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Review

lon-based methods for optical thin film

deposition

P. J. MARTIN

CSIRO Division of Applied Physics, Sydney 2070, Australia

The optical properties of the dielectric oxide films SiO,, Al,O,, TiO,, ZrO,, CeO, and Ta,0;
produced by ion-based techniques have been reviewed. The influence of ion bombardment
during deposition is discussed in some detail and the various production techniques are des-
cribed. Recent results on the deposition and properties of diamond-like carbon films are also
reviewed. Finally, some examples of the practical applications of high quality dielectric oxide

films are given.

1. Introduction

Vacuum-deposited optical coatings have been avail-
able for nearly half a century, but the quest for better
and more reproducible films is still continuing in order
to meet the exacting needs of modern precision optics.
Early coatings were simple anti-reflective, high-reflec-
tance, or beamsplitter coatings comprising only a few
layers. Present day applications however, require high
performance coatings such as those employed in high
power lasers and laser gyroscopes where reflectance
and stability are important factors.

The ideal optical multilayer coating consists of
homogeneous layers, each layer with bulk properties
and the film interfaces parallel and smooth. The spec-
tral characteristics for such a system can be readily
calculated. In practice vacuum deposited films vary
significantly in many respects from bulk materials.
The adhesion to the substrate and neighbouring layers
may be poor, the interfaces and surfaces rough, and in
some cases the stress in the film sufficiently high to
cause mechanical failure. A particularly serious prob-
lem in optical film technology arises when the freshly
deposited single or multilayer structure is exposed to
the atmosphere. It is frequently found that the optical
properties vary in an unpredictable and irreversible
fashion, depending upon the relative humidity.

Film reproducibility depends to a large extent upon
the process parameters. The relationship between film
properties and process parameters has been sum-
marized by Ritter [1] and is reproduced in Table 1.
Two dots represent a strong dependency, one dot an
established dependency, and a dot in parenthesis indi-
cates a possible dependence. This table demonstrates
the complexity of the interplay between film proper-
ties and preparation conditions, particularly when a
variation in one parameter may alter several proper-
ties. The traditional methods of optical film depo-
sition have largely been thermal evaporation either by
resistive heating or by electron- beam evaporation,
where the problems indicated in Table I are frequently
encountered.
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In recent years the introduction of sputter depo-
sition and ion-assisted technology has resulted in very
significant improvements in film quality control and
optical properties. The key feature of these techniques
is the use of the ions (a) to sputter deposit material, (b)
in direct deposition of ionized vapour, (¢) in adding
activation energy or chemical activity to the growing
film, or combinations of these effects. A further appli-
cation of ions is the implantation of very high energy
particles to form buried layers in substrate materials.
The ions may be used in a plasma region or high
vacuum region (ion beam techniques), and the kinetic
energies fall within a range of a few eV to a few
hundred keV (ion implantation). It is therefore necess-
ary to have some basic understanding of the ion—
surface interaction phenomena and their dependence
on ion energy and ion mass.

2. lon-surface interaction processes

The importance of ion—surface interaction processes
in optical film deposition depends upon the particular
deposition process employed. Ions in general can
transfer energy, momentum and charge by varying
degrees. In all cases a complex variety of processes
simultaneously occur whenever energetic particles
interact with a substrate or growing film. For a com-
prehensive description of these processes, the reader is
referred to a number of excellent reviews in the litera-
ture [2-5]. In the present discussion the following
processes illustrated in Fig. 1 will be considered: sput-
tering, ion reflection, penetration and trapping. In
addition, some chemical effects are discussed.

2.1. Sputtering

One of the principal effects during ion bombardment
of a solid surface is the ejection or sputtering of the
surface atoms. The energetic primary particles lose
energy in a series of elastic and inelastic collisions with
target atoms. The recoiling target atoms initiate
secondary collisions in a collision cascade. Some
energy may eventually be transferred to the surface
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TABLE 1 Influence of process parameters on film properties [1]

Film property Substrate Substrate Starting Glow Evaporation Rate Pressure Vapour Substrate
material cleaning material discharge method temperature
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Defects o0 L] ] ] oo ® (®) ]

atoms which will be ejected if the surface binding
energy is overcome. The cascade has a typical radius
of 10 nm and sputtering results from collision sequences
<5 atomic layers beneath the surface [6].

The most successful sputtering model to date is that
due to Sigmund [7-9]. If we consider the low energy
regime (1 keV and below) the sputtering yield, Y(E),
is given as:

MM M\ E,
"B = 03 5 lan)

where M, and M are the atomic masses of the incident
ion and target atom respectively, a(M/M,) is a numeri-
cally calculated function varying from 0.15 to 1.5, E,
the energy of the ion, and Uj is the surface binding
energy of the target atom. The model has been tested
experimentally [10] and found to be in reasonable
agreement for 500eV argon ions on various targets.

M

EMITTED PARTICLES

The model is not suitable for threshold sputtering
conditions, i.e. E, < U, and a universal model has
been developed by Bohdansky et al. [11]. In this model
the sputtering yield is given by:

Y(E) = 64 x 10 My *EM(1 — E*~)"? (2)

where E* = E/E,,, E, is the threshold energy for
sputtering, and y = 4MM/(M; + M)>. This model
does predict zero yield for E = E,; and is in good
agreement with experimental data for very low mass
ions and argon bombardment of metals.

The most complete set of experimental sputtering
yields available has been compiled by Andersen and
Bay [12] covering most ions over the energy range 0.1
to 100 keV. The situation is far less satisfactory for the
sputtering of compound targets since there exists no
universal sputtering theory and only limited experi-
mental data.
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Figure 1 General ion-surface interaction processes.
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2.1.1. Preferential sputtering

During the sputtering of compounds the most volatile
species is preferentially sputtered, for example oxygen
from oxides. A concentration gradient or altered layer
is created at the target surface. Under steady state
conditions the surface composition of a multi-element
target will adjust itself to balance the elemental sput-
tering yields. The degree of preferential sputtering
depends upon projectile energy, mass and target atom
binding energy, but can be severe even for low energy
e.g. (less than 3keV) He* on Ta,Ojs [13]. For com-
pounds with large differences in mass, a greater
proportion of the bombardment energy is deposited
into the sub-lattice containing the lighter element and
the effect is predominant at lower primary energies.

However, in the case of film deposition by sputter-
ing from compounds, under steady state the com-
position of the sputtered flux is the same as the bulk
concentration of the target. Compositional changes
due to ion bombardment can be significant where
growing films are irradiated.

Oxide systems generally become depleted of oxygen
under ion bombardment and reduction of oxidized
molybdenum, tungsten, niobium, tantalum, titanium,
zirconiurn, silicon and bismuth has been observed [14].
Many measurements of preferential sputtering have
been reported and Coburn [15] has compiled data on
metal alloys and oxides. Kelly and Lam [16] have
reported that the sputtering yields of many oxides are
in accordance with Sigmund’s theory i.e. Y is propor-
tional to U; ' where U, is the surface binding energy.
In addition to compositional variations bombard-

ment-induced structural changes have been observed
for many oxide systems. These effects have variously
been attributed to thermal-spike effects, displacement
spikes and bond-type criteria [17, 18].

2.1.2. Energies of sputtered particles

Film properties are largely determined by the energies
of the depositing atoms. In conventional evaporation
the maximum energy is only ~0.1eV whereas sput-
tered particle energy distributions peak at 1 to 2eV
and extend to about 100eV. Fig. 2 shows that the peak
in the energy distribution of sputtered titanium shifts
only slightly with the incident particle mass and
energy [19]. In general the sputtered atom energy dis-
tributions follow an £ ~* dependence.

A small percentage of the sputtered material is ion-
ized and has a similar energy distribution to the neu-
tral component but peaking at a higher energy of
about 5 to 10eV. The secondary ion yield is sensitive
to matrix effects and is greatly enhanced in the
presence of oxygen [20].

In sputter deposition at high gas pressure, frequent
collisions between sputtered atoms and residual gas
decrease the energy of the depositing flux. This process
is referred to as thermalization. Meyer et al. [21] have
calculated the energy distribution of niobium and
copper atoms and the effect of argon gas pressure as
a function of distance from the target surface. The
energy distribution can be adjusted by varying the
sputtering conditions, affording greater control over
the depositing atom energy than is possible with
evaporation. More recent computations using Monte
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Carlo simulation show that sputtered particles can be
selectively thermalized depending upon the elements
present [22, 23].

