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The performance of optical coating systems has been significantly 
advanced by the progress in the film deposition technologies 
and by numerous highly demanding applications. It appears 

that such progress very much depends on understanding the growth 
mechanisms that control the film microstructure, the interfaces, and the 
closely related optical, mechanical, and other functional characteristics 
of these films. In this brief review, we summarize the main fabrication 
techniques applied for optical coatings, many of which have been 
presented for the first time to the Society of Vacuum Coaters (SVC) 
community. We particularly emphasize the effect of ion energy and 
ion-to-neutral flux ratio as key factors for the process control, and we 
give an overview of the optimized properties of optical films prepared 
by physical vapor deposition (PVD), plasma-enhanced chemical vapor 
deposition (PECVD), and hybrid (PVD/PECVD) deposition methods.

Introduction
Development of the fabrication techniques of thin films has 

significantly been stimulated by the requirements of optical coating 
systems for numerous conventional and high-tech applications. In 
particular, this includes transparent dielectric coatings for optical filters 
in a broad sense: devices selecting a portion of the transmitted or 
reflected light. Among numerous examples, one can cite antireflective 
(AR) coatings, band pass filters, edge filters, hot/cold mirrors [1-3], 
optical filters for thermal control, and decorative coatings for flat 
glass (e.g., window glass, picture glass, laminated glass, motor vehicle 
windshields and windows, skylight glass, etc.) and shaped glass (e.g., 
lenses for precision instruments and for ophthalmic applications). In 
addition, the rapidly evolving area of advanced applications includes 
very narrow band filters (< 0.5 nm) for dense wavelength division 
multiplexing (DWDM) [4], interference color-shifting films [5,6] and 
pigments [7,8] for anticounterfeiting devices, low laser damage filters, 
chirped mirrors for ultra short laser pulse compression [9], optics for 
deep ultraviolet (DUV) and extreme ultraviolet (EUV) lithography, 
integrated optics (optical waveguides) [10] for optical signal processing 
in optical communication, optical computing and optical sensors, and 
others.

In order to qualify for optical coating applications, the choice of the 
appropriate film material and film deposition process should consider 
the following criteria [11]:

The technique must allow precise control and reproducibility of the 
complex refractive index

while respecting the wavelength (�) dependence of the refractive 
index, n(�), and of the extinction coefficient, k(�), that is governed by 
the dispersion relations that depend on the material’s microstructure. 
In practical applications and within the specific � range, the n values 
should be precisely controlled to 1 part in 100 for filters and to 1 part 
in 1000 for waveguides and DWDM filter applications. In transparent 
filters, required k(�) values are usually below 10-4, and the optical 
loss in waveguides should be well below 1 dB/cm. In all optical film 
applications, at least two basic materials must be available that possess 
high (nH) and low (nL) indices of refraction; they are frequently 

complemented by a third, medium (nM) index of refraction material. 
Availability of large (nH-nL) values, of appropriate nM values, or even 
the possibility to continuously vary n as a function of depth may 
help reduce the design thickness and improve the performance of the 
filters. In most optical coating applications, materials are desired to be 
amorphous and isotropic, with no birefringence and with scattering 
losses below 10-4.

The optical film must fulfill certain minimum mechanical 
requirements; these include good adhesion, acceptable scratch and 
abrasion resistance to allow handling, low stress (typically 0–500 MPa 
in compression), the absence of cracks and other large defects, and 
thermal and environmental stability suitable for the specific application. 
The fabrication methods are frequently required to achieve excellent 
film thickness uniformity across the coated part (< 3% for typical 
filters and < 0.01% for high-precision applications, such as filters for 
telecommunications), and acceptable deposition rates (1–6 nm/s). 

