the exact
deposition conditions were not stated) showed that the transmittance in the visible was
not significantly affected, but that the ultraviolet absorption edge shifted to slightly
longer wavelengths with ion bombardment. This would not be detrimental with plastic
substrates whose own absorption edges would dominate the ultraviolet transmittance.
They also pointed out that ion bombardment caused preferential sputtering of fluorine
from the films, with 33 J.LA/cm2 of 150 eV argon ions reducing the stoichiometry to
MgF1.86' compared to MgF1.93 for the unbombarded film.
From 1984 to 1985, our group at the Optical Sciences Center also investigated
MgF2 as a candidate material for ultraviolet laser optics. Saxe (1985) and Messerly
(1987) have already published much of this data, with the remainder presented here in

Chapter 4. Their conclusions were that bombardment with 300 eV oxygen or argon ions
could increase the packing density of MgF2 films to bulk values. Messerly actually
measured the physical density of argon-bombarded films, showing that it agreed with the
bulk value to within the uncertainty of the measurement.
Martin and Netterfield (1985) performed similar research, reporting that
oxygen ions can increase the packing density of MgF2 films without any increase in
absorption in the visible, while argon ions caused approximately 1.5% absorption at
550 nm.

More recently, Gibson and Kennemore (1986) demonstrated that bombardment
with freon (C2 Fs) can replace the fluorine sputtered from the films, thereby reducing
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the absorption due to fluorine deficiency without increasing the oxygen content of the
films. They also discovered that the use of a base vacuum lower than 5 x 10-7 torr
greatly reduced the water incorporation in the films, but at the expense of increased
absorption.
Martin et al. (1987) have very recently reported further work on the vacuum
ultraviolet optical properties of MgF2 films. They concluded that oxygen bombardment
degraded the vacuum ultraviolet transmittance, while argon bombarded films were
comparable to typical un bombarded MgF2 films. They also showed, however, that
unbombarded films depoSited at 449°C had the best observed vacuum ultraviolet optical
performance.
The work contained in Chapters 4, 5, and 6 of this dissertation continues this
investigation of the ion-assisted depoSition of fluorides.
Metal Nitrides
Nitride films cannot be deposited by traditional thermal evaporation: lon-based
processes are therefore employed. Martin, Netterfield, and colleagues have reported the
ion-assisted deposition of both TiN (Martin et al. 1984b) and Si3N4 (Netteriield,
Martin, and Sainty 1986). TiN is an important selective absorber for solar applications
and forms a hard, wear-resistant coating. The films were synthesized by bombarding
electron-beam evaporated titanium in

anitrogen atmosphere with either argon or

nitrogen ions (Martin et al. 1984b). The substrates were maintained at room
temperature or at 300 °C. Films were depoSited of the characteristic gold color
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associated with TiN. The authors assumed that the mechanism for film formation was
ion-stimulated sorption. This process will be discussed in the next section.
SiaN4 was deposited in the same way, with electron-beam evaporated silicon
deposited in a nitrogen atmosphere with nitrogen ion bombardment (Netterfield et al.
1986). With bombardment by 30 /lAIcm 2 of 60 eV ions, a SiaN4 film with refractive
index 1.934 and extinction coefficient < 3.5 x 10-6 was deposited at a rate of 0.08

nm/sec. Raising the ion energy to 100 eV raised the extinction coefficient to 5 x 10-4.
We will discuss the ion-assisted deposition of aluminum nitride (AIN) in
Chapter 8.
Models for lon-Assisted Deposition
lon-assisted deposition was first conceived as a means of increasing the adatom
mobility of thermally evaporated films. Until very recently, however, there has been no
consistent explanation of the dominant mechanisms at work during lAD. There are three
prinCipal regimes of ion-solid interaction which have been associated with lAD: Thermal
spikes, collision cascades, and ion-stimulated sorption. Some of the basic tenets of
sputtering theory are also relevant to the lAD process and will be discussed below.

Ion Sputtering of Compounds
While sputtering atoms from the thin film during lAD is not our intention, it is
unavoidable with ion bombardment. A very successful theory has been developed by
Sigmund (1969) for low-energy (1 keV and below) sputtering of elemental solids. The
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sputtering yield (atoms sputtered/ion) can be expressed as

where m1 and m2 are the masses of the incident ion and target atom, respectively,
a(mim1) is a function valued between 0.15 and 1.5, Eo is the ion ens:'gy, and Uo is the

binding energy of the target atom.
The sputtering of compounds is a much more difficult proble,!" and no successful
analytical theory has been developed. In this work, the absolute sputtering yields of the
constituent species are less important than their ratio. This ratio can be expressed in
the form (Sigmund 1981)

U 02J1- 2n
(

where

Vj

U 01

is the sputtering yield of the i'th constituent, Cj is its atomic concentration

(.L Cj =1), mj is its mass, and UOj is its surface potential in the compound.

In a

compound, the ratio of potentials can be approximated by the ratio of coordination
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numbers of the species. The exponent n is typically between 0 and 0.1 for ion energies
below 1 keV. This formula predicts that there will be preferential sputtering of the
lighter species, and also of the more loosely bound species .. The binding energy effect is
dominant at low ion energies because of the small value of n. For all the fluoride
compounds studied in this work, both criteria predict that the anion will be
preferentially sputtered away. lAD therefore often leads to substoichiometric films,
which mayor may not be a problem in any particular application. A common solution is
to bombard the film with the anion species itself; for example, bombarding an oxide with
oxygen ions. Implantation of the ions can then compensate for the preferential sputtering.

Thermal Spikes
Thermal spikes are typically associated with high-energy (tens of keVor more)
ion-solid interactions. The ions penetrate the solid, are slowed by atomic collisions, and
are captured, with the remaining kinetic energy deposited in 10-12 sec or less. This
energy can either excite lattice vibrations, an effect known as a displacement spike
(Brinkman 1954), or melt the solid over a small region, known as a thermal spike
(Seitz and Koehler 1956). If the lattice melts, it is assumed to anneal upon cooling,
increasing the density of the solid. The simple analysis of Seitz and Koehler predicted the
number of atoms rearranged during the lifetime of the spike as
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where Eo is the activation energy of the process, Q is the energy deposited into the spike
by the incident ion, and p is a material-dependent parameter usually in the range 1-10.
Of course, the question arises whether thermal spikes are still relevant at ion energies of
1000 eV or less.

The work of Hirsch and Varga (1978,1980) has already been mentioned. They
observed that argon ion bombardment of growing germanium films on glass substrates
eliminated film cracking associated with intrinsic stress. To isolate the effects of
adhesion enhancement from reduction in the intrinsic stress, 100 nm of unbombarded
germanium was depoSited, followed by 2 Jlm of lAD material. For an assortment of ion
energies between 65 and 3000 eV, the critical current density Ie at which film cracking
began was measured. This data was fit very well by the relationship
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where E. is the ion energy. As stated above, Seitz and Koehler (1956) derived a E- S/3
dependence for the number of atoms rearranged by a thermal spike. At an ion flux of Ie
ions cm-2 sec- 1, the total rate of atomic rearrangement would then be lenr atoms cm- 2
sec- 1. Hirsch and Varga then assumed that the total number of atoms needing
rearrangement to reduce the intrinsic stress sufficiently to prevent cracking was
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constant. This would require that Ie a: E- S/3 • Since 5/3:::::: 3/2, they assumed that they
were actually observing a "thermal annealing" effect. Saxe (1975), however, has
pointed out that the accuracy of their data is sufficient to rule out the -5/3 power law
dependence. This result must therefore be viewed with a certain degree of skepticism.
More recently, MOiler (1986a) has performed a Monte Carlo simulation to
model the effect of thermal spikes during lAD. Using a two-dimensional film geometry,
he deposited atoms and introduced ions in fixed proportions, with the locations of the
incident particles chosen randomly. The evaporant atoms struck the growing film and
stuck, with the film then undergoing a relaxation process simulating the thermal
diffusion expected in any solid. A thermal spike model developed by Sigmund and Claussen
(1981) was used. This model assumes that the spike vaporizes a spherical region around
the point of ion incorporation, with a Boltzmann gas present in the caVity. The spike
cools and grows with time until the temperature cools sufficiently for the material to
sOlidify. The conclusion of this work was that lAD does not densify thin films, although it
may cause the voids between columns to be sealed near the film surface.
Collision Cascades
The simplest model of ion-solid interaction is the kinetic "billiard-ball" model.
An incident ion collides with atoms, displacing the atoms and deflecting the ion. Figure
2-7 shows the various effects which can be expected. The number of options greatly
complicates the problem. If the ion is sufficiently energetic, the rearrangement of the
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Figure 2-7. Various processes which occur during a linear collision cascade (MOiler
198Gb).
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solid can be significant. Collision cascades are traditionally considered in the keY energy
range, but knock-on effects are possible even at low energies.
Harper et al. (1984) have proposed that forward sputtering can eliminate void
formation by dislodging overhanging atoms which might create a void (Figure 2-8). This
model was supported by evidence from non-normal incidence bombardments of films
growing over a step in the substrate.
Collision cascades have recently been studied by MOiler (1986b), again using a
Monte Carlo approach. He started with a Monte Carlo code called TRIM developed by
Biersack (Biersack and Eckstein 1984) to model the ion-atom interaction. To simulate
ion-assisted deposition, MOiler alternately deposited a thin layer of pristine material on
the top of the film and bombarded the film with ions. This alternation was assumed to
simulate the simultaneous processes.
The results of this simulation present a coherent picture of lAD. Surface atoms
are knocked deeper into the film through recoil implantation. This results in the
densification of a layer approximately 1 nm below the film surface and the formation of a
depletion layer on the surface. Since the sUb-keY ions used in lAD have ranges of at most
tens of nm in dielectric materials, the bombardment can only affect the near-surface
region. Therefore, as the film grows, it is progressively densified. This model predicts
that a depleted surface layer should remain when the deposition is complete. Figure 2-9
shows a typical growth simulation from MOiler's work.
MOiler then compared these results with data for the density of Zr02 films
bombarded with 600 eV 0+ ions (Figure 2-10). For low ion fluxes, the agreement
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1 1

Figure 2-8. Prevention of void formation by forward sputtering of overhanging atoms
(Harper et al. 1984).
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between experiment and theory is very good. For higher fluxes, the theory predicts
higher densities than are observed because the TRIM code does not keep track of actual
lattice sites. There is therefore no limitation on the possible density of the films,
allowing the model to predict densities larger than the bulk value.
This model, which suggests that recoil implantation is the primary cause of the
densification observed in lAD, is' very appealing. Recent experiments appear to reveal a
surface depletion layer during the ion etching of Zr02 (Netterfield 1986), strengthening
the credibility of the model.
lon-Stimulated Sorption
When reactive metals are deposited in a background of reactive gas, some gas is
incorporated into the film. However, if the metal is bombarded during growth by either
inert or reactive ions, the incorporation rate of the reactive gas into the film can be
greatly increased. As an example, Grigorov and Martev (1986) have reported that they
could deposit Ti-N films with a N:Ti ratio of 3:1 by bombarding titanium with argon ions
in a nitrogen background. In this way, they could form a number of nonequilibrium
compounds as well as the stoichiometric material TiN. The suggested mechanism for this
ion-stimulated sorption is the creation of ion-induced defects in the film which are then
filled with reactive gas atoms. This theory was supported by a study of the effects of
different noble gases on the sorption process; both the amount of adsorbed nitrogen and
the number of ion-induced defects in the films peaked for argon bombardment.
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Martin, Netterfield, and colleagues (Martin et al. 1984b) have also deposited
TiN films by ion-assisted deposition. They explicitly attributed the formation of
stoichiometric TiN to ion-stimulated sorption, since argon bombardment was as
effective as nitrogen bombardment.

CHAPTER 3
EXPERIMENTAL METHOD
Film Deposition
The thin films studied in this work were deposited at the Thin Films Laboratory
of the Optical Sciences Center in a Balzers BAK 760 box coater (Figure 3-1). This
system consists of a 1000 x 900 x 900 mm box-shaped vacuum chamber evacuated by a
mechanical pump and Roots blower down to 5 x 10-2 mbar and then cryopumped to base
pressures as low as 4 x 10-7 mbar. Most of this work, however, was performed in the
low 10-6 mbar range.
Two resistive and two electron-beam sources were located at the base of the
chamber. Tungsten, tantalum, and molybdenum boats resistively evaporated some
materials; others were electron-beam evaporated from molybdenum or intermetallic
(for aluminum evaporation) crucible liners. A 6 kV electron beam evaporated fluorides
and metals, while a 10.5 kV beam handled the refractory oxides.
The deposition rate from these sources was normally controlled automatically
by a microprocessor-based system, with a quartz crystal monitor in the center of the
chamber measuring the rate. Alternately, the sources could be manually set at specific
power levels. The chamber was also equipped with a sophisticated optical monitoring
system consisting of two wideband scanning monochromators (Van Milligen et al. 1985),
but this system was not used in this research.
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Figure 3-1. Schematic of the Optical Sciences Center Balzers BAK 760 box coater
configured for lAD.
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The chamber could be heated as high as 300 °C using four tungsten lamps
mounted at the top of the chamber above the substrate holder. A thermocouple mounted on
a baffle in the rear of the chamber just below the substrate level measured the substrate
temperature. This thermocouple and the substrates were approximately equidistant from
the electron-beam sources, the major source of undesired chamber heating. These
sources could heat the chamber from room temperature to more than 100°C during the
depoSition of 1 J.Un of refractory oxide material. The resistive sources caused much less
superfluous heating, raising the chamber temperature only 20-30 °C above ambient
after the deposition of 1.5 J.Un of fluoride coating material.
Gas could be added to the chamber through an automatic valve mounted in the
side of the plant. This valve automatically adjusted the flow to maintain a constant
pressure on an ionization pressure gauge.
For ion assisted depoSition, a Commonwealth Sciences Corporation 3-cm
aperture ion source was mounted in the center of the chamber on a mount with two axes
of adjustment. This source is of the Kaufman hot-cathode variety discussed in Chapter 2.
Dual graphite grids and tungsten filaments were used with the gun in this research,
generating beam energies of 150 to 1000eV. A needle valve metered the working gas
(argon, oxygen, or nitrogen in this work) into the bottom of the gun. Two different gases
could also be simultaneously fed into the gun through a T-fitting in the feed line with
separate needle valves for each gas.Since manual needle valves, instead of flow
controllers, set the flow through this line, these valves were set for a total chamber
pressure of 8 x 10-5 mbar, which allowed the ion source to operate properly. When two
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gases were mixed, a lower chamber pressure was first reached with one gas and the line
with the second gas was then opened until 8 x 10-5 mbar was reached.
The actual ion beam current density striking the substrates was m"easured using
a Faraday cup arrangement which could be rotated into the sample position before and
after deposition. A -45 V bias on the cup prevented the measurement of neutralization
electrons. The substrates were mounted on a rotating substrate dome with four sample
positions at 900 intervals. Three of the positions contained substrates, while the fourth
contained the Faraday cup. These positions were mounted parallel to the bottom of the
chamb.Jr so that the ion beam struck them at a 15-300 angle of incidence.
An assortment of substrates accommodated the various analysis techniques.
Float glass was used for experiments in which substrate transmittance was not a factor,
such as humidity testing. Spectrosil B grade synthetic fused silica was used for optical
measurements because published values of refractive index were available (Malitson
1965). A measurement of the Spectosil refractive index at the sodium D line with a
Bausch & Lomb Abbe refractometer agreed with the literature value, at least at this
wavelength, to three decimal places. Silicon and germanium substrates were used for
infrared transmittance measurements, and graphite substrates were used for Rutherford
backscattering analysis.
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Thin Film Characterization
Measurement of Optical Constants
The optical properties of a thin film can be described by a number of pairs of
optical constants. We have chosen the refractive index n and the extinction coefficient k.
For dielectric coatings, the refractive index describ~s the dispersive nature and the
extinction coefficient the absorptive nature of light propagation through the medium,
although the separation is not rigorously complete. An accurate determination of the
optical constants is essential in characterizing the optical behavior of a thin film.
Numerous methods based on different optical measurements have been developed
to calculate optical constants (Arndt et al. 1984). In our laboratory, the most accurate
instrument available is a Cary 14 double-beam spectrophotometer. A chopper divides a
monochromatic beam into two beams which alternately pass through a sample and a
reference compartment, after which they fall upon a common photomultiplier tube. If
the reference compartment is empty, the ratio of the two signals at the photomultiplier
gives the absolute transmittance of a sample. These measurements can be performed to
an accuracy of better than 0.5% over a wavelength range of 0.2-2.5 Jl,m. Absolute
reflectance can be measured using a V-W reflectance attachment in the sample
compartment and a variable attenuator in the reference path, but accurate measurements
require samples larger than the 25.4 x 25.4 mm squares used for most of this work. A
reflectance relative to an aluminum standard can be measured using single-bounce
reflectance attachments in both compartments, but these measurements in our
instrument can only be considered accurate to approximately 1% in the visible and
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ultraviolet (Swenson 1987). We have therefore chosen an analysis technique which only
requires transmittance measurements.
The extrema of transmittance and reflectance curves make very convenient
inputs into optical constants programs. Our knowledge of the optical thickness (the
product of refractive index and physical film thickness) at each extremum provides an
additional variable not available in other methods using the same data. In particular, an
independent measurement of the film thickness is not required. This advantage has led to
several "envelope" methods for optical constant calculation. In all these techniques, two
auxiliary curves are derived for each spectrophotometer trace--one curve passing
through the quarter-wave points and another passing through the half-wave points.
These two envelopes then provide two data points at each wavelength of interest for each
trace. Using only a transmittance measurement, we have three independent
variables--half- and quarter-wave transmittance and optical thickness--at each
extremum. Therefore, this data is sufficient to calculate n,k, and the physical thickness
d at these wavelengths.
An envelope technique due to Manifacier, Gasiot, and Fillard (1976) assumes
that the film is homogeneous and weakly absorbing. This method was chosen for this
work because it only requires a spectral transmittance measurement at normal incidence
of a single-layer film on a transparent substrate. Figure 3-2 shows a typical
transmittance curve for a high-index material with the two envelopes drawn. The Tmax
envelope shows what the transmittance of the film at any given wavelength would be if the
optical thickness of the film were some even number of quarter-waves at that wavelength
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•
rather than its actual thickness. Similarly, Tmin shows what the transmittance would be