2.2. Damage due to sputtering

Ion-surface interaction generally leads to displace-
ment of surface and bulk atoms. Each collision cas-
cade on average can displace N (E,) = E,/4E; atoms
where E, is in the range 10 to 50eV [3]. For example,
1 keV argon can displace 12 atoms in nickel and 25 in
silicon and sputter 3 nickel atoms and 1 silicon [7]. The
collision cascade event is completed within 10" sec
and a large number of the vacancies and interstitials
are eliminated. Thermal or displacement spikes may
occur and surfaces may undergo crystalline-amor-
phous transitions [17]. Other effects of importance are
surface atoms or primary recoil atoms being pushed
into the target or substrate (recoil implantation) and
atoms being transported over short distances during
the collision cascade (cascade mixing). The creation of
surface defects by ion bombardment can enhance dif-
fusion processes and accelerate compound formation
such as oxides or nitrides [24].

2.3. lon reflection

Thin films deposited by ion-beam sputtering of a tar-
get may be subjected to significant bombardment by
primary particles scattered off the target surface on to
the growing film. The growing film will then contain a
percentage of primary particles as well as being subjec-
ted to radiation-induced structural changes.

At low energies it is possible for light ions to be
backscattered from heavier target atoms, for example,
He™*, Ne™ and Ar* from copper and silver surfaces.
The energy E, of the backscattered ion of mass M, can
be calculated for a given scattering angle 6 and target
atom mass M, from binary collision theory [3],

cosf + (W —

1 +pu 3

in20)2 P
EJE, = l: sin* 6) ]

where 4 = M, /M. This approximation for the scat-
tered ion energy assumes that the collisions are elastic.
Inelastic processes such as collisional excitation can
reduce the observed scattered energies. In addition,
low energy ions undergoing scattering events have a
strong probability of undergoing charge exchange
processes with the surface [25]. The electron exchange
processes generate secondary electrons which are
necessary to sustain a plasma in glow-discharge sput-
tering [26]. The neutralization of the scattered ion may
occur during incoming and/or outgoing trajectories
but is considered to be most probable during the
collision event [27].

Accurate estimates of ion reflection coefficients are
difficult to measure experimentally due to neutraliza-
tion processes but Eckstein and Verbeck [28] have
estimated a value of 0.85 for 15e¢V He™ on tungsten
and 0.4 at 4keV. In the case of light ion reflection from
compound targets, it is found that the reflection coef-
ficient decreases relative to elemental scattering by a
factor of around two [29].
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2.4. lon trapping

If the incident particle has sufficient energy to pene-
trate a surface, then entrapment may occur in the
solid. In the.case of light, inert, gases the entrapment
will occur largely at lattice vacancies whilst for heavier
ions non-substitutional dissolution may also occur
[30]. The ion range in the solid depends strongly upon
its energy and for energies greater than 10keV, the
implant depth can be accurately calculated [31]. An
approximation is 1 nmkeV~'. At these energies the
entrapment probability tends to unity. There is little
experimental data for E < 1keV, the range used in
most deposition processes.

The theoretical predictions of low energy sputtering
yields, ion reflection coefficients, entrapment proba-
bility and ion range are largely based upon computer
models such at that of Biersack and Haggmark [32].
Typical range values for 500eV O* in gold or ZrO, are
1.5 to 2.5nm. For very low energy particles, 1eV <
E < 200eV, the surface trapping probability is close
to unity so that the self-trapping coefficient of con-
densing atoms during film growth is close to unity.

The trapping probability n(E) for inert gas projec-
tiles behaves somewhat differently. Argon is frequently
used as a support gas in many deposition processes
and Carter and Armour [33] suggest that for many
substrates 0.1 < #(E) < 1.0 in the energy range
100eV to 1keV and #(E) < 0.1 for E < 100eV.

Fig. 3 shows # as a function of Ar™ and Kr* ion
energy incident on borosilicate glass.

2.5. lon-surface effects and film growth
The bombardment of the substrate by both energetic
neutrals and ions will sputter clean the surface of
impurities and absorbed gases. If reactive gases are
present in large quantities during deposition the rate
of absorbed gas evolution must be high enough to
maintain a clean surface. The criteria for substrate
contamination rate have been formalized by Carter
and Armour [33].

For submonolayer gas adsorption (n < n,) where
n, is the number of substrate atoms
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Figure 3 Entrapment probability as a function of incident (1) Ar*
and (2) Kr* ion energy for glass targets [30]. Ion dose D =

1.75 x 10" ions cm~2.
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where k, represent the molecular impingement rate
per unit area at pressure p, y the sticking coefficient,
04, the ion bombardment-induced desorption coef-
ficient for coating species of flux density dJ.(E), o4
the cross-section for support gas particles, t the resi-
dence time of adsorbed impurities before thermal de-
sorption and dJ(F) the flux density of support gas
particles. An approximation for the equilibrium sur-
face impurity is:
kyyp

N, ~ 2= 5
L~ ®)

where J is the total flux. Under conditions of ion-
plating, active gas pressures are about 1072Pa, and
k, ~ 10" atoms m?sec™'. If 6, ~ 107“m? and the
discharge current is 1 A m~2 (10* particles m 2sec™"),
then N, ~ 10" atomsm ? ~ 1072 monolayers. If
impurities are recoil implanted with a cross section of
107" m® impurity incorporation rate becomes
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Jo,N, = 10" atomsm?sec™!, i.e. 1% of the coating
atom arrival rate. These estimates show that for low
impurity content of the growing films, low levels of
residual contaminants in the vacuum system are
necessary.

Low-energy ion bombardment of a growing film
may be represented by the following expression [34]

L = JO + Gy — Gizj(CjSij) (6)

where [, is the incorporation rate of a total flux; J; the
thermal component; {; the energetic component, @, the
sticking coefficient of the thermal species, #, the trap-
ping probability of accelerated species, 8; the steady-
state surface fraction of species, ; the incident flux of
energetic species j and S;; the effective sputtering yield
of species 1 by species j. The third term accounts for
the probability of species i being removed by self-
sputtering from other accelerated particles of the same
species or by bombardment from energetic, inert gas
atoms reflected from a target surface. In the absence of
ions Equation 6 reduces to [, = J®,. When species i is
accelerated as in reactive ion beam sputtering, {;#; is
the dominant term. This approach is used to deter-
mine deposition rates, and average composition of
films deposited under low-energy ion bombardment.
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Figure 4 Ton-based methods of thin-film deposition (a) vacuum evaporation, (b) activated reactive evaporation (ARE), (c) ion plating, (d)

ion-assisted deposition (IAD).
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The relative importance of particle bombardment
effects on growing films depends upon several factors,
the major one being the particle energy. The particle
energies are determined by the specific film deposition
process employed, and the following section sum-
marizes the most frequently used techniques.

3. lon-based methods of optical
thin-film deposition
3.1. Vacuum evaporation
In conventional evaporation the source material is
heated until it evaporates and the vapour condenses
on the substrate mounted directly above the source as
shown in Fig. 4a. Electron-beam evaporation is more
commonly used than resistance heating for greater
control over source temperatures and deposition
rates. The typical energy range of evaporated atoms is
1072 to 1 eV and some ionization occurs through ther-
mal dissociation and interaction with the electron
beam. An ionized fraction of only 0.01% can influence
thin film nucleation if accelerated to the substrate {35].
In oxide deposition evaporation can be performed
in a background gas of oxygen at ~2 x 1072Pa. The
technique is referred to as reactive evaporation and is
often used to deposit compounds by promoting a
reaction between evaporated metal atoms and the
reactive gas [36]. Further control is possible by activa-
ting one of the species, for example by ionizing oxygen
in an electrical discharge during titanium deposition.
This method is termed activated reactive evaporation
(ARE) and is shown in Fig. 4b. Deposition rates may
be as high as several micrometres per minute in ARE,
but by operating an auxiliary filament to sustain the
discharge at reduced evaporation rates, the deposition
rate may be made as low as 0.03 ummin ' [37]. Ion-
plating (Fig. 4¢) is a further refinement of ARE where
the substrate is biased negatively to attract positive
ions formed in the electrical discharge. The benefits of
ion bombardment during film growth can then be
realized [38]. A particular advantage is that at high
operating pressures the depositing atoms are scattered
and the throwing power increased sufficiently to
enable all exposed sides of the substrate to be coated
[39].
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Figure 5 Schematic of ion-beam sputtering, single and dual beam techniques.
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3.2. lon-assisted deposition (IAD)

The most significant advance in reactive evaporation
technology has been the introduction of directed ion
beams. Ionization of the residual gas increases the
reactivity, and discharges (directed at a depositing
film) were first tested by Heitmann [40]. The develop-
ment of the Kaufmann-type ion gun {41] provided the
necessary ion fluxes for practical deposition rates
under low-energy ion assistance. With suitable modi-
fications the ion-beam energy can be varied over the
range 30 to at least 1200eV [42]. Conventional electron-
beam evaporation is improved by directing the flux
from the ion gun on to the surface of the substrate and
the growing film (Fig. 4d). For dielectric films the
source is operated with oxygen gas to compensate for
any preferential sputtering from oxide films [43].