In order to achieve the process and material characteristics 
described above, optical coatings have traditionally been prepared 
by physical vapor deposition (PVD) techniques from solid material 
sources, such as evaporation and sputtering. In order to better control 
the film microstructure, especially in order to increase the film 
packing density without an additional need of substrate heating, ion 
bombardment assistance has become indispensable, in agreement 
with the structure zone model (SZM) [12-14]. It is particularly the 
need to control the deposition process by a selective adjustment of the 
ion energy (Ei) and ion flux (�i) that has driven the development of 
ion- and plasma-assisted processes. To further add more flexibility in 
terms of the control of composition and packing density, as well as the 
prospect of increasing the deposition rate with the ability to control film 
properties on the nanometer scale, plasma- enhanced chemical vapor 
deposition (PECVD) from gaseous material sources and hybrid PVD/
PECVD techniques have evolved as viable deposition processes [11].

To illustrate the progress made in deposition techniques for the 
fabrication of optical thin film systems, this chapter gives a brief 
overview of the PVD, PECVD, and hybrid PVD/PECVD approaches 
described in the literature that have been presented to the broad optical 
coating community and at the SVC Annual Technical Conferences. 
Throughout this chapter, we systematically emphasize the necessity of 
an independent control of Ei and �i during the film growth, especially 
of the unifying parameter Ep = Ei x (�i/�n) that represents the energy 
per deposited particle of the film, where �n is the flux of condensing 
particles. This is followed by the summary of the basic optical and 
mechanical characteristics of selected optical coating materials presently 
available, especially of those obtained at optimized process conditions 
and suitable for filter applications. 

Despite great interest, this chapter will not discuss other important 
aspects of optical coatings. Subjects recommended for further reading 
include optical metrology and in situ real time monitoring [15-17], 
spectroscopic ellipsometry [18-20], alternative routes for the fabrication 
of waveguides (e.g., sol-gel, flame pyrolysis, ion implantation, ion 
exchange, mixing, doping, implantation) [10,21], and optical coatings 
on plastic substrates [22]. This latter subject has attracted considerable 
interest due to new applications (displays, organic electronics) and 
technological challenges (control of the structure of the interfacial 

N ( ) = n( ) - i k( ),
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continued on page 38

region, its effect on the optical and mechanical performance, and the 
role of ultraviolet radiation in materials processing). 

Fabrication Techniques for Optical Coatings
PVD Techniques

The most frequently used PVD techniques for both R&D and 
commercial fabrication of optical coatings are based on evaporation 
and sputtering, and their variants are schematically illustrated in Figure 

1. This includes thermal or electron beam evaporation in which the 
control of Ei and �i is assured by ion beam assistance (IBAD, Figure 

1a) or by additional gas activation using different sources of ionization 
(Figure 1b) such as glow discharge or electron beam [23]. In the 
latter case, appropriate Ei values can be adjusted by applying negative 
substrate bias, VB.

Figure 1:  Schematic illustrations explaining the basic features of different PVD systems used for the 
fabrication of optical coatings: a) Ion beam assisted deposition (IBAD), using resistive heating or electron 
beam for evaporation. Different ion sources (IS) provide ion energies, typically in the range of 10–1000 
eV. b) Ion assisted deposition (IAD) in which the evaporated material is partially ionized using a glow 
discharge or an electron beam [23], while the substrate holder can be negatively biased (ion plating). 
c) Magnetron sputtering (MS), using a balanced or unbalanced magnetron supplied with DC, AC, or RF 
signals that also can be pulsed. d) Dual magnetron sputtering (DMS) for the fabrication of multilayer 
systems. e) Closed field magnetron sputtering (CFMS) [28,29]. f) Ion beam-assisted magnetron sputtering 
(IBAMS) in which the metal sputtered from M is subsequently oxidized by ion beam irradiation [30,31]. g) 
Dual ion beam sputtering (DIBS), using the principal IS for sputtering of the target (T) and simultaneous 
bombardment by the second ion beam for film oxidation and densification [32]. h) Filtered cathodic arc 
deposition (FCAD), with a possibility to apply different filters [33,34].