if the film's optical thickness were an odd number of quarter-waves thick at that
wavelength. The variables.Tmin' Tmax' and m--the order of the extremum at the
measurement wavelength--are adequate to calculate unambiguously n,k, and d at the
wavelength of the extremum.
The mathematics involved in this method is pre.~nted in the literature and will'
not be duplicated here. However, the basic framework of the argument is helpful in
appreciating the application of the method. The following development follows directly
from Manifacier et al. (1976).
The transmittance of a weakly absorbing, homogeneous, single-layer film of
index n, extinction coefficient k, and thickness d on a semi-infinite substrate is given by

T= C2 + C2
1

2

(1.2

+ 2 C C a. cos
1

2

(4 1tn
d)
A

where no and n1 are the refractive indices of the incident medium and substrate,

4Tfndll\=mTf at the extrema, it is easily shown that the two envelopes are given by
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T max=

and

These equations are then inverted to give

and

where
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The reliance of this method on extrema in T places a requirement on the film thickness.
Typically, at least five extrema are desirable in the spectral range of interest. We obtain
transmittance values for the envelopes between the data points by performing a Cauchy .
interpolation of the form (Garcia 1986)

where

"1 and "2 are the wavelengths of two adjacent known data points and" is the

interpolation wavelength.
A major problem with this method (and most spectrophotometric methods, for
that matter), is that the error in the calculation increases rapidly as Tmax-Tmin gets
small. It is therefore difficult to get good results for low index materials on fused silica.
In fact, we have been unable to measure the refractive indices of low-index films
accurately enough by this method to observe meaningful changes with ion bombardment.
Changes in the extinction coefficient are normally much larger (in percentage terms),
and therefore can still be calculated meaningfully by this method for low-index films.
The accuracy 01 the method could be improved somewhat by using higher-index
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substrates such as sapphire, but the increase in transmittance contrast between extrema
would only be approximately 1%. Given the cost of sapphire substrates with the optical
axis oriented so as to avoid birefringence in the measurement, this slight increase in
sensitivity was not considered worthwhile for this work.
Once the index has been calculated at each turning point, the optical thickness
(nd) at the turning points can be divided by the calculated refractive index n at that
wavelength to give the physical thickness of the film d. The calculated values of d at each
turning point can then be averaged to give an estimate of the film thickness. For a
well-behaved calculation, the thickness calculations at the turning points typically
showed a spread of ±SO A or less.
Macleod (Arndt et al. 1984) extended this method to the inhomogeneous film
case by making use of the characteristic matrix for a weakly absorbing, inhomogeneous
film. An analysis analogous to that of Manifacier et aJ. then shows that, while the
expressions for T max,Tmin' Rmax , and Rmin do not lead explicitly to solutions for the
optical constants, an iterative method is possible. Thus, at the cost of requiring a
reflectance as well as a transmittance measurement, the degree of inhomogeneity of the
film can be determined as well as the mean index and the extinction coefficient. As
mentioned above, however, making accurate reflectance measurements on the available
samples with the available instruments was very difficult. Therefore, we modified the
Manifacier method to analyze films which showed measurable inhomogeneity--that is,
whose half-wave transmittance was greater than the bare substrate transmittance.
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This modified method is based on the similarities between the reflectance
extrema of homogeneous and inhomogeneous films in the absence of absorption. It has
been shown in the literature (Borgogno, Lazarides, and Pelle-tier 1982) that the
quarter-wave reflectance of a weakly-absorbing inhomogeneous film is almost identical
to that of a homogeneous film of index J(nanb)' where na and nb are the film refractive
indices at the air-film and substrate-film interfaces, respectively. For a non absorbing
film, the equivalence is exact. This suggests a simple modification of the Manifacier
method--in spectral regions of negligible absorption, keep the measured quarter-wave
transmittance values and replace the half-wave transmittance values with the bare
substrate transmittance which a nonabsorbing homogeneous film would have. This
procedure approximates the slightly inhomogeneous film by an effective homogeneous
film with the same mean index. This is an excellent assumption for nonabsorbing films
and obviously degrades with increasing absorption as the assumption that the half-wave
transmittance equals the substrate transmittance becomes more and more inaccurate.
Since most of the coatings analyzed in this study are highly transparent in the visible,
this approximation has generally been applied over the 300-700 nm wavelength range
for films which have obvious inhomogeneity, that is, whose half-wave transmittances
are greater than the substrate transmittance. A combination of inhomogeneity and the
proper amount of absorption could lower the half-wave transmittance of an
inhomogeneous film to that of the bare substrate and thus mask the inhom')geneity, but
this is obviously an exceptional case which is unlikely to be encountered.
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Humidity and Boiling Water Tests
A thin film's utility in everyday use is often determined by its resistance to
attack by atmospheric moisture. In some cases, optical coatings are expected to perform
for years in humid environments with little or no optical degradation. Ideally, coatings
would be aged in air for their rated lifetime to get an accurate measure of their actual
performance; however, it is obviously impractical in most cases to conduct such testing
over periods of months or years. As a result, an accelerated testing procedure is
required. A typical standard test is that specified by MIL-SPEC-C-675, which involves
placing the films for at least 24 hours in an environmental chamber (often called a
humidity chamber) at 48°C with 95% to 100% relative humidity. The films are then
rubbed with an eraser and examined for scratching. The result of the test is a pass or fail
rating. We employ a similar test in this work; after the humidity test, we examine the
films by Nomarski microscopy at approximately 200x magnification to detect
degradation. Nomarski microscopy, which reveals changes in the slope of the wa'mfront
reflected from the sample (Klein 1970), is much more sensitive to surface degradation
than conventional optical microscopy, particularly for single layer dielectric films. The
eraser test was avoided because of the great difficulties involved in standardizing the
rubbing procedure from sample to sample.
Two basic problems affect humidity testing: First, water droplets can condense
on the film surface and cause more severe damage than the moist air itself; second,
durable films might take weeks to degrade in a conventional humidity test. The latter is
certainly no problem in a production facility, but can be in a research environment
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where we seek to observe small differences in film properties caused by changes in the
deposition process. To accelerate the tests, we have subjected some coatings to a boiling
water test, placing the films in boiling deionized water for a specified length of time.
Since the films were completely immersed in water, they were subject to a much more
uniform attack. To protect the filfTls from agitation by rising bubbles, the samples were
placed in a beaker at an incline with the coated side of the substrate facing upwards. This
is a very severe test, and damage can often be detected in films after only minutes.
X-Ray Diffraction
The degree of long-range order present is an important property of any optical
material, as it can have a major effect on the optical properties. Solids can be
amorphous, with minimal order beyond adjacent atoms, or crystalline, with order
extending over even macroscopic distances. While thermally deposited thin films
typically consist of vertical columns (Macleod 1982), the material within a column can
still display crystallinity, or more likely polycrystallinity, with crystallites having
different orientations.
The crystallinity of many of our thin film samples has been measured by Mr.
Wes Bilodeau of the University of Arizona Department of Geosciences using a Siemens

8-28 x-ray diffractometer with the Cu Ka. 1 line at 1\ = 1.54051
at 1\ = 1.54433

A as the source radiation.

Aand the Cu Ka. 2 line

Weighting these wavelengths by the relative

intensities of the two lines gives an average Cu Ka. wavelength of 1.54178 A. When a
sample is crystalline, the x-ray reflectivity Increases sharply at an incident angle

58
specified by Bragg's Law (Kittel 1976). Ught is coherently reflected in phase by
successive crystalline planes at .angles of incidence (with 00 representing grazing rather
than normal incidence) satisfying

2d sin 8 = n 1\

where d is the interplanar spacing in the crystal, 8 is the angle of incidence, 1\ is the
x-ray wavelength, and n is an integer (usually one in these experiments). By
determining the angles 8 at which sharp x-ray reflections occur, the interplanar spacing
of the crystallites in the film can be measured. Figure 3-3 illustrates a typical x-ray
diffraction spectrum showing a number of peaks due to different crystalline orientations
in a film. The broad reflection background observed is due to the amorphous fused silica
substrate rather than the film itself. If the film is amorphous, we observe only this
substrate background. The abscissa is labelled 28 because the detector is scanned
through twice the rotation angle of the sample; this satisfies the law of reflection for the
x-ray source and detector.
It is important at this point to draw a distinction between different crystalline
phases (hexagonal and monoclinic, for example) and different orientations of the same
phase. Phases represent fundamentally different relationships between the atoms in the
crystalline lattice: Orientations describe crystallites of the same phase faCing in
different directions with respect to the substrate surface.
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Figure 3-3. Typical output from a 8-28 x-ray diffractometer for a polycrystalline thin
film on an amorphous substrate.

60
The Joint Committee on Powder Diffraction Standards (JCPDS) of the American
Society for Testing and Materials publishes a compendium of x-ray diffraction data for
most common materials in powder form (JCPDS 1967). For each crystalline phase of
each material, this collection lists the interplanar spacing and relative intensity of each
crystalline orientation. The x-ray diffraction measurements therefore tell us which
crystalline phases and which crystallite orientations of each phase are present.
The size of the crystallites in a film can also be measured from the width of the
x-ray diffraction peaks using the Scherrer equation

kA

P = b cos 8

where p is the average projected crystallite diameter parallel to the film surface, K is
the Scherrer constant (which is usually taken as one), b is the width of the x-.ray
diffraction lines (measured here as the full width at half maximum of the diffraction
peak) minus the instrumental broadening, and 8 is again the angle of incidence (Langford
and Wilson 1978). The instrumentallinewidth of the diffractometer was determined by
measuring the width of the 28=28 0 peak in a silicon reference standard with large
crystallites. Theoretically, this line should have negligible linewidth, so the measured
linewidth can be directly attributed to the instrumental line broadening. This broadening
was measured at 0.20 for typical operating conditions of the diffractometer.
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Rutherford Sackscattering Spectrometry
Rutherford backscattering spectrometry (RSS) has proven to be an excellent
tool for studying compositional changes within thin films as a result of lAD. Messerly
(1987) contains a detailed discussion of RSS and its application to thin film analysis, as
well as as a discussion of many of our RSS results. I will simply provide a brief
overview of the technique and refer the interested reader to Messerly (1987) or the
seminal work by Chu, Mayer, and Nicolet (1978).
Our RSS measurements have been performed on the Van de Graaff accelerator of
the Ion Seam Analysis Facility of the University of Arizona Physics Department by
Professors John Leavitt and Larry Mcintyre and their co-workers. Michael Messerly
and John Lehan reduced the data.
In RSS, high-energy (1.892 MeV in this wOrk) singly-ionized helium ions
from a Van de Graaff accelerator are scattered by a thin sample in vacuum . The
measured number of scattered helium ions per unit solid angle per incident helium ion,
combined with known scattering cross sections, provides the absolute number of each
atomic species in the film in units of atoms per unit area. Film stoichiometries can thus
be measured to an accuracy of better than one percent. Graphite substrates are necessary
because the silicon and oxygen peaks'from glass substrates overwhelm the peaks from
lower Z elements, including any film constituents with Z < 14, decreasing measurement
accuracy and complicating the analysis. Thin film thicknesses must also be chosen to
prevent adjacent 6/emental backscattering peaks from overlapping. This requires