3.3. Sputter deposition
Sputtering is attractive as a deposition technique since
it is an atom-by-atom momentum transfer process.
There is no direct heating of the material and no
reaction between the evaporant and crucible as in
thermal evaporation. Compounds and alloys are
readily deposited and the geometry of the system is
not limited to any direction. Sputtering may be ion-
beam based (10~ to 107?Pa) or plasma based (10! to
10 Pa). In ion-beam sputtering material is sputtered
from a target and condensed on to the substrate as
shown in Fig. 5. The Kaufman source is a suitable
high flux ion gun for sputter deposition and films may
be grown at a rate of about 1 um h™' depending upon
the ion—target combination and geometry.
Dual-ion-beam sputtering is the sputter analogue of
IAD. Weissmantel [44] demonstrated that structural
and compositional modifications of the growing film
could be achieved by irradiating the growing film with
a second ion source. Diamond-like or i-carbon films
were prepared as well as amorphous hydrogenated
silicon, silicon nitride and cubic boron nitride.
Planar diode sputtering and magnetron sputtering
are plasma-based sputter-deposition techniques (Fig.
6). Secondary electrons, created at the target surface
by ion bombardment, accelerate and ionize the gas
atoms to sustain a discharge. The applied power is
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Figure 6 Schematic of (a) planar diode sputtering, and (b) magnetron sputtering.

generally d.c. for metals and r.f. for insulating targets.
The working gas is typically argon but reactive gases
are often used in combination or on their own for
reactive sputter deposition of oxides, nitrides or car-
bides.

Magnetron sputtering is a means of achieving
higher efficiency by confining the primary electrons to
paths close to the cathode surface with applied mag-
netic fields. lonization efficiency is improved and
higher sputtering rates result [45-46].

3.4. lon-beam deposition

This technique refers to a process in which the deposit-
ing atoms are fully ionized, accelerated, and deposited
on a substrate as shown in Fig. 7. The deposition
energy can be adjusted by substrate bias and substan-
tial improvements in film properties have been repor-

ted particularly for diamond-like carbon films {47].
Although dense, hard, and highly-adhesive films with
low stress have been deposited, the technique is
restricted to low deposition rates.

4. Structure of thin films

The optical properties of films, such as refractive
index, absorption, light scattering, and laser-damage
threshold depend largely upon the film microstruc-
ture. The film material, substrate temperature, residual
gas pressure and angle of vapour incidence can all
influence the microstructure of optical thin films [48].
If the depositing vapour atoms have a low mobility on
the substrate surface, three-dimensional island growth
during nucleation and coalescence stages is promoted
[49]. The film will then contain microvoids which may

act as sinks for diffusing vacancies during and after
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growth. Thin film microstructure is therefore of prime
importance to optical performance and some control
over its evolution during film growth highly desirable.

Thin film structures were first classified by Movchan
and Demchishin [50] for thick metal and oxide depo-
sits. In their scheme three characteristic structural
zones were found which were determined by the sub-
strate temperature, 7, and the film material melting
point, T,,. Zone I (T/T, < 0.25-0.3) contained
tapered columns with domed tops corresponding to
low adatom mobility. In Zone I1 (0.25-0.3 < T/T,, <
0.45), a smooth topped granular structure is dominant
and in Zone III (7/T, > 0.45) equiaxial crystallites
were formed with a polyhedral structure. The zone
-concept has been useful for classifying film structures
since film mechanical properties are defined by the
structural features of the relevant zone.

The zone concept was extended for sputtering con-
ditions by Thornton [51, 52] who added a third co-
ordinate to account for the influence of working gas
pressure (Fig. 8). The zone structure was found to
depend upon the interplay of atom shadowing,
adatom diffusion, and surface and volume recrystal-
lization. A macrostructure {open grain boundaries)
results when adatom diffusion is insufficient to over-
come shadowing effects and microstructure (closed-
type grain boundaries) results from surface and
volume recrystallization.

It has been proposed that the physical structure
changes with film thickness. The evolutionary model
of Messier et al. [53] is based upon an apparent repeti-
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Figure 7 Ion-beam-deposition technique.
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tion of honeycomb structures throughout the film
thickness (77/7,, < 0.5). Conical-like columns evolve
in a growth—death competition, their density deter-
mined by the size distribution of nucleating clusters on
the substrate (Fig. 9).

Several authors have used computer simulation to
study features of thin film nucleation and growth.
Outlaw and Heinbockel [54] simulated the movement
of surface atoms according to the influence of the
interaction potential of the substrate and the lateral
interaction of neighbouring atoms. Salik [55] found
that a substantial fraction of clusters may be formed
directly upon impingement and that surface migration
and re-evaporation of atoms results in a decrease in
the cluster density. Structural anisotropy and voids
were modelled by Hendersen er al. [56] and their
model modified by Kim ez al. [57] to obtain more
realistic film densities. The key feature of these early
models was that evaporated individual spheres were
deposited at random on the growing film and then
allowed to relax to contact the nearest neighbours.
The general features of film structure are then repro-
duced. Dirks and Leamy [58, 59] further refined the
model by assuming the incoming molecule sticks
immediately at its place of impact on the substrate
with a probability of relaxing into the nearest triangu-
lar co-ordination location formed by two previously
deposited atoms. The model predicts the formation of
columnar growth, based upon self-shadowing, and the
column orientation with respect to the substrate sur-
face according to the tangent rule,
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Figure 8 Three-dimensional zone-structure model [51].
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Figure 9 Fractal model of microstructure development {53].

tanag = 2tanf @)

where « is the angle of the incident vapour stream and
f the angle of inclination of the columns (Fig. 10).

Recently it has been shown by Miiller [60] that the
void density can be modified by simulating substrate
heating during film growth or post-heating. An atom
subject to a thermal fluctuation must overcome a
threshold epergy in order to jump from site f to
neighbouring site §’ given by,

AE, 5 = (Nj— Npo + ©
= Q‘

if Ny > N,
if Ny < Ny

®)
where N;, Nj are the co-ordination numbers of two
neighbouring sites, ¢ is the bonding energy and Q an
activation energy. The hopping probability of an atom
is determined by the vibration frequency
vo(~10"sec™") and the sampling time per atom is
given by,

T, = v ' exp (Q/KT) &)
The thermal energy fluctuation is given by,
¢ = — KT'ln(l — Ry (10)

where y = exp (—Q/K7 ) and the particle jumps
whene > AE; ;. Fig. 11atodand 12a to d show the
results of computer simulations for different tem-
peratures at vapour flux incident angles of 30° and
60°. The first three atomic layers represent the sub-
strate. In these simulations @ = 0.7¢V and

(a) »

¢ = — 0.7eV. At low temperatures atomic shadow-
ing leads to a porous columnar microstructure. As the
temperature increases atom mobility is enhanced and
the porous structure gradually disappears until the
film packing density reaches a maximum. Fig. 13
shows the dependence of the film packing density on
T for vapour flux angles of 30° and 60°.

The instability of optical coatings upon exposure to
a humid atmosphere is largely attributed to thin film
microstructure. Under typical deposition conditions
(pressure 1072 Pa, substrate temperature 30 to 300°C,
rate 0.5 to Snmsec™') a dielectric film will generally
develop columnar structure (Zone II type). Water
from the atmosphere is then absorbed throughout the
film by capiilary action and the optical properties are
then a composite of those of the film material and the
absorbed water. The process is largely irreversible and
has plagued optical film development for many years
although attempts have been made to calculate the
refractive index changes and distribution of pore sizes
for a range of films [61, 62].

5. lon bombardment effects on film
properties

Many of the film properties are strongly influenced by
changes in either structure or composition. The elec-
trical properties of materials can be modified by
doping with suitable impurities either by high energy
ion implantation after film growth or by controlled
doping during deposition [34]. Ion irradiation during
film growth is a more effective means of controlling
structure and/or composition over a greater range of
film thickness than is possible by implantation.

5.1. Microstructure

One of the earliest demonstrations of film modi-
fication by ion bombardment was reported by Mattox
and Komniak [63]. They deposited thick tantalum
films by planar d.c. diode sputtering and also biased
the substrate to attract positive ions. The application
of bias was found to interrupt columnar growth and
increase the film density close to the bulk value. The
crystallite size also decreased with increasing ion bom-
bardment. Similar effects were also observed during
electron-beam evaporation by Bunshah and Juntz [64],
who showed that a negative substrate bias attracted

(b)




a=30°

T=10K

a=30° T=300K

a=30°

a=30°

T=287K Figure 11 Computer simulation
of the effect of substrate tem-
perature on the void density of
growing thin films for vapour

incidence angle of 30° [60].