Magnetron sputtering (MS) has become the deposition system of 
choice in many industry applications because of its flexibility to use a 

large number of high melting point materials and better control the 
metal oxidation state (Figure 1c). In addition to simple magnetron 
sources, enhanced ion bombardment is also achieved by the control 
of VB [induced either by DC or radiofrequency (RF) signals] or by 
adjusting the magnetic field configuration, such as in unbalanced 
magnetrons (Figure 1c) [24,25]. Magnetrons are usually powered from 
a DC supply, but pulsed DC systems have become common due to high 
current densities (and hence high �i) during individual pulses [26,27] as 
well as the arc suppression associated with this process. 

Different MS system configurations also have been considered 
in order to further improve process control but especially to allow 
fabrication of optical multilayers based on an appropriate choice of 
nH, nL and nM materials, as well as improving film uniformity; this 
includes dual (multiple) magnetron sputtering (DMS, Figure 1d) and 
closed-field magnetron sputtering (CFMS, Figure 1e), the latter one 
also benefiting from the higher plasma density associated with the 
distributed magnetic field [28,29].

High value-added applications have stimulated the development of 
other approaches leading to film systems possessing very high packing 
density due to intense ion bombardment (Figures 1f–h). In the ion 
beam-assisted magnetron sputtering (IBAMS, Figure 1f), known as 
a “Metamode™” system [30,31], a very thin metal layer (0.1–0.5 nm 
thick), sputtered in the metallic regime at the target, is oxidized by an 
oxygen ion beam during each rotation cycle of the substrate. Another 
benefit of this process is that the rotating substrate is exposed to these 
plasmas only about 10% of the cycle, thus allowing deposition onto 
heat-sensitive materials. In dual ion beam sputtering (DIBS, Figure 1g), 
the target (T) is sputtered by the primary ion beam, while additional 
ion bombardment from the second ion beam assures further oxidation 
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Figure 2:  Schematic illustrations explaining the basic features of different CVD-based systems used for 
the fabrication of optical coatings: a) Basic CVD system with thermal activation or its pulsed variant using 
the concept of atomic layer deposition (ALD). High frequency plasma systems for PECVD of optical films: 
b) Asymmetric capacitively coupled RF plasma. c) Remote plasma RF reactor. d) Microwave (MW) plasma 
reactor with a horn antenna. e) Electron cyclotron resonance (ECR) plasma reactor with a linear antenna. 
f) MW plasma impulse CVD (PICVD) reactor for planar substrates [43]. g) Dual-mode microwave/radiofre-
quency (MW/RF) plasma system using standing wave applicator or traveling wave applicator in a cw or 
pulsed modes [40-42]. h) Remote MW/RF plasma system [46]. i) Distributed ECR PECVD system [47,48]. j) 
Hybrid deposition system simultaneously combining PECVD and PVD such as MS [50-52].

Advances in Optical Coatings
continued from page 37

and film densification [32]. The filtered cathodic arc deposition (FCAD, 
Figure 1h) has become very attractive due to the fact that the deposited 
films are principally grown from singly or multiply ionized metal atoms 
[33,34]. These atoms, generated by an electric arc discharge, are directed 
toward the substrate by a solenoid filter that suppresses incorporation of 
particulates. Both DIBS and FCAD techniques have provided films with 
the highest packing densities [35].

CVD, PECVD, and Hybrid Techniques 
There has been significant interest in novel deposition techniques for 
optical coatings using CVD. In the simplest configuration (Figure 2a), 
optical films are deposited from a precursor gas or vapor at a high 
substrate temperature, (TS ~ 300–500oC) such as when coating flat 
glass [36]. An interesting alternative is the more recent atomic layer 
deposition (ALD) process in which very thin layers from different 

precursors are subsequently grown, providing very smooth surface [37,38].
In addition to issues described above, PECVD processes also can 