"

fluoride films to be at most 1000 A thick.
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Rutherford backscattering, a nuclear scattering process, is insensitive to the
nature of the chemical bonding in the films. In particular, the oxygen content of the
films cannot be divided between oxygen atoms and water or OH- complexes. With a little
intuition, however, useful conclusions can be drawn about the chemistry of the films
when the data from RBS and other analysis methods are combined.
Infrared Transmittance
The infrare«;t transmittance of a thin film is obviously of interest in terms of its
optical performance, but it can also be used to qualitatively compare the packing
densities of two thin films. Bradford, Hass, and McFarland (1972) have shown that thin
films display an absorption band centered around 3 J,lm due to absorption by the water
trapped in the film. The strength of this water band therefore provides a qualitative
measure of the water content of the film and, if we assume that the water is filling the
voids in the film, the packing density as well. An absorption band at 2.7 J.1m due to OW
radicals is also present in some films. In ,many cases, however, this band falls on the tail
of the water band, making it very difficult to observe the OW band.
Measurements of coatings on silicon and germanium substrates were made at the
Optical Sciences Center with an Analect FX-6200 Fourier Transform Infrared (FTIR)
Spectrometer and at the Optical Coating Laboratory Incorporated (CCLI) on a
Perkin-Elmer 983 FTIR Spectrometer. The Analect instrument measures transmittance
over the 400-4400 cm- 1 (2.3-25 J,lm) region. The Perkin-Elmer spectrometer is
capable of measuring over a wider spectral region, but measurements were not made
over this extended range. The sample compartment of the Analect instrument contains
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ambient air, introducing atmospheric absorption bands. Dividing the sample spectra by a
refere;,ce spectrum taken without the sample largely removed these bands, but
atmospheric fluctuations between the two measurements resulted in noise of one percent
in the worst case, although most measurements were significantly less noisy. This noise
varied from run to run and was the primary reason for having some samples measured at
CCLI. The Perkin-Elmer spectrometer is purged with dry nitrogen and'therefore does
not suffer from atmospheric absorption bands.
X-Ray Photoelectron Spectroscopy
A previous section pointed out the capabilities of Rutherford backscattering
(RSS) but also indicated a number of limitations as well. These disadvantages include:
(1) the lack of chemical information from the analysis, (2) the need for thin samples in
some cases, and (3) the difficulty of determining stoichiometry accurately on glassy
substrates. All three of these disadvantages can be addressed by x-ray photoelectron
spectroscopy (XPS), although there is a new set of disadvantages inherent to this
technique.
XPS involves the irradiation of a sample by a monoenergetic beam of x-rays in
an ultra-high vacuum envirc:mment (typically 10-9 torr or better). The x-rays cause
the photoionization of core electrons in the sample atoms. The difference in energy
between the Incident x-ray and the photoelectron gives the binding energy of the original
electron state. In this way, atomic species can be detected with high sensitivity. In
addition, this technique is very surface sensitive because photoelectrons can only escape
from the sample if excited near the surface. This means that the measurement is
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insensitive to the substrate composition, and that depth profiling of the film requires ion
beam sputtering of the film. This sputtering can change the nature of the film through
ion mixing, thus confusing the analysis. Therefore, we concentrated on another property
of XPS--its ability to give chemical bonding information.
The use of XPS to obtain bonding information, often known as Electron
Spectroscopy for Chemical Analysis (ESCA), depends on the fact that the binding energy
of a core electron state is perturbed slightly by the valence electrons through
electron-electron interactions. These perturbations are typically on the order of several
electron volts. If the valence state of an atom changes, the perturbation energy therefore
changes as well, resulting in a "chemical shift" in the XPS peak. It is therefore possible
to discern information about chemical bonding from XPS analysis. This has been our
principle use of XPS, with the bonding information supplementing the RSS analysiS. In
some cases, it is possible to correlate peaks directly with particular valence states; in
our case, however, most of the interesting species were impurities in the samples,
complicating the analysis. We were at least able to tell if a particular atomic species was
present in more than one bonding configuration in the films.
Figure 3-4 shows a typical XPS spectrum. The sharp peaks represent
photoelectrons which escape the film without energy loss, while the background is due to
photoelectrons which undergo collisions before leaving the film.
Our XPS measurements were carried out by two groups. The Materials Sciences
Division of the Los Alamos National Laboratory provided measurements taken with their
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Physical Electronics system, and the Optical Materials Group here at the Optical
Sciences Center has taken data with their Perkin-Elmer 5100 system.

CHAPTER 4

THE ION-ASSISTED DEPOSITION OF MAGNESIUM FLUORIDE

Magnesium fluoride (MgF2) is one of the mainstays of the optical coating
industry. It evaporates easily by either resistive or electron-beam heating and has an
index in the visible of approximately 1.38. It forms tough, water-resistant coatings on
glass when deposited at high temperatures; these make an excellent AR coating on glass
with a minimum reflection of slightly over one percent. For these reasons, literally
acres of single-layer MgF2 coatings are deposited annually onto mass-production optics
such as camera lenses (Baumeister 1985). Perhaps more relevant to this study, MgF2
has exceptional ultraviolet optical properties, with a transmittance cutoff near 110 nm
(Pulker 1979). MgF2 was therefore a natural starting point for us.
Several properties of MgF2 films suggested that they would be improved by
ion-assisted deposition. First, the deposition of hard coatings requires a substrate
temperature of approximately 300°C. Coatings deposited onto ambient temperature
substrates are quite fragile and therefore are not suitable for many applications. Second,
the refractive index and packing'density of MgF2 films also increase with increasing
substrate temperature up to approximately 270-350 °C (Hacman 1970). Materials

67

68
whose properties show a strong temperature dependence are usually well suited for lAD.
Third, MgF2 films suffer from very high tensile stress (Pulker 1982). This stress
causes thick films to crack, preventing a quarter-wave of MgF2 from being

deposit~d

for

wavelengths greater than 3 or 4 j.Lm. Hoffman and Gaerttner (1980) .have shown that
lAD reduces the stress of chromium films and it was therefore hoped that we would
observe the same effect.
Kennemore and Gibson, as discussed in Chapter 2, have extensively investigated.
the ion-assisted deposition of MgF2 onto ambient temperature substrates (Kennemore
and Gibson 1984; Gibson and Kennemore 1986). Their work, at least in the early
phases, differed in emphasis from ours, although the projects converged in later stages.
Portions of our research have already been reported by my colleagues, Saxe (1985) and
Messerly (1987). My analysis here will deal with aspects of the problem not discussed
in their work or will present differing interpretations of data previously reported,
although their results will obviously be mentioned below to interrelate the various data
where applicable.
Deposition Conditions
The MgF2 films were electron-beam evaporated from a molybdenum crucible at a
rate of 0.6 nmlsec using powdered starting material from Bendix. This material had to
be warmed up very slowly to avoid blowing the powder out of the crucible, but once the
powder melted the deposition progressed very smoothly with the automatic controller
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maintaining the deposition rate to better than 0.1 nm/sec. All of the depositions, with
the exception of one reference sample deposited at 300 °C, were conducted at ambient
temperature (20-25 °C). The chamber temperature increased very little during the
runs because of the lowe-beam power required to evaporate MgF2 •
Unbombarded FUms
Before discussing the effects of ion bombardment on MgF2 films, it is obviously
important to know the behavior of unbombarded samples. We first attempted to deposit a
film 700 nm thick on fused silica for an optical constant calculation using the Manifacier
method. This film showed severe cracking which was visible in reflection to the naked
eye. This cracking is undoubtedly due to excessive tensile stress in the film. A thinner
sample approximately 400 nm in thickness was then deposited. This film

ha~

a very

weak absorption edge in the ultraviolet which is quantified in Figure 4-1. RBS
measurements of unbombarded films approximately 100 nm thick on graphite substrates
show that the unbombarded films are slightly fluorine deficient, with the
fluorine-to-magnesium ratio ranging from 1.94 to 2.00 (Messerly 1987).
Bombarded Films
MgF2 films were deposited initially with argon ion bombardment. Argon has
successfully been used by Kennemore and Gibson (1984) and presumably does not alter
the films chemically. An ion energy of 300 eV was initially chosen as a compromise
between two extremes: high energies might cause severe damage to the growing film,
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while low energies might not significantly increase the packing density. Once the
effectiveness of this energy was demonstrated, we continued it largely through inertia
and to preserve the continuity of the data.
lon-bombarded films 700 nm thick were grown on fused silica for transmittance
measurements. These films showed no sign of cracking, demonstrating qualitatively that
the ion bombardment decreased the tensile stress and/or increased the adhesion of the
films. The errors in the refractive index calculations for these films were several
percent. This is because of the small difference between the quarter- and half-wave
transmittances of low-index films on fused silica. No useful information can be drawn
from these calculations. The 0.5 % transmittance accuracy of our spectrophotometer is
just not accurate enough. Better measurements might be possible in the future if
sapphire substrates are used because of the increased index contrast between the film and
substrate, but they were not used here. In addition, the fact that the index of the material
is relatively close to that of water means that a porous coating with water in its voids is
optically very similar to a dense film with few voids. In fact, Pulker (1979) reported
that a porous MgF2 film with a vacuum index of 1.32 had an index of 1.38 after being
exposed to air. Therefore, we cannot draw any useful conclusions from these index
measurements.
The extinction coefficients, on the other hand, are more significant because only
one digit of accuracy is required for typical applications. Figures 4-1 and 4-2 show
that mild argon ion bombardment in fact reduced the absorption of the films below that of
the unbombarded film. This result is rather unusual and may simply suggest an anion
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Figure 4-1. Extinction coefficients of argon- and oxygen-bombarded MgF2 films for an
ion flux of 20 JlAIcm 2 , with the data for an unbombarded film included as a reference.
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Figure 4-2. Extinction coefficients of argon- and oxygen-bombarded MgF2 films for an
ion flux of 50 J.LA/cm2, with the data for an unbombarded film included as a reference.
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deficiency in the conventional film. In any case, the bombarded films have minimal
absorption down to a wavelength of 250 nm. For each ion flux, the oxygen-bombarded
film shows a stronger absorption edge than the argon-bombarded film. This behavior is
explained by the changes in film stoichiometry with bombardment.
Infrared Water Band Absorption
An unbombarded film and a film bombarded with 20 J,1AIcm2 of 300 eV argon
ions were deposited onto silicon wafers to examine the effect of lAD on the packing
densities of the films. The transmittance of the films was then measured in the region of
the 3 J.LI1l water absorption band. The unbombarded film showed a significant absorption
band in this area (Figure 4-3), demonstrating its high porOSity. The lAD film showed
virtually no absorption, indicating that its packing density is very close to one. The
absolute difference between the measured transmittances is due to the back surface of the
wafers being unpolished, not to any absorption in either film.
Rutherford Backscatterjng Analysis
Film stoichiometries are greatly influenced by ion bombardment. These
stoichiometries were determined by Rutherford backscattering. The raw data is due to
Messerly (1987), but the interpretation given here is sufficiently different from his to
warrant a repetition. We analyzed 100 nm thick films deposited onto graphite
substrates. Neglecting the argon content of the films (which is typically 0.5 to 2 at.%
for argon bombardment), film stoichiometry can be expressed in the form MgFxOy • A
particularly stoichiometric unbombarded film has »:2.005 and y=0.12. The oxygen
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content probably comes from the residual oxygen in the vacuum chamber. Since ASS does
not give chemical bonding information, it is impossible to determine how many of these
oxygen atoms are actually present in the form of water or hydroxyl radicals.
With argon bombardment, preferential sputtering of fluorine by the incident
ions reduces x below 2.0, with the fluorine deficiency increasing with increasing ion
flux (Figure 4-4). The residual oxygen in the vacuum chamber compensates for the
fluorine deficiency at low ion fluxes, but the oxygen content also decreases with ion flux
because of the preferential sputtering of oxygen (Figure 4-4). The films thus begin to
absorb slightly in the ultraviolet when the ratio of ions to arriving evaporant molecules

y surpasses 0.15. At this ion flux, the oxygen content of the film just compensates for
the fluorine deficiency. For higher ion fluxes, the uncompensated anion vacancies cause
increased ultraviolet absorption. The y =0 films in Figure 4-4 were deposited in an
argon atmosphere, so this data will not be repeated in Figure 4-5.
With oxygen bombardment, the fluorine defiCiency is greater (Figure 4-5),
probably due to the more efficient energy transfer from oxygen to fluorine atoms than
from argon to fluorine atoms. It was shown in Chapter 2 that energy transfer is greater
when the two bodies have similar masses. The oxygen content increases, however, as
oxygen from the ion beam is implanted in the film (Figure 4-5). There is now enough
oxygen in the films to compensate for the fluorine deficiency even for y=0.2.
Combining the absorption and ASS data, we can draw several conclusions. First,
fluorine is being preferentially sputtered out of the films, as would be expected from
simple sputtering theory (see Chapter 2).' Second, oxygen or oxygen compounds

76

2.1

~
~

f-4

~

•

.

IT];]
•

X+V

2.0

:2

....0
:=
....0u

c

1.9

c

f-4

'-'1

1.8~----~----~----~--~----~----~

0.0

0.1

0.2

0.3

Y (ions/molecule)

Figure 4-4. Fluorine to magnesium ratio x and anion to cation ratio x+y for
argon-bombarded MgF2 film~ as a function of the ion to evaporant molecule ratio y.

77

2.1

~
~

2.0

------------

E-t

=

1.9

=
u
....

1.8

VlI

1.7

~
0
....
0
E-t

[g
• X+V

1.6

0.0

0.1

0.2

0.3

Y (ions/molecule)

Figure 4-5. Fluorine to magnesium ratio x and anion to cation ratio x+y for
oxygen-bombarded MgF2 films as a function of the ion to molecule arrival ratio)'.