T=317K

positive ions and refined the grain structure of the
growing films.

Monoenergetic ion sources have also been used to
irradiate growing films [65-67]. In general, metallic
films exhibit preferred orientation in their crystal
structure. These effects are attributable to the focusing
of collisions along preferred directions in the film and
the channelling of the incident particles [68]. Babaev et
al. [69] found that ion bombardment also causes the
development of nucleus orientation which is enhanced
by substrate orientation, and accelerates film growth.

The effect of ion bombardment on the microstruc-
ture of growing films [43] can be seen from com-

a=60°

T=10K

a=60°

parisons of spectral transmittance curves of layers
immediately after deposition and on venting to a
humid atmosphere, as shown in Fig. 14. The effect of
water absorption into the voids of columnar films
prepared without ion assistance can be seen by the
shift of the curve to longer wavelengths. Densely
packed ion-assisted optical films which do not absorb
water vapour were first reported by Martin et al. [70].
Dense oxide films of silicon, titanium and zirconium
were prepared with argon-ion assistance. The density
of ZrO, films was improved by both argon and oxygen
ion-assisted deposition [43].

Direct observation of the microstructure of dielectric

T=293K

T=350K

Figure 12 Computer simulation
for vapour incidence angle of 60°
[60].



PACKING DENSITY, F
©c © e =
EY [ [+ [=]
1 J il f 1

e
N

Lyt

[ T I I

10 7/

250

300

350

TEMPERATURE (K)

Figure 13 The calculated dependence of film packing density on
substrate temperature for vapour flux angles of incidence of (@) 30°
and (a) 60° [60].

films by scanning electron microscropy is difficult and
a conducting coating such as gold must be applied
to prevent charging by the electron beam. Replication
transmission electron microscopy techniques must be
used for high resolution work [48]. Fig. 15 shows the
typical microstructures observed in optical multilayers
produced by evaporation. Pronounced columnar
structure is evident in the TiO, layers but not in SiO,
layers. The effect of ion bombardment on microstruc-
ture modification is readily seen in Fig. 16 of thick TiN
films prepared with and without substrate bias during
sputtering [71]. The mechanisms responsible for film
densification by ion bombardment have yet to be posi-
tively identified but must include local resputtering,
recoil and cascade mixing and to some degree thermal
and/or displacement spikes.

5.2. Filmm composition and compound
formation

Dudonis and Pranevicious [72] showed the influence

of oxygen-ion bombardment on the properties of

1.0 Y

vacuum

\
0.9

TRANSMITTANCE

vacuum-evaporated thin films. Aluminium amd sili-
con monoxide were evaporated by electron-beam
heating at a constant rate of 0.5 to 2nmsec ~' and
when bombarded with 5keV oxygen ions ALQO, and
SiO, oxides were formed at doses of 10 and
10%ions cm—>. The refractive index of SiO, films could
be varied with ion dose as shown in Table II [73].
Aluminium nitride was also synthesized by aluminium
evaporation and nitrogen ion irradiation.

The bombardment of a continuously deposited film
by reactive or inert-gas ions in a reactive-gas atmo-
sphere stimulates a surface chemical reaction.
Grigorov et al. [74] observed that the capture coef-
ficient and sorption ratio of depositing titanium films
was increased sevenfold by 1 keV Ar™ irradiation in a
nitrogen atmosphere. Super-stoichiometric films of
TiN, where x 2 1.15 were reported. The increase in.
the capture coefficient was correlated with the number
of vacancies and interstitials generated at the growth
surface by radiation damage.

The irradiation of growing oxide films with nitrogen
beams has also been successful in synthesizing oxy-
nitride films [75].

5.3. Adhesion and stress

A comparative study of gold films prepared by various
deposition methods by Chopra [76] revealed that sput-
tered films were more adherent than evaporated films
and that the adhesion was independent of the depo-
sition rate. Adhesion is sensitive to the state of the
substrate-film interface and is generally improved if
the average arrival energy of depositing atoms is
increased. Since sputtered atoms have between 10 and
20 times greater energy than evaporated atoms, it is to
be expected that secondary sputtering of substrate
contaminants and some degree of atomic mixing at the
interface will occur. In some systems the use of an
oxygen-ion beam during nucleation and growth stages
can considerably enhance the film adhesion by chemi-
cal effects [77].
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Figure 14 Transmittance over the visible spectrum of a ZrQO, film deposited (a) without ion-assistance and (b) with oxygen-ion assistance.
Solid line is vacuum data and broken line in air [43].
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TABLE II Dependence of the refractive index of SiO films on the concentration of implanted oxygen [73]

C (cm™?) 0 2 x 10®
n 1.85 1.86

2 x 10% 6 x 10% 1 x 108
1.55 1.48 1.46

TABLE III Optimum conditions for the kinetic energy of ions incident on the substrate for film formation [80]

Condition Required incident ion energy

Result

Deposition

Less than the energy corresponding to the

sputtering rate, S(E) = 1. Larger than the
energy at which the sticking probability becomes

too low

Surface cleaning

Larger than the energy of adsorption on the
substrate surface, i.e. 0.1 — 0.5eV for physically

— Optimum value of kinetic energy:
a few to a few hundred electronvolts

adsorbed gases and 1 to 10eV for chemically

adsorbed

Good quality film
formation

In a range where enhanced adatom migration
influences properties of the deposited film

suitable ion bombardment affects the growth of
nuclei. A suitable amount of defects or atomic
displacement near the substrate surface con-
tributes to film formation during the initial

stage

Both adhesion and stress may be modified by ion-
assisted deposition. Hirsch and Varga [78] reduced the
stress of thick germanium films and Cuomo et al. [79]
modified the stress of niobium films from tensile to
compressive by means of argon irradiation.

5.4. Summary

The general requirements for optimum film growth in
terms of the kinetic energy of ions present have been
summarized by Takagi [80] (Table III). The kinetic
energy of ions is converted to; (1) sputtering energy,
(2) thermal energy, (3) implantation energy, (4) migra-
tion energy on the substrate surface, and (5) creation
energy of activated centres for nucleus formation.
Furthermore, ions of very low energies may still

influence film nucleation and growth and enhance
chemical reactivity.

6. Optical properties of thin films
Ton-based thin-film deposition techniques are used to
deposit materials for a wide range of applications. We
restrict ourselves in this review to those materials
which find their greatest application in optical devices.
Dielectric oxide films are an important class of mater-
ials since they form the basis of most thin-film filters
and, therefore, are discussed in some detail. Carbon
films are presently being studied by many researchers
and show great promise for many optical applications
because of their very attractive properties and are also
briefly discussed.

157 — 5.
el it
0.25um”

L.— 1 substrate

Figure 15 Microstructure of a thin film multilayer of alternating SiO, and TiO, layers. Columnar structure evident in the TiO, layers is not

seen in the SiO, layers [48].
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Figure 16 Gross columnar structure observed in TiN films deposited (a) by magnetron sputtering and (b) the reduction of columnar growth

by bias-deposition i.e. deposition under ion bombardment [71].

6.1. Silicon dioxide

Silicon dioxide is the material most frequently used in
combination with TiO, in multilayer interference
stacks and is also an important dielectric in the elec-
tronic industry. Consequently this material has been
prepared by various techniques extending from simple
evaporation of silica to oxygen ion-implantation into
silicon [81]. A number of problems are associated with
silica deposition, i.e. porous films, variable index, and
substrate temperature effects. When SiO, is deposited
by evaporation as an alternating layer with TiO,,
electron-microscopic observations reveal that the
gross columnar structure always observed in TiO, is
absent in the SiO, layer (Fig. 15). The low packing

density of SiO, is influenced to a small degree by
substrate temperature. Deposition in ultra-high vac-
uum by electron-beam evaporation yields packing
densities of 0.95 and 0.99 at substrate temperature of
50 and 250°C respectively [82]. Reale [83] reports
values of 0.88 and 0.98 at the same temperatures.
Heitmann {75] has measured a value of 0.93 for films
deposited at room temperature by low-energy IAD.
We see, therefore, that unity packing density is not
achieved even at relatively high substrate tem-
peratures.

The effect of ion species and ion fiux on the refrac-
tive index for IAD Silica, SiO, starting material [84,
85), is shown in Fig. 17. The refractive index increases

13
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Figure 17 The influence of ion species on the refractive index for
IAD silica [835].

due to the packing density modification for both
argon and oxygen ion bombardment relative to con-
ventionally deposited silica (no ions). The extinction
coeficient was too low to measure at 550 nm. Absorp-
tance at 1.06um was also very low (9 x 107%)
increasing to 2.1 x 107° at 325°C substrate tem-
perature for a 345 nm thick film. The effects of oxide
reduction due to preferential sputtering, which
increases absorption in TiO,, was not observed for
silica films and was attributed to the stronger chemical
bond between silicon and oxygen atoms.