address other important aspects of optical film deposition and materials 
optimization. This includes [11,22]: (1) deposition at a low TS; (2) high 
deposition rates (rD ~ 1–10 nm/s or more), which are higher than for 
other, more traditional PVD techniques, in particular for high index 
materials; (3) the possibility to coat different substrate shapes (flat, 
hemispherical and cylindrical, interiors of tubes, etc.); (4) enhanced 
film performance on plastic substrates by forming and controlling the 
“interphase” due to energetic surface interactions, in particular vacuum 
ultraviolet (VUV) radiation crosslinking and interface mixing; and (5) 
additional functional properties of the films including hardness, wear-, 
abrasion- and scratch resistance, and hydrophobicity (or hydrophilicity), 
while using inorganic or organic precursor gases and vapors.

The systems applied for PECVD of optical films and coatings are 
schematically illustrated in Figure 2, and they may be distinguished 
based on the level of control of the bulk plasma characteristics and ion 
bombardment effects. The RF systems depicted in Figures 2b and 2c 

are similar to those frequently used in microelectronics for PECVD and 
reactive ion etching (RIE) [39]. The rD values on the grounded electrode 
are substantially lower than on the RF-powered electrode (usually 
5–10 times). Typically, Ei,max = 25 eV on the grounded electrode (see 
Equation 2 and Figure 3), while on the RF-powered electrode, the Ei
values may reach several hundred volts.

Many successful systems for optical coatings are based on the use of 
microwave (MW) discharges that generally provide high plasma density, 
ne, and hence high �i values (Figures 2d–i) [11]. In a single-mode MW 
reactor (Figure 2d), the substrate is placed on a grounded or floating 
potential substrate holder, facing a MW (low water-content fused silica) 
window through which the MW power is supplied by different devices 
such as horn and linear antennas (Figures 2d and e). 

Pulsed MW plasma with low pulsing frequency (typically, f p ~ 100 
Hz) and a low duty cycle (D = 0.2) have become prominent for optical 
and functional coatings [40-43]. This process has achieved a high level 
of sophistication at Schott Glaswerke GmbH (Mainz, Germany; see 
Figure 2f) [43]. In their “plasma impulse” CVD (PICVD) process, the 
dielectric substrates are placed directly on the MW window. In such 
case, at a relatively high pressure on the order of 1 Torr, very dense 
plasma is formed in front of the substrate during a very short pulse 
(typically 1–100 ms in duration). 

A dual-mode MW/RF plasma approach has been developed at École 
Polytechnique de Montréal [40-42] (see Figure 2g). The substrates are 
placed on the RF-powered substrate holder facing the MW window, 
through which the MW power is applied with different types of linear 
applicators; slow wave structure, slotted waveguide or surface wave 
launchers [44,45] have been considered and tested. 

Other concepts include a remote MW/RF design [46] (Figure 3h)
and electron cyclotron resonance (ECR) configurations, e.g., distributed 
ECR (DECR) [47] or integrated distributed ECR [48], in which a 
magnetic field is applied in conjunction with the MW discharge in 
order to further increase the dissociation rate and ne (see Figures 2e, h,
and i) [49].

Hybrid deposition systems benefit from the possibility of combining, 
in one reactor, both the PVD and PECVD approaches, such as 
illustrated in Figure 2j for the particular case of RF-PECVD and MS. 
On the one hand, this allows one to fabricate multilayer structures of 
all-dielectric or metal-dielectric structures; on the other hand, such 
systems proved suitable for the fabrication of nano-structured (nano-
composite) coatings with specific optical and mechanical characteristics 
(non-linear optical properties, surface plasmon resonance, high 
hardness and low friction, decorative coatings, etc.) [11,50-52]. 