78
(probably water or hydroxyl radicals) are incorporated into the films from the residual
vacuum in the chamber or by ion implantation during oxygen bombardment. For
unbombarded films, the amount of oxygen incorporated into the film exceeds the number
of fluorine vacancies present. At some critical ion flux, however, the oxygen
incorporation cannot compensate for the fluorine vacancies. We may assume that the
film then contains anion vacancies.
These vacancies can cause ultraviolet absorption due to dangling bonds on the
neighboring atoms. For MgF2, these vacancies also can capture an electron to form an
F center (Kittel 1976). Messerly has shown that the onset of strong ultraviolet
absorption for argon-ion bombarded MgF2 films occurs when the anion-to-cation ratio
in the films first drops below two (Messerly 1987). The absorption edge in heavily
"argon-bombarded films can therefore be attributed to the creation of anion vacancies by
the preferential sputtering of fluorine.
With oxygen bombardment, the oxygen concentration in the films increases
significantly as the ion flux is increased. There are two possibilities for how the oxygen
is incorporated into the films. First, the oxygen may be located interstitially. Ion
implantation would be likely to injElct some interstitial atoms, but interstitials would
probably not quench the vacancy absorption seen with argon bombardment. Second, the
oxygen may be incorporated into the material lattice, filling fluorine vacancies. Of
course, both cases might be present at the same time.
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There is one other complication which we must consider. We do not know
whether the basic lattice structure of the magnesium fluoride is changed by oxygen
incorporation. It is quite possible that the lattice in some crystalline grains first
transforms into an oxyfluoride phase as the oxygen content of the film increases. We
have observed just such a behavior with lAD LaFa and NdFa (see Chapter 6). We have
performed x-ray diffraction on a number of MgF2 films. Only one of the 700 nm thick
films showed any x-ray diffraction peaks at all, and these peaks were very small.
Martin et al. (1987) have recently reported the results of electron diffraction and
bright-field transmission electron microscopy of MgF2 films. They observed
crystallites approximately 10 nm in size in both conventional and lAD films. It is
therefore likely that our films are crystalline, but with crystallites too small to detect
by x-ray diffraction.
Whatever the precise nature of the oxygen in the lattice, it appears to cause an
oxide-like absorption edge beginning at approximately 250 nm. Magnesium oxide is
known to have its transmittance cutoff near 250 nm (Pulker 1979). We may therefore
picture the oxygen as filling the fluorine vacancies in the films and quenching the
vacancy absorption, but at the price of a growing oxide-like absorption edge. Martin and
Netterfield (1985) have reported that MgF2 bombarded with oxygen shows less
absorption in the visible than argon-bombarded MgF2, in agreement with our results.
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Humidity and Boiling Water Tests
The 3000-7000 Athick MgF2 films on glass substrates were subjected to a 24
hour humidity test at 40 °c and 95% relative humidity to test their moisture resistance.
Unbombarded films deposited at room temperature and at 300 °c and argon-bombarded
films deposited at room temperature showed no damage under Nomarski microscopy.
Oxygen-bombarded films, however, showed microscopic pitting. Gibson and Kennemore
(1986) have observed a similar effect, attributing it to the poor moisture resistance of
MgO. Some variant of this explanation is probably valid, as our later results with LaF3
(Chapter 6) indicated that an oxyfluoride phase formed in those films.
To differentiate between the films which were undamaged by the humidity
testing, 15 minute boiling water tests were conducted on 1000 Athick samples. An
unbombarded film depoSited onto a 25 °c substrate was completely removed by the test,
while an unbombarded film depoSited at 300 °c and an lAD sample using a 300 eV, 10
J,1AIcm2 argon beam suffered only minor microscopic damage. When the ion current
density was increased to 50 J,.LA/cm2 , however, the test cracked the sample
catastropically. lAD thus appears to improve the moisture resistance of the films
deposited onto room temperature substrates when low ion current densities are used, but
is less effective at higher current densities. A plausible argument can be made for this
behavior on the basis of film stress. MgF2 films are known to have tensile stress, which
we have shown is reduced by ion bombardment. In addition, water is known to reduce the
tensile stress of thin films· (Pulker 1982). It is therefore possible that the more
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heavily bombarded film only had a small tensile stress after deposition, which became
compressive during the bOiling water test. Excessive compressive stress could then have
caused the cracking. If this is indeed the failure mechanism, then this test would have
little bearing on the utility of the 50 J,1AIcm2 film for everyday use, as the stress would
only become compressive during immersion in water.
Color Centers in Magnesium Fluoride
Saxe (1985) and Messerly (1987) have previously reported our observation of
F center formation in lAD MgF2 thin films. F centers are electrons trapped in anion
vacancies which then exhibit bound electron transitions (Kittel 1976). The F center
absorption band in bulk MgF2 crystals is centered at 260 nm and has a half-width of
approximately 40 nm (Sibley and Facey 1968). We have observed a broader absorption
band centered around 270 nm (Saxe 1985) which can be bleached out by a thermal
anneal in air as atmospheric oxygen diffuses into the films, filling the anion vacancy
sites (Messerly 1987). Rather than repeat these results, I will address the temperature
dependence of this bleaching effect.
Figures 4-6 and 4-7 show the ultraviolet transmittance of two lAD MgF2 films
deposited in the same coating run and deSignated 20281 and 20282. These films were
bombarded by 130 J,1AIcm 2 of 300 eV argon ions. This absorption band is typical of that
observed for lAD MgF2 films bombarded with an excessive ion flux. These films were
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then subjected to a series of thermal anneals in a tube furnace, with the film
transmittance measured after each anneal.
We began by annealing sample 20282 at 200°C (Figure 4-6). The absorption
decreased significantly, indicating that there is a diffusion mechanism for oxygen through
the films at temperatures below 200 °C. Increasing the temperature to 350°C had very
little additional impact. 375 °C was more effective, suggesting that there is possibly a
second diffusion mechanism becoming significant in this temperature range. Finally, the
absorption was totally bleached in the 400-500 °C range. These results suggest that
there are at least two, and possibly three, different oxygen diffusion processes in this
sample.
The anneal of sample 20281 (Figure 4-7) showed that the low temperature
mechanism saturates quickly at a temperature below 300°C, with a 200°C anneal no
longer increasing the transmittance after the 300 °C treatment. The final diffusion
mechanism, which totally bleached the absorption band, now occurred at or below 400
°C. The appearance of a short-wavelength absorption edge after the final 400 °C anneal
suggests that enough oxygen had now diffused into the film to cause an oxide-like
absorption edge.
A common rule of thumb for thermally activated processes is to assume that the
activation energy of the process is 25kT, where T is the temperature at which the
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process becomes significant and k is Boltzmann's constant (Townsend, Kelly, and Hartley
1976). A temperature of 500 °C thus corresponds to an activation energy of 1.5 eV.
Catlow, James, and Norgett (1976) theoretically studied vacancy diffusion through
crystalline MgF2 and determined activation energies for vacancy diffusion between the
di~ering

anion sites. The calculated values are 0.03, 0.31, and 1.53 eV. The former two

energies correspond to cryogenic temperatures, while the third agrees surprisingly well
with our result that the absorption bleaches for anneals between 400 and 500 °C. These
calculated values are for vacancy diffusion, but we may assume that the activation
energies for anion diffusion are similar.

CHAPTERS

THE ION-ASSISTED DEPOSITION OF CRYOUTE AND ALUMINUM FLUORIDE

Cryolite (Na3AIFs) is a very popular low-index coating material for
applications in which the coating can be pr?tected from atmospheric moisture, such as in
cemented beamsplitters. A solid solution of aluminum fluoride (AIF3) and sodium
fluoride (NaF) in a 1:3 ratio, it is extremely hygroscopic (Weast 1978) and degrades
quickly if left unprotected in air. We therefore decided to see if ion-assisted deposition
might increase the water resistance of the material by increasing the packing density.
According to Bourg (1962), cryolite deposited at room temperature has a packing
density of 88%. In retrospect, this packing density is surprisingly high and suggests
that the hygroscopicity dominates the microstructure of the film, but at the time of this
experiment we felt that an improvement in microstructure could be beneficial.
Aluminum fluoride (AIF3) is a very similar material to cryolite.

Also a

hygroscopic low-index material, conventional AIF3 films deposited onto ambient
temperature substrates have a packing density below 60% (Heitmann 1970). It should
therefore be possible to density AIF3 films by lAD, but the hygroscopic nature of the
material will be a serious problem.
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lon-Assisted Deposition of Cryolite
. We evaporated CERAC 99.9% pure cryolite material resistively from tantalum
boats at a rate of approximately 6 Alsec. Bourg (1962) has previously shown that the
refractive index of cryolite varies substantially with substrate temperature, but
stabilizes above approximately 100 0 C. We have therefore chosen 100 °C as our
chamber temperature for these depoSitions. Both oxygen and argon bombardment have
been tried.
We first investigated argon bombardment of cryolite. Argon bombardment at
300 eV does not cause additional absorption in the visible, but the ultraviolet absorption
edge definitely degrades (Figure 5-1). Density measurements made with RBS and optical
profilometry by Michael Messerly show that argon bombardment under these conditions
actually decreases the film density (Table 5-1 ).. Unfortunately, index measurements
could not be made with any accuracy because of the low fringe contrast of cryOlite on
fused silica.
When oxygen bombardment was used, the results are similar to those observed
with MgF2. 40 J.lAIcm2 of 300 eV oxygen ions can be used with no additional absorption
in the visible, and a mild degradation in the ultraviolet transmittance (Figure 5-2).
The Rutherford backscattering results for the cryolite films bombarded by 300
eV ions are highly unusual (Figure 5-3). There appears to be little variation in
stoichiometry v,rith ion current density; the major difference is between the films
deposited in argon or oxygen atmospheres. The sodium to aluminum ratio is
approximately 2.0-2.3 for oxygen and 1.5-1.8 for argon, as opposed to the
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TABLE 5-1. Densities of Argon-Bombarded lAD Cryolite Films

Beam Parameters

Density (g/cm3)

Unbombarded

3.14

"300 eV, 40 ~cm2

3.07

300 eV, 80 ~cm2

2.63
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stoichiometric value of three (Figure 5-4). Pulker and Zaminer (1970) have
shown that the ratio of NaF to AIF3 molecules in a cryolite film is a function of
the source material temperature, as the temperature dependences of the vapor
pressures of the two molecules are different. An excess of aluminum over
sodium in their experiment occurred for a source temperature of approximately
1000 °C, with more sodium present at lower temperatures. This suggests that
we could have improved the sodium to aluminum ratio--if a ratio of three is
indeed preferable--by lowering the deposition rate, thus reducing the source
temperature. The fluorine deficiency increases very slightly with increasing
ion flux (Figure 5-5), but this defici~:mcy is less than that observed for other
fluorides. The anion to cation ratio indicates that there is an excess of oxygen
present, and that tightly bound oxygen is presumably present in the films.
A humidity test was performed to determine if ion-assisted depoSition
could mitigate the hygroscopic nature of the cryolite. An unbombarded film and
an lAD film bombarded with 15 J.lAIcm 2 of 100 eVoxygen ions were subjected
for thirty minutes to 50 °C with 80% relative humidity. Both films were
covered after the test with microscopic patches some tens of microns across.
These patches covered approximately half the surface area of the films and each
appeared to surround a central pit which apparently was the site of moisture
penetration. The poor performance of these films in such a mild test suggested
that the hygroscopicity of the films was too great to allow for any noticeable
packing density effects.
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From the cryolite results, we conclude that lAD offers no advantage for such
profoundly hygroscopic materials. In any case, cryOlite forms surprisingly dense films
in the first place, leaving little room for densification through lAD.
lon-Assisted Deposition of Aluminum Fluoride
We resistively

ev~porated

CERAC 99.5% pure AIFs from molybdenum boats at a

rate of 6 Alsec with the chamber at ambient temperature. Films approximately 5000 A
thick were deposited onto fused silica, silicon, and graphite substrates.

The CERAC

material outgassed badly, raising the chamber pressure to 1-2 x 10-5 mbar; this
pressure did not decrease noticeably with time, so we deposited the films under these
conditions. The residual gas analyzer was not operational during this period, so we could
not positively identify the gases. Water would be the most likely contaminant: We have
seen similar behavior from old CaF2 material, with newer material behaving normally.
The AIFs material was purchased approximately one year before this experiment, but
was stored in an unopened metal tin until these experiments. So, while it is possible that
the material took up moisture during storage, it was certainly unexpected.
An unbombarded AIF3 film was highly transparent across the visible (Figure
5-6) but showed large infrared absorption in the 3 J.UT1 water band, suggesting that the
film was very porous. Films were first deposited with heavy bombardment by 300 eV
ions in an effort to increase the packing density to unity. Figure 5-7 shows that 60

J.lA.Icm 2 bombardment decreased the depth of the 3 Ilm absorption band to 2% in
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transmission, as opposed to the 9% of the unbombarded film; however, the absorption of
the film in the near UV increased noticeably (Figure 5-6). Raising the current density
to 100 J,1AIcm2 eliminated the 3 J,Un band, suggesting that the packing density was indeed
near one, but the absorption in the near UV increased even more and became appreciable
in the visible region. We were thus able to increase the packing density with 300 eV
argon bombardment, but at the expense of increased visible absorption as we disrupted
the film structure. It is interesting to note that once the 3 Ilm water band is eliminated,
the 2.71lm OH- band becomes discernible, suggesting that OW radicals are incorporated
into fluorine vacancies during the deposition.
We next attempted a milder bombardment with 200 eV argon ions to seek a
compromise between packing density and absorption. We found that an ion current
density of 30 IlAIcm 2 did not cause absorption in the visible (Figure 5-9), but was still
ineffective in eliminating the water in the films (Figure 5-8). As a final attempt, we
lowered the ion beam current density to 20 J,1AIcm2 and raised the ion energy to 300,

400, and 500 eV in the hope that this would allow densification without increased
absorption. Figures 5-10 and 5-11 show that the water band did not improve
significantly above 300 eV, but the visible absorption again increased.
The films were finally subjected to a humidity test at 50°C and 95% relative
humidity for two hours to check their moisture resistance. All the coatings were
severely damaged by this test. The hygroscopic nature of the AIF3 is obviously more
important than the porosity of the films, so an increase in packing density does not have
any noticeable impact on the moisture resistance of the films.
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To summarize this study, we have succeeded in increasing the packing density of
AIFs films to near-unity by bombardment with a 300 eV, 100 J,LAIcm2 argon ion beam,
but only at the expense of absorption in the visible region. We have not investigated
oxygen bombardment of AIFs' but our results with cryolite suggest that the packing
density could be increased with only a minimal increase in absorption. The only negative
feature would then be the large oxygen content in the films as a result of oxygen ion
implantation. This would increase the index of the films, as aluminum oxide has a
refractive index above 1.60 in the visible (see Chapter 7). The material would then be
less attractive as a low index layer on glass or fused silica, and the hygroscopicity of the
AIFs would still jeopardize the integrity of the films.

98

100

a J,lA/cm 2

......

M
.....,
r:.1
U

:z:
<
E-t
E-t
....

90

80

100 J,lA/cm 2

~

VJ

:z:
<
ga

70

E-t

60
300

400

500

600

WAVELENGTH (nm)

Figure 5·6. Transmittance in the visible region of unbombarded and 300 eV
argon·bombarded AIFs films.

99

55

-

/100 JlA/cm 2

...--

ee
~

50

u

Z

-<
(-I
(-I
.....

45

:s

20 JlA/cm 2

~

Z 40

-<~

' " UNBOMBARDED

(-I

35
2_5

3_0

3_5

4_0

WAVELENGTH (Jim)

Figure 5-7. Infrared transmittance of unbombarded and 300 eV argon-bombarded AIF3
films in the 3 J.I1T1 water absorption band.

100

50

......

"u
=

.....
IZI

45

<
~
~
.....
:2
t;1

12:

20 uA/cm 2

40

UNBOMBARDED

<
~
~

35
2.5

3.0

3.5

4.0

WAVELENGTH (pm)

Figure 5·8. Infrared transmittance of unbombarded and 200 eV argon·bombarded AIF3
films in the 3 J.1m water absorption band.

101

100~----------------------------~

LIJ

U
Z

-<
l-

-x:
I-

95

~

30 JlA/cm

2

20 )lA/em

2. . . . . . : : : o-~

(f)

Z
0<
~

" " UNBOMBARDED

I-

90+---~~--~----~--~~--~--~

300

400

500

600

WAVELENGTH (nm)

Figure 5-9. Transmittance in the visible region of 200 eV argon-bombarded AIF3 films.

102

50~----------------------------~

400eV

':::::::::::::::::V--+'f- 300 eV
~~200eV

"- UNBOMBARDED

35+---~~---r----~--~----~--~

2.5

3.0

3.5

4.0

WAVELENGTH (Jim)

Figure 5-10. Infrared transmittance in the 3 Jlm water absorption band of lAD AIFs
films bombarded with 20 J,1AIcm2 of argon ions.

103

.....

100

....&e
LIJ

/300eV

U
Z

<
I-

I2:

400eV
95

CJ')

z
<
c.::

I-

90
300

400

500

600

700

WAVELENGTH (nm)

Figure 5-11. Transmittance in the visible of lAD AIFa films bombarded with 20 J,1AIcm2
of argon ions.

C.HAPTER6
THE ION-ASSISTED DEPOSITION OF LANTHANUM
AND LANTHANIDE (Ce,Nd) TRIFLUORIDES
Rare earth fluoride thin films are of great interest because of their excellent
transmission from the ultraviolet (even the vacuum ultraviolet) to the infrared (Pulker
1979). LaF3 is a popular material in this family; it is transparent from approximately
130 nm to 10 J1IT1 and has a very high laser damage threshold (Rainer et al. 1985).