Sputter deposited films do not exhibit significantly
different refractive indices to conventionally evapor-
ated films [86). Fig. 18 summarizes the optical measure-
ments reported for ion-based silica deposition. The
values vary considerably for most wavelengths from
the bulk silica curve, although many authors routinely
report 1.46 for n at 550 nm.

6.2. Aluminium oxide

Aluminium oxide is also an important material in the
electronics industry where it is used as a passivating
layer in metal-oxide/semi-conductor devices and thin
dielectric films in integrated circuit applications. It is
also extensively used in optics as a protective film for
metal reflectors, multilayer applications, and solar
selective surfaces. The material can be deposited by

most techniques, and variations in properties are to be
expected since nine phases of aluminium oxide are
listed in the ASTM powder diffraction file. Of the
seven evaporated materials studied by Reale [83],
A1,0; had the highest packing density of 0.95, showed
the least variation with substrate temperature, and
had a constant refractive index of 1.60 up to a sub-
strate temperature of 300° C. Both r.f. and d.c. sput-
tering techniques are used in Al,O; deposition.
Adherent amorphous films were deposited to a thick-
ness of 8 um at 40nmsex ' by Nowicki [87] by r.f.
planar magnetron methods. The film stoichiometry
was dependent upon the power density and
approached ALO, at 4Wem™? giving a refractive
index of 1.63 at 546.1nm. The ALQ, targets were
sputtered using pure argon and the films contained
argon up to a maximum of 4.8%. No details of film
absorptance were given in this work but absorptances
of less than 1.0% in films prepared by d.c. magnetron
sputtering of aluminium in a 10% oxygen—argon mix-
ture have been reported [88].

Pawlewicz et al. [86] have reported a mid-range
index of 1.67 for ALO, prepared by r.f. diode sputter-
ing of aluminium in argon-oxygen mixtures. The films
were thought to be stoichiometric and the structure
cubic. The refractive index was also found to be 1.67
at 1.06 ym.

Ton-assisted deposition has also been used [89, 90],
and a refractive index of 1.65 at 633 nm and an extinc-
tion coefficient of 1.8 x 10~ were reported.

The dispersion of the refractive indices reported for
some recent studies of AlQ; is shown in Table IV.

6.3. Titanium dioxide

Titanium dioxide is a hard, chemically resistant
material, transparent in the visible and near infrared
and with a high refractive index. Consequently this
material is widely used in thin-film technology and has
been deposited by a range of techniques. Titanium
dioxide occurs in three main crystalline forms, rutile,
anatase and brookite, although the latter has not been
observed in vacuum deposited thin films. The phase
diagram of the Ti—O system of Roy and White [91]
shows there exists an indeterminate number of phases
between TiO and TiO,, of which Ti,0; and Ti,0, and
Ti,O; are the distinct phases and TiO, (anatase) is the

Figure 18 Summary of the refractive index as a function of
wavelength of SiO, prepared by ion-based techniques.

Solid line is silica data. Various methods; IAD, O [84] ©

1'7l‘f‘lﬁl'l' L DL D L)
< o
x 1.6 o}
4 ©
z B ©0g
w
=
5 1.5 A e 0C0A g © A A A
< A
& 2
g r >
1.4
131;I.||||l||.|1_||14|l
02 03 04 05 06 07 08 09 10 1.1

WAVELENGTH(um)

14

[85], ® i89]. Evaporation, ® [85]. Sputtering, a [97], a [86]
a [115}, a [105].



TABLE IV Refractive indices of Al,O, films produced by ion-
based techniques

Wavelength Refractive index Reference
4 (pm) n
0.25 1.70 86
0.30 1.70 86
0.40 1.70 86
0.50 1.70 119
0.54 1.63 87
0.55 1.63 86
0.60 1.68 86
0.63 1.65 114
0.80 1.68 86
1.00 1.64 119
1.67 86
1.06 1.67 86
5.00 1.74

stable oxide phase at a temperature of 400° C [92]. The
most desirable oxide phase from the point of view of
optical properties is rutile. It is then not surprising
that the substrate temperature and the degree of oxi-
dation of the film are critical parameters for TiO,
deposition, and that the optical properties obtainable
will vary from technique to technique. A comprehen-
sive study of reactive evaporation methods by Pulker
et al. [93] has highlighted the problems encountered in
TiO, deposition by conventional techniques. The
refractive index is dependent upon the substrate tem-
perature, the oxygen partial pressure during depo-
sition, and the deposition rate. Successive evaporation
of different starting materials results in different refrac-
tive indices of the deposited films, particularly for
TiO, Ti,(, and TiO, starting materials. Reproducible
results were obtained only when Ti or Ti;O; starting
materials were reactively evaporated. The variations
in index with successive evaporations of the other
source materials is attributable to their changing com-
position in the crucible during deposition, which in
turn results in a varying vapour stream composition.

A major problem, however, with reactive evap-
oration is the reduced packing density of the deposited
material, a parameter which can only be influenced by
depositing at elevated substrate temperatures in order
to enhance surface mobility of depositing atoms and
molecules. Grossklaus and Bunshah [94] have pre-
pared rutile by reactive evaporation but at very high
oxygen partial pressure and elevated substrate tem-
peratures of up to 1100° C.

Higher packing densities are achieved by sputtering
techniques where greater mobility of surface atoms is
possible due to their higher deposition energies. Con-
siderable control over the oxide phase and grain size
has been achieved by r.f. sputtering [95, 96]. Ratile is
obtained over a wide range of temperatures at high
oxygen pressures and the corresponding grain size
varies from 10 to 60 nm. The influence of grain size on
the refractive index is difficult to separate from pack-
ing density effects but is reported to increase n by
approximately 5% [96].

In general, sputtering is the preferred method for
depositing TiO, with reproducible properties, although
good results have been obtained using reactive r.f.
biased ion plating. Using this technique Suzuki and

2.1

2.6

2.5

REFRAGTIVE INDEX (n)

2.4

2.3

2.2

S —

1
808 300

2.1

| N ! 1
400 500 600 700
WAVELENGTH A (nm)

Figure 19 The deposition of TiO, indices for the starting materials
— Ti0O, and ~ — — TiO, 0, at substrate temperature of 50 and
325°C [99].

Howson [97] have obtained high quality TiO, films
(n = 2.49 2t 633 nm) on water cooled glass substrates.
However, the refractive index is sensitive to the depo-
sition rate and oxygen partial pressure. TiO, was also
prepared by d.c. magnetron sputtering and r.f,
enhanced d.c. magnetron sputtering. In the latter
technique, r.f. bias is applied to the substrate. An
advantage of these techniques is that the source mater-
ial can be titanium which is sputtered at a relatively
high rate.

Ion beams have been used by Takiguchi et al. [98] to
deposit titanium oxides directly by sputtering metal
targets in oxygen, but the most successful application
has been in ion-assisted deposition (IAD). Heitmann
[75] evaporated Ti,O; with oxygen-ion assistance. At
550 nm, the refractive index was estimated to be
between 2.2 and 2.3 and found to depend slightly on
deposition rate. The absorption coefficient at 633 nm
was estimated to have an upper limit of 40cm ™, and
at 10.5 um was 10°cm™". Single crystal rutile reaches
a comparable absorptance only at 11.6 ym. The dis-
crepancy was assumed to be a structural effect as the
IAD films were all amorphous.

The experiments of Heitmann were later repeated in
greater detail with a refined Heitmann ion source [89,
99]. Both TiO and Ti,0; materials were used and the
effect of neutral oxygen, positive and negative ions,
and excited molecules on the absorption and refrac-
tive index investigated over the substrate temperature
range 50 and 325° C. The data are summarized in Fig.
19.

Further demonstrations of the success of YAD were
made by Allen [84] with negative ions (and electrons)
and TiO as the starting material. The absorption coef-
ficients at 1.06 um obtained are given in Table V.

TABLE V Measured absorptance at 1.05 gm of reactively
deposited titania films as a function of source current [84].

Source Measured Absorption
current absorptance, coefficient
(mA) o (em™")
150 1.9 x 107! 1992

250 1.8 x 1073 29

350 9.0 x 1073 160
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Figure 20 (a) Variation of the extinction coefficient of titania using argon, oxygen and mixed ions. £(argon) = 400eV, y = 1.7; E(argon/
oxygen, A) = 400eV,y = 0.17; E(argon/oxygen, B) = 300eV, y = 0.12; E(oxygen) = 300eV, y = 0.12.y is ion to molecule ratio at the
substrate [85]. (b) Comparison of the refractive indices of IAD and conventionally deposited titania films E(oxygen) = 300eV, y = 0.12

[85].