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page q
q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page q
q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND



Spring 2014 SVC Bulletin  | 39

E  = e (V  - V
B
). (2)

continued on page 40

Energetic Aspects of Ion Bombardment in Thin Film Growth
As mentioned above, the key parameters that control the film 
microstructure in low pressure deposition processes are Ei and �i
adjusted with a separate ion beam or a DC- or RF-induced negative 
substrate bias, VB. In the plasma environment, such as the magnetron 
discharges in MS or in PECVD, the maximum Ei value is given by the 
difference between the plasma potential, VP, and VB:

In the pressure range generally used for PVD and PECVD, the ions 
lose part of their energy due to elastic, inelastic, and charge transfer 
collisions in the sheath, and they usually exhibit a relatively broad ion 
energy distribution function (IEDF). IEDFs can be evaluated in the 
process chamber with a multigrid electrostatic ion energy analyzer 
(IEA) or a quadrupole mass spectrometer integrated with an IEA 
[53-55].

Examples of IEDFs in different configurations of PVD and PECVD 
systems are shown in Figure 3. A typical mean Ei in an IBAD system 
with a DC plasma ion source is around 100 eV [54]; the values vary for 
different gases (Figure 3a). As an example, in a parallel plate RF (13.56 
MHz) system, with a discharge in Ar at 60 mTorr, the Ei value on the 
grounded substrate holder is around 20 eV (Figure 3b), due to the fact 
that typically VP = 20-25 V, while Ei can reach many hundreds of eV 
on the capacitively coupled RF-powered electrode (Figure 3c). In the 
latter case, the IEDF is structured due to sheath modulation. In fact, the 
IEDFs, ne, VB and Vp values are very similar to those encountered in 
RIE, RF sputtering, and PECVD processes. 

Figure 3:  Examples of IEDFs in different configurations of reactors used for PVD and PECVD: a) IEDF in an 
IBAD system with a cold plasma ion source [54]. The following IEDFs pertain to Ar+ ions in high-frequency 
plasmas in Ar at 60 mTorr; b) grounded substrate holder (SH) in cw-RF discharge; c) RF-powered SH in cw-RF 
discharge; d) grounded SH in cw-MW discharge; e) grounded SH in pulsed MW discharge with different duty 
cycles; f) RF-powered SH in dual-mode cw MW/RF discharge. (Modified after Refs. 11 and 22).

The MW plasmas usually yield high rD, �i, and ne values and 
high dissociation rates. In a simple MW reactor, typically, VP ~ 10 V, 
generally yielding Ei ~ 10 eV such as in the continuous wave (cw) mode 
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(see Figure 3d). In such MW plasmas, two approaches can be used to 
selectively control Ei and �i/�n, namely, pulsed-mode discharges and 
RF-induced surface biasing (the dual-mode or dual-frequency MW/
RF plasma deposition). In the frequently used pulsed MW plasma, 
two plasma regimes can be distinguished during each pulse cycle: high 
density plasma during the “Ton” period and decaying plasma during the 
“Toff” period. As a consequence, the IEDF adopts a bi-modal shape (see 
Figure 3e) with the high-energy peak corresponding to ions generated 
during the Ton period, and the low-energy peak being due to ions 
arising from the Toff period. The ratio of the peak intensities depends 
on the duty cycle, D = Ton/(Ton + Toff), which, in turn enables one to 
tune the plasma-surface interactions in deposition, etching, or surface 
modification processes [53-57]. A possibility to selectively control Ei
and �i values is illustrated by the IEDFs in Figures 3d and f.

Appropriate control of ion bombardment energy (Ei  < 1 keV) is 
particularly important in the context of the deposition of thin films 
at low TS. Film growth under simultaneous ion bombardment leads 
to growth-related effects such as interfacial atom mixing, high surface 
mobility (diffusion) of deposited species, resputtering of loosely bound 
species, and deeper penetration of ions below the surface, leading to 
the displacement of atoms (forward sputtering or knock-in effects) 
[13,14,39,58]. Such phenomena lead to the disruption of growth 
nuclei, to the suppression of columnar structure, and hence to material 
densification in agreement with the SZM first proposed by Movchan 
and Demchichin [59], followed by its improvement by Thornton 
[60,61], Messier et al. [12], and finally refined by Kelly and Arnell [62].