However, like most fluorides, it suffers from large tensile stress (Rainer et al. 1985)
and has a packing density of only 0.80 when deposited onto ambient temperature
substrates (Ogura 1975). We have therefore investigated ion-assisted deposition as a
means of improving lanthanum fluoride coatings. In the next section, we will discuss the
ion-assisted depoSition of two closely related lanthanide fluorides (lanthanum is not a
member of the lanthanide family), NdF3 and CeF3.
The following discussion of the ion-assisted depoSition of LaF3 thin films is an
expanded version of a paper submitted to Applied Optics (Targove et al. 1987). The style
of presentation therefore differs somewhat from the rest of this dissertation.
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lon-Assisted Deposition of Lanthanum Fluoride
Deposition Conditions
All LaF3 coating runs were performed at room temperature with a residual
pressure of 1.5-3 x 10-6 mbar and at a deposition rate of 6 Alsec. The LaE3 films were
resistively evaporated from molybdenum boats at a rate of 6 Alsec using CERAC 99.9%
pure starting material. LaE3 evaporates nicely in this manner, and the deposition rates
were very uniform throughout the runs.
Refractive Index and Packing Density
The increase in packing density caused by ion-assisted deposition can be
calculated from the increase in refractive index (Ogura 1975). We calculated the
refractive index and extinction coefficient of single layer coatings using the envelope
method of Manifacier, Gasiot, and Eillard (1976) as described in Chapter 3. The
refractive index data are then fit by least-squares to a dispersion relation of the form

which is a first-order approximation to the Sell meier dispersion relation away from
resonance (Smith and Baumeister 1979). The index of refraction is then converted into
packing density using a linear formula for refractive index as a function of packing
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density which assumes that the film is a mixture of columns and voids (Kinosita and
Nishibori 1969):

nf = p ns + (1 - p) nv

where

nf

= the measured refractive index of the film,

ns

= the refractive index of the material in the film columns,

nv = the refractive index of the film voids,
and
p = the packing density of the film.

We assume here that the columns have the bulk index of the material and that the voids
are filled with water. These assumptions and the choice of the linear model together
result in an estimate for the packing density which is a lower bound on the true value.
The variation in refractive index at a wavelength of 350 nm with ion beam
current density is shown in Figures 6-1 and 6-2 for bombardment of films with a
physical thickness of 500 nm by 300 and 500 eV argon and 300 eVoxygen ions. The
bulk index is taken to be 1.624 at 350 nm, an average of the ordinary and extraordinary
bulk refractive indices (Driscoll 1978). These curves show that the refractive index,
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Figure 6-1. Index of refraction at 350 nm of LaFs films bombarded with 300 and 500
eV argon ions as a function of ion beam current density.
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and thus the packing density, is substantially increased by argon bombardment at both

300 and 500 eV. The indices of the oxygen-bombarded films cannot be related to packing
density in a similar manner: ns probably lies between the refractive indices of LaFs and
La20 S because of the implanted oxygen in the coatings.
The packing densities of the argon-bombarded films are then calculated by
substituting the data from Figure 6-1 into the linear interpolation, with the refractive
index of the water in the voids taken to be 1.35 at 350 nm (Lauer and Miller 1947).
Packing densities have been calculated from the refractive index data assuming a bulk
index for ns (Figures 6-3 and 6-4). However, Ogura pointed out (Ogura 1975) that ns
is not necessarily the bulk index and substituted 1.59 at 500 nm; we have also tried this
value at 500 nm. These results are compared in Figures 6-3 and 6-4. The packing
densities obtained using ns=1.59 agree closely with Ogura's value of 0.80 for
conventional coatings deposited onto ambient temperature substrates and exceed those
obtained with a bulk column index by 0.04-0.06. We achieved unity packing density by
bombardment at 500 eV with a current density of 80 J,lAIcm2 (the calculated value was
actually 1.02 with the bulk value for ns' which has been graphed as 1.0 for clarity), and
a packing density greater than 90% was reached for 300 eV, 100 J,lAIcm 2 bombardment.
Extinction Coefficient
The extinction coefficients of the single layer films were also calculated with the
Manifacier method. The argon-bombarded films all have extinction coefficients
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A = 250 nm below the accuracy of the calculation (approximately 3 x 10-4 ), with the
exception of the 500 eV, 80 JlA!cm 2 bombardment. This film is therefore the only
argon-bombarded one included in Figure 6-5. With oxygen bombardment, however, the
films begin to show a short-wavelength absorption edge characteristic of lanthanum
oxide (Figure 6-5) (Hass, Ramsey, and Thun 1959). This absorption edge shifts
towards longer wavelengths as the ion beam current density increases because of
increasing oxygen implantation.
Rutherford Backscattering Analysis
We have analyzed with RBS films bombarded with 300 eV argon and oxygen ions.
These samples are approximately 100 nm thick; for thicker films, the rear of the
fluorine peak would overlap the front of the oxygen peak. Writing the film
stoichiometries as LaFxOy ' a perfectly stoichiometric film would have x=3 and y=O.
Our unbombarded films have x=2.91-3.00 and y=.11-.15. We have previously noted
that unbombarded MgF 2 films of good optical quality sometimes are slightly fluorine
deficient (Messerly 1987). Figures 6-6 and 6-7 show that all the bombarded films
suffer a preferential sputtering of fluorine over lanthanum, as expected from simple
sputtering· theory (Betz and Wehner 1983). The argon-bombarded films contain a fairly
constant amount of oxygen, probably a result of residual water vapor in the chamber.
When oxygen ions are used, ion implantation sharply increases the oxygen content of the
films. This extra oxygen compensates for the larger fluorine deficiency in the
oxygen-bombarded films and explains their lack of absorption in the visible.
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The anion-to-cation ratio x+y is also plotted in Figures 6-6 and 6-7. The
unbombarded films have a ratio greater than three, suggesting that more water molecules
are adsorbed from the residual gases in the chamber than ~re needed to fill the fluorine
vacancies in the film. With an ion current density of 20 or 40 J1A!cm 2 , the
anion-to-cation ratio remains greater than three. Films deposited with these ion beam
parameters do not show the sharp ultraviolet transmission cutoff typical of anion
vacancies (Gibson and Kennemore 1986). This suggests that most of the anion vacancies
caused by the preferential sputtering are filled by oxygen atoms or complexes; but, as
mentioned above, oxygen-bombarded films do show an oxide-like transmission cutoff
because of the oxygen implanted into the films. For 60 J1A!cm 2 argon bombardment,
however, x+y is approximately 2.9 and the films begin to show a slight ultraviolet
absorption due to anion vacancies not filled by oxygen or water. This absorption
increases with larger current densities as the anion-to-cation ratio in the films
decreases further. The bombarded samples all have a tungsten concentration of less than
0.02 at. % due to erosion and sputtering from the tungsten filaments of the ion gun. In
addition, argon-bombarded films contain 0.4-2 at. % argon implanted by the ion
bombardment. As shown above, these impurities appear to be much less important than
oxygen content to the optical properties.
X-Ray Diffraction
Lanthanum fluoride is an unusual material in that coatings depoSited onto
ambient temperature substrates are highly crystalline. The identification of the single
observed phase has been a topic of continued discussion for fifty years (Greis and Haschke
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1982}; currently, LaFs is thought to have a trigonal unit cell of the tysonite type (Greis

and Haschke 1982). This structure surrounds each lanthanum atom with 9
nearest-neighbor fluorine atoms, with two fluorine atoms slightly further away.
X-ray diffraction measurements have been made with the films on fused silica
used for the optical measurements above. The unbombarded film shows three strong lines
. at 28 values of 24.8° , 27.6°, and 43.7° which correspond to the (11 O), (111), and
(300) orientations of the LaFs crystal (JCPDS 1967, Plate 8-461). Figure 6-8 shows

x-ray diffraction data for films bombarded with 300 eV argon ions. The orientations of
the LaFs grains change, with the (111) orientation disappearing for current densities of
80 J,.tAIcm2 and a new p~ak appearing at 26.5° which does not correspond to any LaFs

orientation. For 120 J,.tAIcm 2 bombardment, this is the predominant orientation in the
film. Since the RSS results above show that the oxygen content of the films is increasing
with ion current density, it is natural to assume that the new phase is either lanthanum
oxide or oxyfluoride. According to the JCPDS compendium, lanthanum oxide has a
hexagonal crystalline structure with the (100) orientation having a line at 26.1 °
(JCPDS 1967, Plate 5-0602), far enough from 26.5° to eliminate La2 0 S from
consideration. The tetragonal phase of lanthanum oxyfluoride has a 26.6° line from the
(101) orientation which shifts to smaller angles as the crystal becomes more fluorine

deficient, while the rhombohedral phase has a 26.5° line from the (222) orientation
(Zachariasen 1951). Of the three phases, only the tetragonal lanthanum oxyfluoride
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phase has its strongest powder diffraction line near 26.5 0 • With only one x-ray line, we
can conclude that the oxygen or oxygen complexes in the film are distorting the
crystalline lattice sufficiently to cause a phase transition from the fluoride phase to an
oxyfluoride phase for some percentage of the grains in the films. The full width at half
maximum of the 26.5 0 line for the 300 eV, 120 J,JAIcm 2 argon-bombarded sample is
0.5 0 , corresponding to an average grain size of approximately 200 A. This is
approximately the same grain size observed in .the unbombarded LaF3 film, suggesting
that we are indeed oxidizing entire crystalline grains with heavy bombardment.
To bring out more x-ray lines, the 300 eV, 120 J,JAIcm2 argon-bombarded
sample was annealed in air for two hours at 500

°c. After this anneal, the 44.70 line

shifted to 44.3 0 • The possible identifications for this new line are the (200) tetragonal
LaOF peak at 44.3 0 , the (332) rhombohedral LaOF peak at 44.2 0 , and the (110) La203
peak at 44.9 0 • This confirms our decision to rule out lanthanum oxide, suggesting that
the observed phase transition involves the formation of an oxyfluoride phase. There is

-

-'

still insufficient data to choose between the two different oxyfluoride phases.
X-Ray Photoelectron Spectroscopy
XPS can provide very important inSights into chemical bonding. Several of the
LaF3 samples on fused silica were examined with XPS at the Optical Sciences Center.
These samples were also examined optically on the Cary 14 and with x-ray diffraction,
allowing us to correlate the various measurements.
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The XPS peak corresponding to the oxygen 1s orbital is particularly interesting.
For 60 J,JAIcm2 of 300 eV argon ion bombardment (Figure 6-1 O), the 0 1s peak appears
to be a closely spaced doublet. The other samples appear to have wide peaks centered at
different binding energies; however, these peaks can be resolved into two Gaussian peaks
spaced 2-2.5 eV apart. Figures 6-9,6-10, and 6-11 show the resolved Gaussians
which best fit the experimental data. We can now see that the unbombarded sample
predominantly has oxygen atoms with the lower binding energy (Figure 6-9). As the ion
flux increases, a growing percentage of the atoms possess the higher 0 1s binding energy.
There is thus a fundamental change in the oxygen atom binding with increasing ion flux.
This change can be correlated with the x-ray diffraction data (Figure 6-B),
which shows that increasing ion flux also causes a phase transition of crystallites from a
fluoride to an oxyfluoride phase, and the RSS data which shows that the oxygen content of
the films increases with increasing ion flux. The lower binding energy peak predominant
in the unbombarded film is probably due to oxygen in water molecules, while the higher
energy peak probably represents oxygen incorporated into the crystalline lattice of the
films. This is consistent with the fact that 300 eV, 100 J,JAIcm2 films have a larger
oxygen content than the unbombarded films, but contain almost no water. We thus have a
coherent explanation of the nature of the lAD LaF3 films which explains the XPS, P9S,
and x-ray diffraction data.
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Figure 6-9. Oxygen 1s XPS peak for an un bombarded LaFs film showing the
deconvolution of the peak into two Gaussians.
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Figure 6-10. Oxygen 1s XPS peak for an lAD LaF3 film bombarded with 60 J,JAIcm 2 of
300 eV argon ions showing the deconvolution of the peak into two Gaussians.
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Figure 6-11. Oxygen 1s XPS peak for an lAD LaF3 film bombarded with 100 J,1AIcm 2 of
300 eV argon ions showing the deconvolution of the peak into two Gaussians.
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Infrared Water Absorption Band
The amount of water present in a film is a good measure of its packing density.
Allen (1982) has previously employed the magnitude of the 3 IJ.m water absorption band
as a qualitative measure of the densification caused by ion-assisted deposition. The
infrared transmittance of films deposited on germanium substrates was measured with a
Perkin-Elmer 983 FTIR spectrometer at OCLI. All of these films were deposited in the
same batches as the fused silica samples used to calculate the refractive indices of the
films and are thus approximately 500 nm thick.
These measurements show that the water content of the films decreases
drastically as the ion beam current density increases (Figure 6-12). There is still a
slight absorption band present in the 300 eV, 100 J,IAIcm2 and 500 eV, 60 J,IAIcm2
samples. From Figure 6-3, the packing densities of the identical. films on fused silica
were greater than 90%.
Multilayer Coatings
Once single-layer coatings had been characterized, two multilayer coatings were
deposited to demonstrate the utility of the lAD process. These coatings were (HL) 11 H
stacks with H=LaF3 and L=MgF2 and a design wavelength of 400 nm. The bombardment
parameters for the lAD multilayer are given in Table 6-1. The conventionally-deposited
coating contained cracks from the cumulative tensile stress ~f both coating materials,
while the lAD coating contained no cracks because of the previously observed tensile
stress reduction associated with ion-assisted deposition (Jacobs et al. 1986). We then
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Table 6-1. Deposition Conditions of an lAD LaFS IMgF2 Stack.

Dep. Rate
(nmlsec)

Ion beam
species

Ion beam energy
(eV)

MgF2

0.6

Ar

300

40

LaFs

0.6

Ar

300

100

Material

Ion current density
(~cm2)
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Figure 6·12. Transmittance of lAD LaFs films in the 3 J1IT1 water absorption band for
varying argon ion beam energies and current densities. The transmittance scale is
45%·65% for each film.
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measured the air-to-vacuum shift of these coatings using a specially constructed vacuum
cell in the Cary 14 spectrophotometer. The transmittance spectrum of the
conventionally-deposited coating shifted 5 nm between atmosphere and 15 mtorr as the
adsorbed water was pumped from the coating (Figure 6-13), while the transmittance of
the lAD coating showed no measurable shift (Figure 6-14), suggesting that the lAD
process resulted in a near-unity packing density. In addition"the width of the
reflectance band and peak reflectance of the lAD coating are both larger than for the
conventional coating because the index contrast between the two materials has increased
with bombardment. Indeed, the index of the LaF3 layers increases more with
bombardment than that of th.e MgF2 layers. The lAD coating does, however, have
approximately 2% absorption at peak reflectance.
Conclusions

I

lon-assisted deposition has increased the packing density of lanthanum fluoride
thin films to near-unity values with little or no increase in film absorption, even with
large ion fluxes. The films do, however, begin to show an oxyfluoride component as the
ion flux as increased. It appears that individual crystalline grains within the films
undergo this phase transition, wl!h the ratio of oxyfluoride grains to fluoride grains
increasing with ion flux. Bombardment with oxygen ions, besides causing the
fluoride-to-oxyfluoride transition at lower ion fluxes, also results in the expected
oxide-like absorption edge in the near ultraviolet.