X-ray diffraction measurements aiso revealed these
films to be amorphous.

Allen [85] has recently studied the influence of 300
and 400eV argon and oxygen positive ions with a
Kaufman ion source. Fig. 20 shows the effect of the
ion bombardment on the optical properties for dif-
ferent ion-to-TiO molecule ratios at the substrate. The
best results were found for oxygen bombardment
where very low values of the extinction coefficient k
were obtained. Absorptance figures at 1.06 um are
shown in Table VI. Titania films were found to have
the lowest absorptance using 300 eV oxygen ions at an
ion-to-molecule ratio of 0.12 which yielded a refrac-
tive index of 2.49.

The effect of low energy bombardment on optical
properties has been studied by McNeil ef al. [100]. The
film absorptance is reduced for the lower energy case
although no figures on index or absorptance were
given. It was found that the ion bombarded films had
considerably less hydrogen and hence less water
vapour penetration than films deposited without ions.

All TAD studies of titania have shown that the
deposited films are amorphous. These observations
are consistent with earlier studies of bombardment-
induced structural changes in solids. Furthermore, a
TiO, sample subjected to an intermediate ion dose
(10"-10%ionsm~?) will revert to the lower oxide
Ti, 0, [17]. Since film growth is essentially a layer by
layer process, and each layer ion bombarded, the
situation is equivalent to post-bombardment of bulk
oxides.

The dispersion of the refractive index of TiO, that
may be obtained by the various techniques is sum-
marized in Fig. 21. It is interesting to note that there

TABLE VI Variation in absorptance at 1.06 um with various
source gases [85]

Source gas Absorptance o
a x 106

Argon 319000

Argon and oxygen 65000

Argon and oxygen 41300

Oxygen 514
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is a considerable spread in data points and very few
results approach the optical properties of bulk rutile.
IAD data points show a good reproducibility between
various groups, but in general fall short of the rutile
values at most wavelengths. All the IAD data was
taken from samples deposited on unheated substrates
which generally leads to inhomogeneous coatings in
conventional evaporation. The IAD data is, however,
in good agreement with that of Chereponova and
Titova [101] for TiO, films deposited by evaporation
on substrate maintained at 300°C, indicating that
lon-assistance is equivalent to enhancing film atom
mobility by substrate heating.

6.4. Zirconium dioxide
This material also has a high refractive index and is
hard but is subject to considerable variation of refrac-
tive index with deposition conditions [102, 103]. The
packing density of ZrQ, is considerably less than that
of other dielectrics when deposited by evaporation.
Reale [83] gives a figure of 0.7 at 50°C and 0.95 at
300° C substrate temperature with a corresponding
rise in index from 1.80 to 2.15. Perveev et al. [104, 105]
report a 12% porosity for evaporated ZrO,. With
such a poor packing density it is not surprising that
wide variations in optical properties are reported.
The growth of ZrO, can be substantially influenced
by ion bombardment. Greene et al. [106] showed that
r.f. bias-sputtered Y,0,-doped ZrO, films are modi-
fied by increasing the bias from —40 to —80V. The
—40V biased specimens exhibited columnar micro-
structure but when the bias was increased to —60V
the columnar structure was removed. The oxygen/
zirconium ratio was also increased by increasing the
bias. Pawlewicz and Hays [107] examined the micro-
structure of various ZrQ, films prepared by r.f. sput-
tering also as a function of bias. The predominant
crystal structure of ZrO, films prepared by sputtering
zirconium in argon— oxygen mixture is monoclinic. At
target power densities higher than 10 W cm ~? the sub-
strate temperature increased to 750 K and the crystal
phase changed from monoclinic to tetragonal. The
cubic phase was observed for CaO and Y,0, doped
710, films prepared with no bias. Bias sputtering of



LN IENELARN I R AL AU LA AL BN DL |
3.0
2.9
3 2.8
E -
o 2.7+
= i
1]
> 2.6+
-
81 L
o 2.5p
LL.
w 5
44
2.4 -
N []
2.3 ‘
L [
2.9l [T DU TS JUNT SRS NN TR NN WUN N M | L
‘ 10

04 05 06 07 08 09 10 50
WAVELENGTH (um)

Zr0,~-CaO results in preferential sputtering of cal-
cium and a change back to a monoclinic phase.

A detailed study of the modification of the optical
and structural properties of dielectric ZrO, produced
by ion-assisted deposition has been made by Martin et
al. [43]. The effect of ion irradiation on the optical
properties is most clearly demonstrated by the obser-
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Figure 21 Summary of the dispersion of the refractive
index of TiO, produced by ion-based techniques. Solid line
is the bulk rutile data. Various methods; IAD, @ [75],
O [84], © [85], ® [89]. Sputtering, a [86], v [96], a [97],
£ [104], v [115], & [117], # [118], & [119], ® [146]. Reactive
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vation of vacuum-—air effects due to water absorption
as shown in Fig. 14. Stable films which did not adsorb
water were produced for a ZrQ, arrival-rate-to-ion-
flux of 3.5 for 1200eV O,ions. The results are inter-
preted as absorption by capillary-action of water
vapour into the microvoids of the low-packing-density
films, resulting in a change in the film refractive index.

Figure 22 X-ray diffraction spectra for ZrQ, films
produced by argon and oxygen IAD on room temperature
and heated substrates [43].
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Ion-assisted deposition increases the packing density
and prevents water penetration. Evidence for this
mechanism was provided by profiling the films for
water vapour and detecting hydrogen (from water
vapour) as a function of film thickness by nuclear
reaction analysis. A substantial reduction in hydro-
gen, and hence water vapour content, was seen for
ion-assisted films.

The crystal structure of ZrQ, is considerably modi-
fied by ion-assisted deposition. Films deposited at
room temperature in the absence of ions show no
X-ray diffraction lines. However, ion irradiation
produces a face centred cubic structure when the ion
current density is greater than 5 x 1072Am™~? (ion:
atom arrival rate 1:75, Fig. 22). Heated films exhibit
only the monoclinic phase in the absence of ions but
both a cubic and monoclinic phase in the presence of
ions. The ion-induced crystallization effects closely
follow the observations for post-irradiation of amor-
phous ZrO, by 2 to 35keV Kr* [17], where ion impact
promoted a crystallization of the cubic phase.

It is not possible at this stage to attribute the main
crystallization mechanisms in IAD processes to spike
effects as suggested in [17], but simple heating processes
are not thought to be significant. The amorphous-
cubic phase transition temperature for ZrQO, is 400° C
[108], which is far greater than the substrate is likely to
achieve from simple radiative heating from the
crucible during deposition.

The changes in crystal structure and film packing
density have a strong influence on the optical proper-
ties of ZrQ,. Fig. 23 shows the refractive index at
550 nm as a function of argon and oxygen ion current
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density. For argon, a vacuum-air shift is observed up
to an index of 2.138 and then the refractive index
decreases. This index reduction at high argon current
densities is due to preferential sputtering of oxygen
and argon incorporation into the layer. Films
produced by oxygen bombardment are much more
stable and a maximum index of 2.19 is achieved. The
highest indices for both ion species are observed only
when the substrate is heated and the film is ion bom-
barded.

An interesting effect was also found on the optical
properties when the ion beam was switched either off,
or on, during a deposition. Fig. 24 shows the transmit-
tance at 550 nm as a function of film thickness. In case
(a) the film is deposited with oxygen ions and an index
of 2.18 was measured. The deposition continued with
the ion flux switched off resulted in a reduced index of
1.9. The reverse case — no ions then ions on — almost
reproduces the results in reverse. lon-assisted depo-
sition is shown to produce an immediate effect on the
packing density of ZrQ, and is sufficient to disrupt
columnar growth even on a low packing density layer
under continuous deposition condition.

The available data on the refractive indices of ZrO,
are summarized in Table VIIL.

6.5. Cerium dioxide

Cerium dioxide has been prepared by sputtering and
ion-assisted deposition [109, 110]. As with other
oxides prepared by IAD, vacuum-—air changes in the
refractive index are observed until the ion current
density reaches an optimum value. Fig. 25 shows the
index behaviour for oxygen bombardment. A gradual
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Figure 23 The refractive index of ZrO, at 550 nm measured in vacuum and air as a function of ion current density; (a) argon ions, (b), oxygen

ions [43].
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Figure 24 Transmittance of ZrO, films at 550 nm as a function of thickness for depositions; (a) with ion beam on (n = 2.18) - ion beam off

(n = 1.9), and (b) beam off (n = 1.75) — beam on (» = 2.18) [43].

decay from the maximum value of 2.4 is observed at
high current densities which is thought to be a result
of trapping of unbound oxygen in the film and/or
preferential sputtering effects. The mass difference
between cerium and oxygen is sufficiently great that
some preferential sputtering is to be anticipated. The
packing density of films deposited without ions is
quite low at about 0.5 but as with ZrQO,, the packing
density can be improved with the ions to unity. Table
VIII summarizes the refractive indices of CeQ,
prepared by ion-based methods.