Different approaches have been used to quantitatively describe the 
ion bombardment. It appears that a key parameter for representing 
such effects is the energy EP delivered to the growing film per deposited 
particle [63]: 

where E denotes energy; � the particle flux; and the indices i, m, n 
and r refer to ions, neutrals, condensing precursor species, and trapped 
inert gas, respectively. As a first approximation, one can neglect �r
against �n and Em�m against Ei�i, and obtain the simplified relation 
in Equation 3. Such approximation is clearly possible in ion beam 
experiments; however, the energy flux of neutral particles may become 
significant in PECVD and MS because a certain fraction of the initially 
accelerated ions become neutral due to charge transfer collisions in the 
sheath region. Detection of neutral species and determination of their 
energy is difficult and requires careful measurements involving mass 
spectrometry combined with ion energy analysis [53,55,56].

It has been proposed that critical ion energies, Ei,c, and critical ion 
flux ratios (�i/�n)c  exist, which can be associated with transitions in 
the evolution of film microstructure and properties [14,42]. Clearly, 
EP in Equation 3 can be adjusted to the same level by combining low 
and high Ei and �i/�n values. However, experience suggests that good-
quality (dense, hard, chemically stable, low stress) films are preferably 
deposited under conditions of low (10–50 eV) or intermediate (about 
100 eV) ion energies, sufficient for densification (Ei ~ Ei,c), but using 
high �i. This reduces the microstructural damage and gas entrapment, 
generally yielding low stress values. High fluxes are very advantageous, 
especially when one aims to achieve high rD (> 10 nm/s). 

In Figure 4a we show a comparison of values for PECVD SiO2,
Si3N4, TiO2, and a-C:H films with the compilation of literature data 
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continued on page 42

by Harper et al. [14] who summarized examples of Ei,c and (�i/�n)c
values reported to be necessary for property modification in numerous 
materials deposited by different (non-PECVD) ion-assisted techniques. 
One should note that the Ei,c values are lower, and (�i/�n)c values are 
higher for the MW and MW/RF PECVD data than most of the other 
results. The energetic conditions leading to good-quality optical films 
obtained by the PICVD process also fall within the same energy limits, 
namely low ion energy (Ei 10 eV) but high (�i/�n) values (�i/�n ~
1–10), due to a high plasma density and ionization rate [43]. 

Figure 4:  Plot of critical ion/condensing particle arrival rate ratios (ϕi/ϕm)c versus critical ion energy 
(Ei,c) required for film structural modification, particularly densification: a) PECVD of Si3N4 (A), SiO2 (B), 
a-C:H (C), and TiO2 (D) obtained from MW/RF plasmas; E is estimated for TiO2 films obtained in pulsed 
MW plasma [43]. Other data points are from Ref. 14 for different materials prepared by PVD techniques: 
(circle) - SiO2, (triangle) - other dielectrics, (square) - metals, and (diamond) – semiconductors. (From 
Ref. 11). b) Critical ion energies and ion flux ratios applied for obtaining optimized characteristics of SiO2,
Ta2O5, and TiO2 optical films prepared by five different deposition methods: IBAD (system schematics in 
Figure 1a), MS (Figure 1c), DIBS (Figure 1g), FCAD (Figure 1h), and PECVD (Figure 2g). (From Ref. 35).