.0\, •. ,
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Figure 6-13. Air-to-vacuum shift of a 23-layer conventionally deposited LaFs IMgF2
stack.
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Figure 6-14. Air-to-vacuum shift of a 23-layer lAD LaF3 IMgF2 stack deposited with
the ion beam parameters of Table 1. The shift is less than 1 nm.
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The films deposited by ion-assisted deposition show a slight fluorine deficiency
due to the preferential sputtering of lighter atoms out of the films. These anion vacancies
are filled by oxygen atoms or complexes (such as water or OH-) and therefore do not
contribute to absorption at wavelengths longer then 300 nm under our bombardment
conditions. Extra fluorine could be added to the films to fill these vacancies by
bombarding the films with fluorine (which raises obvious safety concerns) or a
fluorine-rich gas such as freon (Gibson and Kennemore 1986).
lon-Assisted Deposition of Lanthanide Fluorides
Because of the success we had with the ion-assisted depoSition of lanthanum
fluoride. we felt it worthwhile to investigate other lanthanide fluoride materials as
candidates for lAD. The lanthanide trifliJorides MeF3 (Me = Ceo ...• Lu) are chemically
similar to LaF3 because they share the same valence electron configuration. and the
available information (Pulker 1979; Heaps. Elias. and Yen 1976) suggested that these
materials are all highly transparent in the visible and near ultraviolet. We therefore
decided to investigate several representative compounds to see if we could draw any
general conclusions about the lAD of lanthanide fluorides.
CeF3• NdF3• DyF3• and PrF3 have all previously been investigated as optical
coating materials in the visible and ultraviolet (Pulker 1979; Hass et al. 1959). The
latter three materials have similar optical properties; we chose to investigate NdF3.
CeF3 is known to have a strong optical absorption band between 200 and 300 nm. but we
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investigated it anyway in the hope that the material would still be useful at 353 nm, the
XeF laser wavelength.
The ultraviolet and vacuum ultraviolet optics of the lanthanide fluorides are
known to be dependent on the allowable transitions of the MeS+ ion. These transition
atoms have a 6s2 valence shell, with the additional electrons going into the 4f or 5d
states. Lanthanum, which should have one 4f electron, instead has one 5d because of a
quirk in the energy levels of the 57-electron configuration. The optical band edge of the
lanthanide fluorides results from the 4f-5d electron transition of the lanthanide cation,
which is well known. In addition, there are a number of 4f-4f transitions between
crystal field split states present from the infrared to the ultraviolet which cause very
weak absorption bands. LaFs has no such transitions. CeFs' with two 4f electrons, has
only two 4f-4f transitions which are both in the infrared. NdFs' with four 4f electrons,
has a very complicated 4f electron manifold, and a number of possible electron
transitions (Dieke 1968). As we shall see, however, only three of these transitions have
been observed in our thin films.
Cerium Fluoride
Cerium fluoride films were deposited by evaporating 99.9% pure CERAC
material from molybdenum boats at a rate of 6 Alsec. The only chamber heating was
provided by the source, raiSing the temperature at most to 50°C by the end of three
depositions. The optical samples were 800-900 nm thick. We immediately observed
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that these films were under intense stress, with some of the films showing microscopic
cracking.
Un bombarded CeF3 films have a refractive index which is just above that of glass
in the visible (Figure 6-15), but they are also highly transparent in the visible and
near ultraviolet, with the 4f-5d absorption band starting very abruptly at 300 nm
(Figure 6-16). The shape of this absorption band matches that reported by Hass et al.
(1959) for CeF3 films, with aborption bands at 210 nm, 220 nm, 235 nm, and 250 nm
corresponding to transitions between the 4f and 5d doublets (Dieke 1968).
We next attempted to improve the packing density of the CeFs films with argon
bombardment. Figures 6-15 and 6-16 show the refractive indices and transmittances of
CeFs films bombarded with 20 and 50 IJAIcm2 of argon ions. The index did indeed
increase, but this ion flux was not sufficient to raise the index near the bulk value. The
ultraviolet absorption, however, is greatly increased, with the long-wavelength tail of
the fundamental absorption edge extending into the visible. Because we were interested
in this material at 353 nm, we concluded that the ion flux required to achieve bulk
density would make the films optically unacceptable at this wavelength and decided not to
pursue this investigation further. We are unsure of the exact nature of this band
broadening, although a disordering of the film by the ion bombardment could expose the
Ce3 + ions to a greater variety of local environments, thereby broadening the absorption
band. Also, the formation of an oxide or oxyfluoride component in the films with
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Figure 6-15. Refractive index of unbombarded and 300 eV argon-bombarded OeF3 films
as a function of wavelength.
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Figure 6-16. Ultraviolet transmittance of unbombarded and 300 eV argon-bombarded
CeF3 films showing the 4f-Sd absorption band.
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increasing bombardment (as will be discussed below) could cause increased absorption
below 400 nm (Pulker 1979).
Oxygen bombardment was investigated briefly in case the additional absorption
was due to anion vacancies, which implanted oxygen would then fill. The refractive
indices of these films are above the bulk CeF3 values (Figure 6-17), suggesting that
oxygen is indeed being incorporated into the lattice. This conclusion is strengthened by
the presence of increased absorption between 300 and 400 nm (Figure 6-18) typical of
Ce02 (Pulker 1979). Oxygen bombardment is thus incompatible with ultraviolet CeF3
coatings. This result highlights an obvious point-- oxygen bombardment should only be
used with metal fluorides if the associated metal oxide does not absorb strongly in the
wavelength region of interest. Oxygen bombardment is thus normally acceptable in the
visible, but can be detrimental in the ultraviolet.
The Rutherford backscattering measurements (Figure 6-19) show that the
unbombarded CeF3 film is stoichiometric to within the accuracy of the measurement and
that the fluorine is preferentially sputtered during the bombardment, as expected. The
oxygen in the films more than compensates for the fluorine deficiency, suggesting that
water or oH- radicals are being trapped interstitially or are strongly bonded to film
surfaces. These oxygen complexes in anion vacancies could cause absorption similar to
that present in Ce02 .
X-ray diffraction shows that CeF3 thin films, like LaF3 films, are highly
crystalline with the same tysonite crystalline structure (Dieke 1968). Argon
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Figure 6-18. Ultraviolet transmittance of unbombarded and 300 eV oxygen-bombarded
CeF3 films showing the 4f-5d absorption band.
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bombardment with increasing ion flux causes the same disappearance of the (111) CeF3
orientation (Figure 6-20), but the ion fluxes are not large enough to create the
oxyfluoride phase. The similarity of this x-ray diffraction trend for argon bombardment
to that of LaF3 supports the conclusions drawn from the optical and RBS measurements
that oxygen causes the troublesome absorption between 300 and 400 nm with argon
bombardment. This also suggests that a better vacuum could alleviate the problem by
eliminating the residual water vapor in the chamber. This water vapor is incorporated
into the anion vacancies caused by ion bombardment, as Gibson and Kennemore (1986)
have demonstrated for MgF2.
Neodymium Fluoride·
After our lack of success with CeF3, we decided to examine another lanthanide
fluoride with a shorter wavelength absorption edge. Neodymium fluoride (NdF3) was
chosen because its absorption edge is well below 200 nm. The deposition conditions were
identical to those used for CeF3. No oxygen bombardment was attempted because of the
400 nm absorption edge of Nd20 3 (Pulker 1979).
Conventional NdF3 coatings were unusual in two respects. First, we observed
three very weak absorption bands at 353, 520, and 575-580 nm which, as mentioned
above, correlate with 4f-4f transitions (Dieke 1968) (Figure 6-21). Hass et al.
(1959) previously reported on the optical properties of NdF3 films, but did not mention
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these bands. We have more recently observed 4f-4f absorption bands in most of the
lanthanide trifluorides (Ungg et al. 1986). Second, these coatings were surprisingly
fluorine deficient. Three unbombarded samples showed fluorine to neodymium ratios of'
2.88,2.88, and 2.94. A slight fluorine deficiency is normal, but these deficiencies are
surprisingly large. We have no good explanation for this result.
Argon bombardment was much more successful with NdF3 than with CeF3.
Figures 6-22 and 6-23 show the refractive indices of films bombarded with 300 and
500 eV argon ions, respectively. The refractive index was significantly increased in
both cases but did not quite reach bulk values. The bulk ordinary and extraordinary
refractive indices (NdF3 is a uniaxial crystal) are taken from Laiho and Lakkisto
(1983). We of course also raised the ion fluxes further to attempt to increase the
refractive index further; however, Figure 6-24 shows that larger ion fluxes cause
measurable absorption, and we are thus limited to a refractive index Slightly below bulk
unless this absorption is acceptable. It is interesting to note that the onset of absorption
occurs for NdF3 at an ion current density approximately 20 J,tAIcm2 lower than for
LaF3, but we must remember that 20 J,tAIcm2 is a rather small shift. Our work with
CeF3 and NdF3, however, does suggest that LaF3 is more resistant than the lanthanide
(Ce... Lu) fluorides to additional absorption caused by ion bombardment.
The high packing density of some of the more heavily bombarded lAD NdF3 films
was verified by infrared transmittance measurements for films on silicon substrates.
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These films show a rather low transmittance which conflicts with the high transmittance
of films deposited simultaneously onto fused silica substrates. Figure 6-25 shows that
the film bombarded with 80 JlAIcm2 of 300 eV argon ions has a very slight absorption
band approximately 1% deep near 2.8 Jlfn which is probably due to water, but which
could be caused by OH- radicals. Bombardment by 100 JlAIcm 2 of 300 eV argon ions
eliminates the 3 J.Lm water absorption band, leaving a minor OH- absorption which is
detectable by viewing Figure 6-25 at grazing incidence. The 80 JlAIcm 2 film has a very
small absorption, a very high refractive index and an extinction coefficient below 10-3
across the visible and near ultraviolet (Figures 6-19 and 6-21); 80 JlAIcm2 of 300 eV
argon ions is therefore a very attractive bombarding flux if this minimal amount of
absorption is acceptable. The elimination of the OH- band in the 100 JlAIcm2 film is a
'very strange result, as we have observed that NdF3 films, like LaF3 films, appear to
acquire more of an oxyfluoride nature as the ion beam current density is increased.
Unfortunately, this larger ion flux results in an extinction coefficient k> 2 x 10-3 in the
visible. If water removal is more important than maximum transmittance, however,
100 JlAIcm 2 of 300 eV argon ions could be an effective set of beam parameters. No films
with 500 eV argon ion bombardment were depoSited onto IR transparent substrates; we
will merely conjecture that similar results would be achieved.

Conclusions
We can now compare the ion-assisted deposition of the lanthanide fluorides with
the lAD of LaF3. We are of course generalizing from a sampling of only two compounds,

147

-"
......
LIJ

u

30
25

z

-<

II:J:

-r.n

80

J.lA/cm 2

20

z
-< 15

'"

100 J.lAI cm 2

I-

10
2.5

3.0

3.5

4.0

WAVELENGTH (JIm)

Figure 6-25. Infrared transmittance of 300 eV argon-bombarded NdF3 films in the 3
J.U1l water absorption band.

148
CeFs and NdFs. These conclusions are almost certainly applicable to PrFs as well. The
lanthanide fluorides with heavier cations require further investigation, as our
preliminary experiments show that these materials do not show the strong hexagonal (or
trigonal) crystallinity of LaFs, CeFs, and NdFs (Lingg et al. 1986).
The lAD of NdFs and CeFs is similar to that of LaFs in the following ways:
(1) Fluorine is preferentially sputtered in all cases, leaving anion vacancies
which are filled by oxygen atoms or complexes. It appears that optical absorption
becomes severe when a significant number of these vacancies can no longer be filled by
the oxygen.
(2) These materials form highly crystalline films, even when deposited
conventionally onto ambient temperature substrates. Portions of the films undergo a
phase change from fluoride to oxyfluoride as the ion flux increases. This suggests that
the increasing amount of oxygen in the crystal lattice distorts the lattice more and more
until it is energetically favorable to undergo the phase transformation.
(3) The refractive index and packing density of these materials is increased by
lAD. Away from fundamental absorption edges, such as the ultraviolet edge in CeFs, this
improvement is accompanied by little additional absorption. It is still uncertain whether
the increase in absorption observed for CeFs is due to a broadening of the 4f-5d Ces+
absorption band or to the formation of oxyfluoride crystallites in the films.
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There are also differences, however:
(1) The lanthanide fluorides, once the ion flux is increased sufficiently to cause
optical absorption in the visible, seem to show a quicker onset of aborption than LaF3 .
This could be due to the relatively short-wavelength absorption edge of La20 3 (300 nm)
in comparison to NdF3 (400 nm) and Ce02 (400 nm) (Pulker-1979).
(2) The lanthanide fluorides suffer from weak 4f-4f absorption bands from the
ultraviolet to the infrared, with the number and location of the bands depending on the
cation. These bands are probably not significant unless these narrow wavelength
intervals are crucial in a particular design. Since not all of the bands are strong enough
to be measurable in thin films, a trial deposition is required to determine if a tabulated
band will actually be a problem.

CHAPTER 7

THE ION-ASSISTED DEPOSITION OF ALUMINUM OXIDE

Aluminum oxide (AI20 S) is an attractive material for laser coatings and hard
protective coatings. Packing densities of nearly one are achievable using conventional
electron beam evaporation (Ogura 1975) and impressive laser damage thresholds
(Rainer et al. 1985) have been reported.

Ebert, however, has reported that AI20 S

coatings deposited in a low energy negatively-ionized oxygen atmosphere have greater
absorption than similar films deposited in neutml oxygen, with an increase of the
absorption coefficient from 6 to 10 cm- 1 at a wavelength of 514 nm (Ebert 1982). We
therefore decided to {nvestigate the ion-assisted deposition of AI 20 S to determine
whether the optical and mechanical properties of AI20 S coatings could be improved
without a significant increase in absorption. Such an improvement had previously been
reported in Zr02 (Martin et al. 1984a) and Ti02 (McNeil et al. 1984), so we hoped that
similar results could be achieved with AI20 S. Our early work involved argon
bombardment in an oxygen atmosphere, because this allowed us simplify the study by
eliminating oxygen ion implantation. We later attempted oxygen bombardment as well
when we discovered that argon ion bombardment was only marginally effective.
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It should be mentioned at this point that AI 20 3 is one of the worst possible a
priori choices for ion-assisted deposition. It was shown in Chapter 2 that the most
dramatic lAD results have been achieved with materials that show marked improvement
when deposited at elevated temperatures. AI 20 3 is reported to have a packing density of
almost one even when deposited onto ambient temperature substrates (Ogura 1975),
suggesting that lAD may not have much effect on the film properties. As mentioned above,
however, it was decided to investigate this material for other reasons.
Preliminary investigations of AI20 3 were reported by Saxe (1985). All of the
results reported here involve studies conducted subsequent to Saxe's work.
Deposition Conditions
The AI2 0 3 was evaporated with an 11 kV electron beam source using a
molybdenum crucible liner. The starting material was CERAC 99.8% pure 1/8" pieces
and the typical deposition rate was 6 Alsec. A series of unbombarded and lAD films were
simultaneously deposited on glass, fused silica, and graphite substrates. An oxygen
backfill was used for most of the depositions, with the oxygen pressure varying from 4 x
10-5 to