6.6. Tantalum pentoxide

The final dielectric oxide discussed in our materials
review is tantalum oxide. Tantalum oxide is readily
prepared by sputtering either an oxide target or an
elemental tantalum target in an oxygen atmosphere.
For oxide targets a 90: 10 partial pressure mixture of
argon and oxygen is usually selected for both diode
and ion-beam sputtering {111, 112]. The percentage of
oxygen is usually increased to at least 25% for tan-
talum targets to reduce optical absorptance in the
films. Ta,O; has also been deposited using electron-
beam evaporation of Ta,0; although considerable
outgassing of the source material occurs and oxygen
backfilling must be employed to minimize absorption.

TABLE VII Refractive indices of ZrO, films produced by ion-
based techniques

Wavelength Refractive index Reference

A(um) n

0.25 2.47 86

0.40 2.2 86

0.55 2.15 86
2.19

0.80 2.15 86

1.00 2.15 86

1.06 2.15 86
220 115

1.1 2.10 106

The optical properties are also sensitive to substrate
temperature and deposition rate [113]. Ion-assisted
deposition has been used to obtain high index material
(2.1, 550 nm, [114]) but no detailed investigations have
yet been reported, although preferential sputtering
effects are known to be important in low energy bom-
bardment of Ta,0s {13]. Fig. 26 shows the data
reported to date of films prepared by various tech-
niques.

6.7. Carbon films

In the early 1970s it was found that ion-beam depo-
sition could be used to deposit thin films of insulating
carbon on room temperature substrates. The material
was found to have remarkable properties and has
since been the subject of intense investigation for
many applications. Aisenberg and Chabot [47] des-
cribed this material as diamond-like carbon (DLC)
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Figure 25 The refractive index of CeO, films at 550 nm as a function
of oxygen ion current density [110].
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TABLE VIIT Refractive indices of CeO, films produced by
ion-based techniques

Wavelength Refractive index Reference
A{um) n

0.55 24 110

0.56 2.5 115

0.58 2.49 115

0.76 2.45 115

1.06 2.45 115

5.00 2.25 148
10.00 2.10 148

and listed the following characteristics (1) high trans-
parency, (2) index of refraction greater than 2.0, (3)
highly insulating, (4) harder than glass, (5) resistant to
chemical attack, (6) diamond-like crystal structure
and (7) dielectric constant between 8 and 14. The
method adopted was deposition of carbon ions pro-
duced in a coaxial ion source by argon sputtering of a
solid carbon electrode. The positive ions produced
were then accelerated by a negative potential of
—40V applied to the substrate. The original experi-
ments of Aisenberg and Chabot were later repeated by
Spencer et al. [125] using a similar ion source to
produce a beam of positively charged carbon ions of
energy 50 to 100 eV. These measurements also showed
the presence of polycrystalline cubic diamond, high
resistivities > 10?Qm and a refractive index of
about 2.0.

It has now been demonstrated that DLC films can
be deposited by r.f. plasma decomposition from a
hydrocarbon gas such as butane, low energy carbon
ion beam deposition, ion plating and dual-ion-beam-
sputtering. The films are sometimes referred to as
i-carbon (i-C) to indicate that ions are used in the
deposition process. This term was introduced by
Weismantel et al. [126] who studied the preparation
and properties of i-C in some detail. However, some
workers prefer the descriptive name amorphous
hydrogenated carbon (a-C: H), particularly for films
produced by plasma decomposition from hydro-
carbons. Films prepared by this technique have vari-
able optical constants depending upon the hydrogen

0.2

EXTINCTION COEFFICIENT 4
=

700 500

500
WAVELENGTH (nm)

|
500

Figure 27 Extinction coefficient for ion-beam-deposited carbon
films grown with 300eV C™" ions [128].

content and are frequently found not to contain
diamond-like crystallities. In contrast, films deposited
by direct ion-beam deposition often show evidence of
diamond-like structure.

DLC films are attractive since they are hard, have a
high index and a low optical absorption, at least in the
infrared region. Bubenzer ez al. [127] have tested DLC
as a laser material and found CO, single-pulse damage
thresholds for CO, laser pulses on anti-reflection-
coated germanium up to 2.8 x 10°MWm 2. The
films were chemically resistant, stable to 250°C and
had a hardness of 1200 to 1650 kg mm 2.

The optical properties of a-C: H can be tailored to
render it suitable for anti-reflecting germanium. The
optical absorption in the 8 to 12 ym range is 250 cm ™!
compared to about 10cm™' for ZnS. The absorption
in the visible region is relatively high and Fig. 27
shows the extinction coefficient of a film deposited by
a mass separated 300eVC* ion-beam [128]. An
example of the transmittance and absorptance vari-
ation in the visible for ion-beam sputtered films is
shown in Fig. 28 for a 174 nm thick film [129]. Fig. 29
shows the much higher transmittances observed for
ion-beam deposited films (44nm thick) over the
wavelength range 4 to 20 um compared to that of
evaporated carbon. DLC films have also been pre-
pared by r.f. decomposition of various hydrocarbon
source gases [130].
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Figure 28 (a) Reflectance, (b) absorptance and (c) transmittance of
thin diamond-like carbon films prepared by sputter deposition and
ion-assisted-sputter-deposition techniques [129]. a4, Sputter
deposited only (166.8nm thick). O, Simultaneously sputter
deposited and ion bombarded (173.8 nm thick). O, Uncoated fused
silica (0.762 mm thick).

The optical properties of DLC films prepared by
glow-discharge deposition and ion-beam sputtering
have been accurately measured over the wavelength
range 254 to 633 nm by Khan et al. [131]. Film thick-
nesses were approximately 120 to 150nm and the
optical properties measured by ellipsometry. The n
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Figure 29 Transmission spectra of an ion-beam-deposited carbon

film (44nm) deposited using 300eVC*t and evaporated carbon
[128].

and & values for films deposited by both techniques
were the same. It was found that annealing the films in
hydrogen at a temperature of 500° C had only a slight
effect on the optical properties.

The main problem with DLC as an optical material
is the high optical absorption in the visible. The
adhesion is poor on certain substrates such as copper,
and the films are often highly stressed. Films deposited
by either d.c. or r.f. glow-discharge decomposition of
hydrocarbon gas can contain large amounts of incor-
porated hydrogen which result in a very high intrinsic
compressive stress of the order of 10" Nm*[132]. The
material is already finding applications in the military
field, in particular as a scratch resistant IR-transmit-
ting coating on missile domes and is being produced
by the Hughes Corporation {California, USA) on an
industrial scale by the dual-ion-beam sputtering
technique [133]. As the technology develops DLC will
find wider applications as a protective and high index
antireflective coating with good resistance to chemi-
cally aggressive gases.

6.8. Other Materials

Only a few investigations have been made on other
optical thin films produced by ion-based techniques.
Silicon nitride has been synthesized by ion-beam sput-
tering [44], and by reactive sputtering [134]. Amor-
phous hydrogenated silicon is presently under inten-
sive investigation for applications in solar devices and
ion-beam techniques have been used successfully in its
preparation [135].

Tin oxides and indium—tin oxide are frequently
prepared by sputtering and a comprehensive review of
these and other conducting transparent coatings has
been made by Vossen [136] and Dawar and Joshi
[137). Epitaxial zinc selenide and zinc sulphide films
have been prepared by Jones ez al. [138, 139]. The films
were produced by r.f. sputtering with reproducible
refractive indices close to the bulk values.

Attempts to deposit dense stable magnesium fluor-
ide films on unheated substrates by sputtering have
largely been unsuccessful. Coleman [115] showed that
sputtering of MgF, targets produced absorbing films
due to dissociation. Films with acceptable optical
properties were produced by sputtering in Freon 14
but had extremely poor adhesion. Kennemore and
Gibson [140] have reported on the deposition of hard,
adherent MgF, films on ambient temperature sub-
strates by low-energy argon-ion assistance. However,
the films were found to contain substantial quantities
of oxygen,

7. Applications

7.1. Multilayer coatings

Reactive sputtering has been shown to be a promising
method for the production of mulitilayer coatings [134]
and a number of dielectric optical multilayer filters
have been made. In addition, electrically conducting
transparent indium-tin oxide, silicon nitride and
amorphous hydrogenated silicon have also been
deposited. Multilayer optical edge filters of excep-
tional stability in humid atmospheres were fabricated
with Si;N, and SiO, for use in the visible region. The
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Figure 30 (a) Spectral transmittance of a fifteen-layer filter produced by evaporation of ZrO, and SiO, layers. Broken line is data in air.
H-Zr0, and L-Si0,, no ion beam. (HL)* (LH)*. (b) Spectral transmittance of an eleven-layer filter produced by ion-assisted-deposition. No
vacuum-to-air effects were observed [70]. H-ZrO, and L-Si0,, with ion beam. (HL)® (LH)’.