4 x 10-4 mbar. In addition, an argon partial pressure of 8 x 10-5 mbar was

present during argon bombardment as a result of the gas passing through the ion gun.
Some oxygen obviously diffuses into the ion gun during these experim~nts and is
subsequently accelerated, but t.he high pressure (roughly 10-3 mbar) inside the ion gun
ensures that the ion beam contains very little oxygen. The initial experiments were
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conducted with the chamber heated only by the electron-beam source. By the end of the
runs, however, the chamber temperature had risen to over 100°C. We therefore decided
to heat the chamber to 100°C before each deposition with the quartz heating lamps
mounted above the substrate dome. The chamber temperature then typically rose to
approximately 135 °C by the end of the depositions. This change should be much less
important than the rise from room temperature to 100°C.
It was observed earlier (Saxe 1985) that the source material from CERAC
outgassed significantly during the early stages of source heating, raising the chamber
pressure considerably. Similar behavior has also been observed by another group using
material from a different vendor (Suits 1987). RBS results show that films deposited
with fresh material without a suitable outgassing period showed a large surplus of oxygen
in the first 1500 A of deposited material. These films have unusually low values of .
refractive index and are quite inhomogeneous. This drop in index with excess oxygen has
been observed previously (Pelletier 1985). After this problem was detected, data was
taken only from samples deposited with properly aged source material.
Unbombarded Films
The optical constants of the AI 20 a films were found to be highly dependent on the
oxygen partial pressure during deposition. We conducted a series of runs to determine
the best conditions for conventional depositien so that lAD samples could be compared to
optimized conventional films. Table 7-1 shows the results of these runs for both pure
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02 and Ar/02 atmospheres. For the pure oxygen backfill, the index is lowered for either
a deficit or excess of oxygen. The optimal pressure is on the order of 1.2 x 10-4 mbar.
When argon is added, as required for argon ion bombardment, a backfill of 8 x 10-5 mbar
Ar/1.2 x 10-4 mbar 02 was optimal. Therefore, these parameters were chosen for the

argon bombardment experiments.
X-ray diffraction measurements were carried out on a number of the
unbombarded films. None of the films showed any measurable crystalline peaks and it
was therefore assumed that the coatings were amorphous.
The crystallinity of the AI 20 3 films was then examined more closely with
transmission electron microscopy (TEM) by Drs. Claude Bbulesteix and Fran9Qise
Varnier of the University of Aix-Marseille III at Saint Jerome. A 400 Athick film was
deposited with a 2 x 10-4 mbar oxygen backfill onto glass precoated with a thin layer of
carbon. The film was then covered with a layer of collodion and peeled off the substrate.
The resulting micrographs showed that the films were indeed amorphous (Figure 7-1).
After several minutes of electron bombardment in the microscope, however, the film
began to show a slight crystallization (Figure 7-2), suggesting that the amorphous phase
is unstable.
Bombarded Films
AI20 3 films were next deposited with argon ion bombardment:

This allows the

bombardment process to be investigated without the complication of oxygen ion
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Table 7-1. Optical Constants of Unbombarded AI20 3 Films at 350 nm
Partial Pressures
(10-5 mbar)
Ar

n

kx 104

o

8

1.68

5

o

12

1.68

4

o

20

1.62

7

o

40

1.65

3

8

4

1.65

25

8

12

1.66

2

8

22

1.64

7

8

32

1.63

5
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Figure 7-1. Transmittance electron micrograph of an unbombarded AI 2 0 3 film as
deposited (400,000x magnification).
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Figure 7-2. Transmittance electron micrograph of an unbombarded AI 2 0 3 film after
several minutes of electron bombardment in the electron microscope (400,000x
magnification).
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implantation, although argon trapping in the film is a consideration. A gas mixture of 8 x
10.5 mbar Ar/1.2 x 10-4 mbar 02 was chosen, since this mixture resulted in the best
unbombarded film. Only the argon passed through the ion source, so that the ion beam
consisted almost entirely of argon ions (some oxygen undoubtedly diffuses into the
source). The refractive ,index increased only slightly under argon bombardment (Table
7-2).
For the deposition of oxides, oxygen bombardment should be highly advantageous.
Implanted oxygen can fill anion vacancies in the growing film and does not introduce
impurities, although interstitial oxygen atoms are still to be expected. We therefore
performed several experiments using oxygen as a bombarding species. We have not
investigated the relative percentages of 0+ and 02+ ions in the ion beam. Previous studies
(McNeil et al. 1984) have shown that a similar Kaufman-type ion gun produced an

°

2+

to 0+ ratio of approximately two to one. We have assumed that our ion source produces a
similar beam.
Table 7-3 shows the effect on the optical constants of a 50% Ar/50% 02 ion beam.
This one to one ratio refers to the gas flow into the ion gun rather than the ionized beam
exiting it. In this experiment, the 02 backfill was not sufficient to yield a good
conventional film; however, the ion bombardment raised the refractive index at 350 nm
to 1.70. In addition, the absorption decreased when the films were bombarded. This
suggests that implanted oxygen ions are filling anion vacancies in the films. The ion
bombardment thus allowed the films to be deposited at a lower pressure than would have
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Table 7-2. Optical Constants of lAD AI 20 3 Films at 350 nm
(500 eV Argon Ion Bombardment)

(1 .2 x 10-4 mbar 0i8 x 10.4 mbar Ar)
Ion current density
(J.LNcm2 )

n

0

1.66

2

20

1.68

2

40

1.67

2

50

1.68

4

50

1.67

2

100

1.66

7

125

1.66

3

k x 104
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Table 7-3. Optical Constants of AI2 0 3 Films at 350 nm with 50% Ar/50% 02 Bombardment

P(Ar)
P(02)
(10- 5 mbar)

ION

ENERGY (eV)

ION FLUX
(lJAIcm2)

o

o

4

4

4

300

4

4

500

n

k

x 104

1.65

10

20

1.69

3

75

1.70

2

160
been possible otherwise, and to raise the refractive index to the levels previously
reported for sputtered films (Martin 1986).
Pure oxygen ion bombardment was next performed with an oxygen pressure of
2 x 10.4 mbar. The unbombarded film under these conditions had a very low index, but
the ion bombardment increased the index to 1.70 at 350 nm for an ion current density of
140 J.l.AIcm 2 (Table 7-4). This value agrees well with the indices reported for other

ion-based deposition methods (Martin 1986). Oxygen bombardment does not cause the
drop in refractive index for large ion current densities noted above for argon ion
bombardment. The main difference between the two processes is the addition of oxygen
ion implantation as a major factor in the film growth. These ions can fill oxygen
vacancies caused by ion sputtering and create less network disruption than implanted
argon.
The high packing density of these films was confirmed by measuring the
infrared transmittance of films deposited onto silicon substrates. An unbombarded film
deposited with 2 x 10-4 mbar of oxygen has a weak absorption band at 2.7 /lm due to OHradicals, while oxygen-bombarded films appear to have no measurable absorption in this
region (Figure 7-3). The small residual absorption between 2.5 and 2.9 J.1.m is due to
atmospheric water vapor in the spectrometer sample chamber.
Films with a refractive index of 1.69 to 1.70 at 350 nm thus appear to have a
packing density very close to unity. In addition, the unbombarded film has a surprisingly
high packing density in relation to its low refractive index. We investigated this anomaly
further by measuring the air-to-vacuum shift of an unbombarded coating deposited on
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Table 7-4. Optical Constants of lAD AI20 3 Films at 350 nm
(500 eV Oxygen Ion Bombardment)
(2 x 10-4 mbar 02)

Ion current density
(J,1AIcm2)

o

n

k x 104

1.61

7

20

1.66

5

50

1.69

3

100

1.69

4

140

1.70

2
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Figure 7·3. Infrared transmittance of unbombarded and lAD AI20 3 films in the 3 J.LI1l
water absorption band.
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fused silica with a refractive index of 1.61--the lowest value measured in this
study--in the Cary 14 using a special vacuum cell attachment. The film showed a shift of
less than 1 nm upon pumping from atmospheric pressure down to 1a mtorr. This
confirms the high packing density observed in the infrared measurements.
X-ray diffraction of lAD films again showed no signs of crystallinity. TEM of an
lAD film bombarded with 100 IlAIcm2 of 500 eV oxygen ions by Dr. Boulesteix showed
that this film was also truly amorphous.
With ion-assisted deposition, we have thus been able to deposit aluminum oxide
coatings at a relatively low temperature with a high refractive index, near-unity
packing density, and very little absorption. In addition, very good films can be deposited
without ion bombardment with the proper choice of oxygen pressure. The wide range of
refractive indices observed for films with very high packing densities is extremely
unusual. Since both the conventional and lAD films are amorphous, the only plausible
explanation for this effect is a change in the amorphous networking of the films with lAD.
Of course, this is a supposition: EXAFS studies are currently being conducted to
characterize the nature of the amorphous networking in the films.

CHAPTER 8

PREPARATION OF ALUMINUM NITRIDE AND OXYNITRIDE THIN FILMS
BY ION-ASSISTED DEPOSITION
Aluminum nitride (AIN) is a very versatile coating material. Its mechanical
strength and chemical stability allow it to protect machine tools and to serve as an
insulating layer in microelectronic applications. More recently, its relatively wide
bandgap (6.5 eV) has led to its consideration as an optical coating material for use in the
visible and near-ultraviolet regions (Pawlewicz et al. 1986; Koshigoe et al. 1984).
Aluminum nitride films have been deposited by many methods, including
chemical vapor deposition (Noreika and Ing 1968), reactive ion sputtering (Holmes
1986), ion implantation (Ueske and HezeI1981), and dual-beam ion sputtering
(Harper, Cuomo, and Hentze1l1985; Allen 1985). In this work a growing aluminum
film, thermally evaporated from an electron-beam source, was bombarded with a
nitrogen ion beam. We hoped that the thermal source could provide a large aluminum
deposition rate and allow the deposition of AIN over a wide area in a system where only
one ion source was available. Martin and Nettei1ield have recently reported the
successful ion-assisted deposition of SiaN4 (Netterfield, Martin, and Sainty 1986),
suggesting that aluminum nitride depoSition should be feasible by lAD as well. We have
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also deposited aluminum oxynitride films by adding oxygen to the chamber backfill
during the depositions.
Deposition Conditions
All coating runs were performed at 100 °C with a residual pressure of 1 x 10.6
mbar or less. Aluminum starting material of 99.999% purity was evaporated by an
eleCfrbn beam source from an intermetallic crucible at a deposition rate of 2 to 7 Alsec,
as measured by a quartz crystal rate monitor shielded from the ion beam. In most of the
depoSitions, the chamber was filled with 8 x 10.5 mbar of nitrogen gas through the ion
gun. Aluminum nitride films were deposited by bombarding the growing aluminum films
with a nitrogen ion beam with ion energies of 250, 500, 750, or 1000 eV.

Rutherford Backscatterjng Spectrometry

We first deposited an aluminum film at a rate of 2 Alsec in a nitrogen backfill of
8 x 10.5 mbar to determine if (a) this nitrogen would be incorporated into the films and
(b) whether our base vacuum was sufficiently free of oxygen and water vapor to prevent
significant oxidation of the films. The nitrogen content of these films was less than 2 at.

%. The bulk of the film contained 1.1±O.2 at. % oxygen, with greater oxidation observed
near both the substrate-film and film-air interfaces.
Table 8-1 shows the stoichiometries of aluminum nitride films as determined by
RBS. The stoichiometries are expressed in the form AINxO y• This is simply a convenient

notation, and does not imply the formation of a compound with the indicated
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Table 8-1 .. Stoichiometries of AIN Films (AINxO y)

AI dep. rate
(Alsec)

Ion Beam
Energy
Current Density
(eV)
(~cm2)

y

Stoichiometry
y

x

(N atoms/AI atom)

2
2
2
2.5

250
250
250
259

90±20
100±20
140±20
130±20

0.9±.3
1.0±.4
1.5±.5
1.2±.4

0.89±.01
1.01±.01
1.21±.02
0.81±.02

.04±.006
.03±.01
.04±.01
.06±.01

2
4
4
4.S

500
500
SOO

190±20
100±20
150±20
190±20

2.0±.5
0.5±.1
0.8±.2
0.9±.2

1.24±.02
0.58±.01
1.04±.02
1.1S±.02

.03±.003
.03±.01
.03±.01
.024±.006

2
2
2
4
4.S
4.S
6
6.S

750
750
7S0
750
750
750
750
750

100±20
190±20
210±20
14S±20
100±20
200±20
380±20
290±20

1.0±.3
2.0±.S
2.2±.S
0.8±.2
0.4±.1
0.9±.2
1.3±.2
0.9±.2

1.03±.02
1.23±.03
1.17±.02
O.82±.01
0.SS±.01
1.27±.02
1.11±.02
1.26±.02

..OS±.01
.12±.03
.09±.02
.02±.01
.023±.004
.03±.003
.08±.02
.027±.003

2.S
2.S

1000
1000

200±20
300±20

1.8±.S
2.7±.6

1.29±.03
1.58±.10

.21±.01
.52±.04

son

167
stoichiometry. The ratio of incident nitrogen atoms to aluminum atoms

y at the substrate

has been calculated under the assumption that the ion beam consists of N2+ ions. The
number of nitrogen "atoms" is thus twice the number of N2+ ions impinging on the
substrate.
Most of the films have a stoichiometry between AINo.s and AIN 1.2, with a large
number of the films having x > 1.0 (Figure 8-1). Harper, Cuomo, and Hentzell (1985)
have previously reported that dual-beam sputtered films with several hundred eV ions
bombarding the substrate are stoichiometric if the nitrogen-to-aluminum arrival rate
at the substrate is greater than one. They hypothesize that this self-limiting effect in the
stoichiometry is due to diffusion of nitrog~., to the surface of the films followed by
desorption of N2 fr~m the surface. We observed no such self-limiting effect with lAD. A
1:1 ratio is achieved only for particular sets of deposition conditions rather than for
whole regions of the depoSition parameter space as observed with dual-beam, sputtering.
Since the only significant difference between the two methods is the aluminum source, it
is possible that highly energetic sputtered aluminum atoms are responsible for the
diffusion of excess nitrogen atoms to the surface of the films where they could be
desorbed. Bombardment by the nitrogen beam alone presumably does not promote
sufficient mobility within the growing film for nitrogen diffusion and desorption.
The RSS results also show that the films have very high packing densities: The majority
of the films show little oxygen below the surface oxidation layer, suggesting that most of
the oxygen adsorbed from the residual chamber atmosphere during depoSition
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Figure 8-1. Stoichiometry of aluminum nitride films, expressed in the form AIN x' as a
function of the ratio of nitrogen to aluminum arrival rates.
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is resputtered, and that the films are too dense for water to migrate through the films
after venting the system to atmosphere. There is an oxidized layer at the surface of the
films with a thickness of 150±75 nm. The oxygen-to-aluminum ratios y in Table 8-1
are averages through the total film thickness, including this surface layer.
Based on the RBS analysis, we also observe that the film deposition rate can be
increased if a sufficient ion flux is available. We have shown that 300 J,1AIcm2 of 750 eV
ions is sufficient to produce a film with x> 1.0 for an aluminum deposition rate of 0.65
nm/sec.

The RBS results indicate several sets of of deposition conditions which yield a 1:1
AI:N ratio. For example, evaporating aluminum at a rate of 0.2 nm/sec while
bombarding with a 750 eV, 100 J,1AIcm2 ion beam should result in a stoichiometric film.
However, we shall show in the next section that films deposited with similar parameters
are optically absorbing.
Optical Measurements
We performed transmittance and reflectance measurements on films deposited on
fused silica substrates over a wavelength range of 0.2 to 2.0 J,Un. Films depoSited with an
insufficient ion beam flux are opaque with a shiny or dull gray appearance depending on
the depoSition conditions. The sheet resistance of these films has been measured with a
four-point probe, which shows that the resistance of films rises above the 3000

Q/square upper limit of our instrument when the films begin to show any visible
transmittance. As the films approach the correct stOichiometry, the transmittance
increases. In even the best case, however, the films absorb at wavelengths shorter than
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500 nm (Figure 8-2). Holmes (1986) has observed similar behavior with reactive ion
beam sputtered films, which he attributed to nitrogen vacancies or defect states, although
his films showed no absorption above 450 nm. Our films are in general nonabsorbing at
wavelengths longer than 1 J.1m; we have therefore used the quarter-wave transmittance
in the 1 to 2 J.1m region to calculate a refractive index for these films. As the dispersion
curve of AIN is essentially flat over this· wavelength region, calculations made at slightly
different wavelengths are still comparable. Table 8-2 gives the refractive indices of
these films; these values are slightly lower than the literature values of 1.90 to 1.95
(Pawlewicz et at 1986).
Annealing Studies
In an attempt to improve the optical properties of the films, we annealed a
number of AIN films in a tube fumace at 500 °0. Dry nitrogen flowed through the tube to
reduce the oxygen and water vapor content in the furnace, but the tube was not sealed.
Table 8-3 shows the effect of annealing on three RSS samples with widely varying
stoichiometries. We see that the nitrogen content of the films remained the same or
decreased after 210 minutes, and that the oxygen content of the films increased slightly.
The oxygen in the original films was concentrated in a surface layer which became
thicker during annealing as oxygen penetrated the films.
The annealing of thicker samples on fused silica substrates showed that the
optical properties of the films were improved substantially (Figure 8-3), with no
absorption observed at wavelengths longer than 500 nm, and the absorption edge shifted
below 350 nm. Additional annealing at 500°C did not affect the transmittance of the

171

100

"""
~

80

FUSED SILICA

A
B

iW

U

z

c

lI-

60

-2:
en

40

c

20

z

~

D
A: 750 eV I 400 uA/cm 2
B: 750 eV I 290 uA/cm 2
D: 500 eV I 400 uA/cm 2
(Al rate 6 ~/sec)

I-

0
300

400

500

600

700

WAVELENGTH (nm)

Figure 8-2. Transmittance of typical AIN films deposited by ion-assisted deposition.
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Table 8·2. Near Infrared Refractive Indices of AIN Films

AI dep. rate
(AJsec)

Ion Beam
Energy
y
Current Density
(eV)
(N atoms!AI atoms)
(J.lAlcm2)

Refractive index n
(±.02)

2

750

185

1.9±.6

1.87

3

500

190

1.3±.3

1.82

3

500

150

1.0±3

1.89

4

750

290

1.5±.2

1.86

6

750

400

1.4±.2

1.84
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Table 8-3. Effect of Annealing on Stoichiometry of AINxO y Films

AI dep. rate
. (Nsec)

Ion Beam
Energy Current Density
(eV)
(llA'cm 2 )

x

Stoichiometry
Annealed
Unannealed
y
x
Y

4.5

750

100

.55±.01

.023±.004

.56±.01

.068±.004

2.5

250

130

.81±.02

.06±.01

.74±'02

.15±.01

6.5

750

290

1.26±.02

.027±.003

1.15±.02

.054±.005
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films, although additional oxygen is certainly diffusing into the films. This suggests that
unsatisfied bonds in the films are filled quickly by oxygen atoms or complexes,
eliminating the absorption related to dangling bonds. The cause of the remaining
absorption is still not positively identified.
Oxynitdde peposjtjQD,
Mixed compounds of oxides and nitrides can tailor the refractive index of coating
materials. Aluminum oxynitrides should span the refractive index range between 1.65
and 1.9 in the visible. We have deposited aluminum oxynitride films by adding 4 x 10-5
mbar of oxygen to the vacuum chamber during the depoSition. This oxygen then occupies
adsorption sites created by the nitrogen ion bombardment. Figure 8-4 shows the
transmittance of two films deposited with an aluminum deposition rate of 0.6 nm/sec and
bombarded by 750 eV nitrogen ions.

Bo~h

films have significantly better optical

properties than the aluminum nitride films discussed above. This is presumably due to
adsorbed oxygen atoms filling vacancies created by the ion bombardment. The films still
show an absorption edge more typical of nitride material. The 200 J.LAIcm 2 sample has a
refractive index of 1.93 while the 300 J.LAIcm 2 film has an inde~ of 1.82 because of its
greater oxygen content. Thus, we can vary the refractive index by changing the ion beam
current denSity. An alternative method would be to pass oxygen through the ion gun. This
oxygen would be more effectively implanted into the films, resulting in a larger oxygen
content for the same ion beam current denSity. The refractive index of 1.93 is
surprisingly high, and may suggest that the amount of adsorbed oxygen in the film is
quite small.
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Conclusjons
Aluminum nitride thin films can be deposited by ion-assisted deposition;
however, the diffusion and desorption of excess nitrogen observed for dual-beam ion
sputtering is not evident with ion-assisted depoSition. An excess of nitrogen is clearly
present in many of the films. A nitrogen deficiency results in opaque conducting films,
while a nitrogen excess produces insulating films with absorption in the visible. This
absorption can be decreased by annealing in a predominantly nitrogen atmosphere at 500
°C, suggestiilg that the absorption is due to nitrogen vacancies, despite the excess of
nitrogen in the films. Absorption is still present below 500 nm, but the films now
possess a greatly increased transmittance in the near ultraviolet.
Aluminum oxynitride films can be depOSited by adding oxygen to the chamber
during deposition, probably allowing the deposition of films with refractive indices
between those of AI 20 3 and AIN. These films have significantly better optical properties
than the nitride films.

CHAPTER 9
CGJeWSIONS
We have investigated the ion-assisted deposition of a wide range of materials. In
virtually all cases, some film property was improved by lAD. It is also fair to say,
however, that it is impossible to deposit by lAD the perfect film with unity packing
density, low absorption, and exceptional environmental stability. The lAD process is a
compromise of conditions to optimize coatings for a particular application.
lon-Assisted Deposition of Metal Fluorides
While there are obviously differences in the effect of lAD on the various
fluorides investigated, we can draw some verl general conclusions:
1) The different masses and coordination numbers of the metal and fluorine
atoms in the films result in a preferential sputtering of fluorine from the films. The lAD
films are thus substoichiometric.
2) The vacancies in the film lattice created by the preferential sputtering are
filled when possible with oxygen atoms or complexes (OH-, for example) if the oxygen is
available. The oxygen comes from the residual chamber pressure largely in the form of
water vapor or, when oxygen ions are used, from oxygen ion implantation.
3) When sufficient oxygen is available to fill the anion vacancies, the films have
negligible optical absorption in the visible spectrum. As the oxygen content increases,
however, an ultraviolet absorption edge typical of the metal oxide appears.
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4) When the preferential sputtering is so severe that there is no longer

sufficient oxygen present to fill the anion vacancies, the films begin to absorb in the
visible as well as the ultraviolet. '
5) For materials which form crystalline films (in our case LaFs, CeFs' and
NdFs)' the increasing'oxygen content of the films eventually triggers a phase transition
in some crystallites from the tysonite phase of the fluoride to the pseudo-fluorite phase
of the oxyfluoride. As the stable oxyfluoride requires a larger oxygen content than that
present in our films, individual crystallites with larger oxygen contents are apparently
undergoing the phase transition. The similarity of the grain sizes of the fluoride and
oxyfJuoride phases also suggests that entire crystallites are being transformed.
6) lon-assisted deposition increases the packing density of metal fluoride thin
films. This densification has manifested itself in many film properties: increased
density, decreased vacuum-to-air shifts and water absorption bands, and increased
refractive index. These properties can often be improved almost to their optimal values,
but often at the expense of absorption levels which may be unacceptable for some
applications.

The computer simulations of MOiler (1986b) suggest that this

densification is due to the recoil implantation of atoms from the surface of the growing
film into the body of the film, where they fill vacancies. This conflicts with the earlier
suggestions that the ion bombardment simply increased the mobility of condensing atoms,
allowing them to migrate further before being trapped into the lattice.
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7) The excessive tensile stress of the fluorides when deposited onto ambient

temperature substrates is greatly reduced by lAD. We have not quantified this effect, but
have observed that the critical thickness at which the coatings crack is significantly
increased by ion bombardment.
8) When a Kaufman ion source is used, the hot filaments lead to heavy-metal
contamination of the films. Using tungsten filaments, we have typically seen tungsten
levels of 0.01-0.1 at. % in lAD films. These levels are too low to effect optical
absorption, but McNally has shown (McNally 1986) that switching from tungsten to
tantalum filaments significantly increased the laser damage threshold of 351 nm
AI 20 3/Si02 laser mirrors. For such applications, filamentless ion sources should
therefore be considered.
lon-Assisted Deposition of Aluminum Oxide
Aluminum oxide is a very unusual material. This is not surprising, since we
chose to investigate it because of its unusual behavior in a previous study (Ebert 1982).
For this reason, our conclusions concerning the ion-assisted deposition of aluminum
oxide should not be extrapolated to other refractory oxides. This difference in behavior
is most likely due to the unusually high packing density of AI20 3 films even when
deposited onto ambient temperature substrates (Ogura 1975). We have deposited AI 20 3
films by lAD using both argon and oxygen ions, reaching the following conclusions:
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1) The optical properties of unbombarded AI 20 3 films are strongly dependent on

deposition conditions. We have observed an extremely strong dependence on oxygen
pressure. The effect of lAD is in tum dependent on these process parameters.
2) Even our lowest index unbombarded films show no measurable
vacuum-to-air shift, and have virtually no 3 J,Un water absorption band. The films are
therefore very dense, even without lAD.
3) The refractive index of the AI20 3 films is increased by lAD. An index of 1.70
has been obtained at a wavelength of 350 nm, consistent with the values achieved by
sputtering methods (Martin 1986). High index lAD films have been deposited under
conditions which resulted in extremely low-index unbombarded films.
4) This increase in refractive index does not correlate with an increase in
density. In fact, argon bombardment does not significantly alter the density of the films.
5) All of the AI 20 3 films show no structure in x-ray diffraction: TEM shows
that the films are indeed amorphous. The refractive index of 1.70 is presumably the
value for a dense amorphous network with a packing density of one. If lower index films
have near-unity packing densities and the index change is not due to changes in
crystallinity, then the most logical explanation is that the films undergo a change in their
amorphous networking. EXAFS analysis is currently underway to verify this hypothesis.
6) Argon ion bombardment increases the absorption of the films, but oxygen
bombardment in general reduces the absorption if the unbombarded films made with the
same depoSition conditions have a measurable amount of absorption. In this way, oxygen

"
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bombardment of oxides has a significant advantage, since the implanted oxygen can fill a
vacancy in the AI 20 3 network without the addition of an impurity.
7) The wire filaments in Kaufman ion sources have a short operating lifetime

when operated with oxygen, due to the oxidation of the filaments. This limitation may
make the traditional Kaufman source unacceptable for production of multilayer oxide
designs. Cold cathode ion sources or the more recent filamentless Kaufman sources may
be preferable in these circumstances.
lon-Assisted Reposition of Aluminum Nitride
We have demonstrated that a nitride compound can be deposited by ion-assisted
deposition by bombarding thermally evaporated aluminum with a nitrogen ion beam, with
the following results:
1) Aluminum evaporated thermally in a nitrogen atmosphere shows no
measurable n!trogen incorporation. Any nitrogen incorporated into the lAD films can
probably be attributed to nitrogen ion implantation or ion-stimulated sorption, although
it is possible that some of the plasma products from the ion source are more reactive
than the neutral N2 molecules.
2) Sufficient nitrogen can be incorporated into the films to make a
stoichiometric nitride. In fact, the films just as easily exhibit N:AI ratios greater than
1.0, with stoichiometries above AIN 1.5 observed. This is rather surprising, since

similar experiments with dual-beam sputtering (Harper, Hentzell, and Cuomo 1985)
discovered a self-limiting stoichiometry effect which resulted in stoichiometric films
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when the nitrogen-to-aluminum arrival rate became one or greater. This effect was
attributed to the diffusion of excess nitrogen to the surface, followed by desorption. The
only difference between the two experiments is the absence of energetic aluminum atoms
in the lAD case, suggesting that the ion bombardment does not by itself supply enough
energy to the films to promote nitrogen diffusion.
3) Substoichiometric films with a stoichiometry of approximately AI No.5
display a two-phase structure, with opaque and transparent regions on the order of
several microns across alternating through the film. This suggests that the films do not
nitridize uniformly. These films are dull gray to the naked eye; when the stoichiometry
increases to the AIN o.8 range, the films become a shiny gray.
4) Films with a stoichiometry of AIN 1.0 or greater are dielectric; however,
they generally exhibit excessive absorption in the visible. Annealing at 500°C reduces
the absorption significantly, with the absorption edge now starting in the 400-500 nm
wavelength range. This improvement is probably due to diffusion of interstitial nitrogen
out of the film andior the diffusion of oxygen into nitrogen vacancies in the films.
5) This project stretched the capabilities of a 3 em Kaufman source. A larger
source would be necessary to supply the required current densities over a large region
for practical applications.
Suggestions for Further Research
Our group and others are now coming to grips with the details of ion-assisted
deposition. In particular, the computer modelling of Karl Heinz MOiler (1986a,
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1986b) has greatly improved our understanding of the microscopic processes involved
in lAD. However, there are still many important questions which remain to be addressed
before the process is truly understood:
1) The majority of lAD work to date has been carried out with argon or oxygen
ion bombardment, with the exception of Gibson and Kennemore's (1986) work with
freon. There is great scope for experimentation; the use of other noble gases may verify
the kinetic nature of the lAD process. Helium should be particularly interesting in this
respect because its low mass will allow a comparative study over a wide range of ion
momentums. Nitrogen is also interesting since it is not incorporated into fluorides to any
significant degree. It can also be used to make gradient index layers in oxides. Finally,
other fluorine compo~nds should be investigated.
2) Sputter yields are known to be highly angle dependent. We expect that the
angle of ion incidence should also have a significant effect on the ability of the ions to
cause recoil implantation into the film. It has recently been demonstrated (Yu et al.
1986) that preferred orientations of niobium films can be achieved by ion bombardment
at certain angles of incidence. Similar effects may be observable with dielectric
materials.
3) lon-assisted deposition is well suited to the deposition of graded index
structures, with the ion current density varied to modify the refractive index. Rugate
filters are an obvious example.
4) Some binary systems, such as the vanadium oxides, have phases with
different. stoichiometries. Kelly and Naguib (1970) have shown that particular
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crystalline phases can be driven by bombardment of bulk material--it may therefore be
possible to deposit the preferred phases of binary systems by lAD
5) lAD with a rotating substrate has barely been investigated. If lAD is to
become a viable commercial process, much work will be required in this area. In
particular, the monitoring problem is difficult with bombardment of a planetary or
double planetary rack since a monitor chip will not see the same ion beam as the
substrates.
6) Filamentless Kaufman ion sources which can run indefinitely with oxygen
are just coming onto the market. These sources will allow the deposition of multilayer
oxide coatings with beam parameters not previously possible because of concern over the
filament lifetime. Laser damage measurements should also be performed on coatings
deposited with these sources to determine if the lower contamination levels lead to higher
damage thresholds.

UST OF ACRONYMS

CVD

Chemical Vapor Deposition

EXAFS

Extended X-Ray Absorption Fine Structure Spectroscopy

FTIR

Fourier Transform Infrared

lAD

lon-Assisted Deposition

JCPDS

Joint Committee on Powder Diffraction Standards

PVD

Physical Vapor DepoSition

RSS

Rutherford Backscattering Spectrometry

UV

Ultraviolet

TEM

Transmission Electron Microscopy

VUV

Vacuum Ultraviolet

XPS

X-Ray Photoelectron Spectroscopy

XRD

X-Ray Diffraction
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