50% transmittance point shifted by less than 2nm
after 15 months at 85° C in a relative humidity of 85%.
Fig. 30 shows the effect of ITAD on the stability of a
ZrO,(H), SiO,(L) multilayer narrowband filter. The
shift in the spectral transmittance of the evaporated
filter on exposure to air is due to absorption of water
vapour throughout the layers. When prepared by IAD
the filter was stable to less than 0.5 nm. The stability
is a consequence of film densification by ion-assistance
which also produces layers with higher refractive
indices. Hence the 11 layer IAD filter had the same
bandwidth as a 15 layer evaporated filter.

7.2. Material mixing
Ion-based deposition techniques are well suited for
mixing materials to obtain a range of optical proper-
ties. Sputter deposition is independent of the material
melting points and under controlled conditions is suit-
able for depositing stoichiometric dielectric films.
Motovilov and Rudina [118] have deposited mixtures
of tantalum, niobium, zirconium, and titanium oxides
with silicon dioxide by sputtering from two cathodes.
Material mixing can also be produced by reactive
deposition. Silicon oxynitride SiO,N, can be syn-
thesized by several techniques to vary the refractive
index from 1.46 to 2.0. The most successful method
used to date has been liquid phase chemical vapour
deposition although promising results have been
obtained by reactive sputtering, reactive evaporation,
and ion-assisted deposition [40, 141, 142]. Heitmann
found a refractive index of 1.6 at 633 nm for freshly
deposited films with nitrogen ion-assisted deposition
of SiO. However, the film index was reduced to 1.47
and the UV transmittance increased once the films
were heated to 350° C for 9 h, indicating the instability
and incomplete reaction of oxynitride formation for
‘his deposition conditions. Infrared measurements
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were used to estimate a film composition of about
14% Si;N, the remainder being SiO,.

The ability of ion-based techniques to synthesize
compounds will undoubtedly find greater application
in dielectric optical films once the deposition con-
ditions and operating parameters are established.

7.3. Optical waveguides
The use of ion-based techniques in dielectric film
deposition has resulted in films with better optical
properties than those prepared by simple evaporation.
For the fabrication of integrated optical circuits, it is
necessary to deposit thin-film waveguides with low
optical loss and free from scattering effects. Optically
transparent materials with a high refractive index in
the range 2 to 3 are of interest in planar optical sys-
tems design. They are required in the fabrication of
the waveguide layers on semiconducting materials
with high refractive indices and materials with non-
linear electro-optic and acousto-optic properties, and
in the fabrication of planar optical elements (lenses,
prisms, reflectors etc.).

A profile for ideal waveguide materials has been
formulated by Pitt [143],

1. Good refractive index selectivity with a precision
of one part in 10%.

2. Accurate control of film thickness, since this
determines the energy propagation velocity in the
guide. A précision of a least one part in 10° per centi-
metre of guiding path is required.

3. Low absorption loss at the excitation wavelength.

4. Minimum scattering defects to achieve a total loss
(absorption plus scattering) of less than 1dBem™'.

5. A configurable geometry is required in order to
define the device shape.

Waveguides are fabricated by various techniques such



as diffusion, sputtering, ion-implantation and chemi-
cal vapour deposition. However, waveguides pro-
duced by normal evaporation are unsuitable because
of the variations in refractive index and scattering.
Guided wave losses can be varied over the range 50 to
1dBcm~! by increasing the substrate temperature
[144].

Waveguides produced by IAD show greater prom-
ise. Initial results by Binh et al. [90] show a loss of
1.54dBcm™! for Al,O, prepared by oxygen-ion assis-
ted deposition on room temperature substrates. Sput-
tering is frequently used to deposit Ta,0s optical
waveguides. Ingrey et al. [145] have deposited
waveguides with losses <1dBem™' by d.c. diode
sputtering of tantalum in oxygen—nitrogen mixtures.
Ton-beam sputtering of tantalum with oxygen and
argon results in absorbing films with a high-loss of
11dBcm ™! [146), which was attributed to absorption
rather than scattering. Other sputtered oxides have
also been investigated for waveguide applications
including niobium pentoxide with a waveguide loss of
less than 2dBcem ™' [147].

7.4. High power laser coatings

A major area of interest in inertial-confinement fusion
and molecular laser isotope separation programmes is
the development of damage-resistant optical coatings.
Many materials have been investigated for laser dam-
age resistance including most dielectric oxides [86, 95].
Titanium oxide films have been found to have a high
threshold when in a glassy (no long-range order)
rather than a polycrystalline state. The grain size is
controllable if reactive sputter deposition is used. The
highest threshold reported for titania is 8.7 +
1.5Jcm™? (1 nsec pulse, 1064nm, over 2mm beam
diameter). Glassy Ta,O; optical coatings were found
to be less damage resistant than TiO, and failed at
3.0 + 0.5Jcm™? under the same conditions. Trans-
parent indium-tin oxide coatings also have high dam-
age thresholds of 5 to 6 Jcm ™2 when prepared by r.f.
reactive sputtering.

Misiano et al. [148] have also used ion-beam and r.f.
sputtering to prepare laser coatings. Damage thresh-
olds were measured for Y,0,, CeO, and TiO, under
various laser conditions and Y,0; was found to have
a threshold twice that of TiO, while CeO, was inter-
mediate.

Ion-assisted deposition can also be used to improve
damage resistance as demonstrated by Ebert [89] for
multilayer coatings for use with ArF excimer lasers
operating at 193 nm. A 34 layer broad band BeO-SiQO,
multilayer mirror achieved a reflectance of 99% and a
damage threshold of 7.2 + 0.8 Jcm™2 (15 nsec pulse),
an improvement of 4 and 10 times over that of
AlLO;-8i0, and al;0,~-MgF, multilayers respectively.

The precise mechanisms of film damage under laser
irradiation have yet to be established and many fac-
tors such as film structure, uniformity, absorptance
and surface defects are all influential to some degree.
The use of sputtering and ion-assisted techniques has
demonstrated that these methods can raise damage
thresholds and will undoubtedly receive increasing
attention in laser materials research.

7.5. Protective layers

Coatings are frequently used to protect thin-films and
substrates which are susceptible to chemical or
abrasive degradation. A good example is the metal
layers on astronomical mirrors. Cole et al. [149] have
shown that ion-beam sputtered Y,0; films are much
less permeable to water than evaporated coatings for
protective layers on diamond turned aluminium mir-.
rors.

Sainty et al. [150], have reported on the deposition
of protective oxide layers on aluminium and silver
mirrors by IAD. Thin films of ALG,, Si0O, and ZrO,
were deposited on aluminium coated substrates under
varying conditions. The substrates were immersed in a
solution of NaOH and the etch rate monitored by
observing the optical transmission. Similar experi-
ments were performed on silver coated substrates this
time by overcoating with either Si0, or ZrO, and
etching in HNO,. In both sets of experiments it was
found that the greatest protection against film etching
was achieved with an overcoat layer of 120 nm ZrO,
deposited with ion-assistance. The improvement
against etching was almost two orders of magnitude
over that of an unprotected film. The improvement is
explained as a consequence of the reduction of film
porosity by ion-assisted deposition preventing
penetration of film etchant to the metal layer. Such
applications of IAD should find great application in
extending the lifetime of large astronomical mirrors
which may be subjected to chemical attack.

8. Summary

The kinetic energy of the depositing atoms in a grow-
ing film strongly influences the properties of the result-
ing thin film structure. The optical properties are par-
ticularly sensitive to the film microstructure and con-
trol over microstructure development is highly desir-
able. It has now become possible to control film
microstructure by the use of ions either indirectly by
sputter deposition techniques or directly by ion-
assisted film growth enabling highly stable films to be
grown with bulklike optical properties. Directed ion
beams are likely to see greater use as the technology
develops for depositing new types of coatings such as
DLC and compound films as well as further improv-
ing the properties of dielectric oxide multilayers. A
greater understanding of the growth processes invol-
ved should also result from computer simulations of
atom by atom film growth coupled with ion-surface
interaction phenomena.
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