More recently, we studied different optical materials, namely SiO2,
TiO2 and Ta2O5, obtained by IBAD, DIBS, MS, PECVD, and FCAD. 
The materials have a common principal denominator, namely, that they 
possess optical properties suitable for optical filter applications [35]. 
We indeed found similar optical characteristics within each category 
of materials, whereas slightly larger differences were observed for their 
mechanical behavior. In order to derive appropriate relations between Ei
and �i/�n, we used the conversions for the macroscopically measured 
ion current, where 1 mA/cm2 corresponds to 6.25 x 1015 ions/cm2s, and 
a useful equation:

where NA is Avogadro’s constant and � and mA are the density and the 
molecular mass, respectively, of the material. The values are plotted 
in Figure 4b, which relates Ei to the �i/�n ratio. For such dependence 
it has generally been observed that for most dielectric, metal, and 

semiconductor materials fabricated by either PVD or PECVD, the data 
typically range from several to several hundred of electron volts per 
particle. Based on the results shown in Figure 4b, we can summarize 
the following observations: 

1. All films were prepared under energetic conditions yielding values 
of EP of 20–800 eV/particle. These relatively high Ep values were   
obtained as a result of process and materials optimization, and   
they point to the trends in recent deposition techniques that favor 
lower ion energies and high ion fluxes [11,35]. 

2. For each technique investigated, EP appears higher for materials   
with a higher melting point (e.g., compare PECVD Ta2O5 with   
SiO2), in agreement with the SZM. A good example is TiO2, with a 
microstructural evolution and nucleation process that is sensitive 
to the energetic conditions (crystalline structure at higher Ep).

3. Another interesting observation is that Ep for PECVD SiO2 is very
low. This can be associated with the high deposition rate; in fact, 
relatively low energy delivered to the plasma is sufficient to
convert the precursor (in this case hexamethyldisiloxane) into a
dense film. In addition, substantially more energy that has not   
been accounted for is delivered to the growing surface in terms   
of energetic neutrals at a relatively high pressure (in the case cited
previously, 60 mTorr). A similar situation occurs for magnetron   
sputtered films; for growth on a grounded electrode Ei is
approximately 10–20 eV and the ion flux is low. However, a   
significant amount of energy is brought in by the sputtered or   
reflected neutral particles that can possess energies ranging from
several to several tens of electron volts [14,58].

The role of ion bombardment and the possibility to predict its 
effect in optical multilayer systems and related film architectures has 
been taken one step further by recent in situ real-time spectroscopic 
ellipsometry (RTSE) studies combined with dynamic TRIDYN 
Monte-Carlo simulations [64,65]. It has been shown that ion- and 
plasma-assisted deposition processes in the range of tens to a few 
hundreds of electron volts lead to thin film growth dominated by sub-
surface deposition as a result of subplantation (shallow implantation). 
Subplantation is shown to be responsible for significant subsurface 
modifications and interface broadening during the initial stages of film 
deposition as a result of ion mixing. For the particular case of TiO2 (nH)
grown on SiO2 (nL) by PECVD in an O2-rich plasma at the RF-biased 
electrode, the experimentally determined IEDF has been modeled as 
shown in Figures 5a and b. This distribution was divided into multiple 
channels, and the effect of ions on the structural changes has been 
simulated up to an experimentally relevant fluence (1018 ions/cm2). 
Such interactions predicted formation of 1 to 4 nm-thick interfacial 
layers, depending on the �i/�n value, which was controlled by 
varying rD (see Figure 5c). Such behavior has been found in excellent 
agreement with RTSE, and it has been directly confirmed by high-
resolution transmission electron microscopy (HRTEM) for PECVD and 
PVD layers [64,65].

Characteristics of Optical Film Materials 
The microstructure and composition of optical films depend on the 
choice of the solid (PVD) or gaseous (CVD, PECVD) sources, on 
the surface reactions during the film fabrication and the energetic 
conditions during film growth. These dictate the optical, mechanical, 
and various functional characteristics of the films. In most cases, the 
optical thin films are amorphous because they are deposited at low 
TS, typically below 250°C. However, they can crystallize at higher 
temperatures or in more energetic ion bombardment conditions 
[14,35].
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Table 1:  Characteristics of selected optical films obtained by PVD. (After Ref. 22)

Materials n @ 550nm H [GPa] E [GPa] Ũi [GPa]

TiO2 2.20 - 2.60 7 - 12 110 +0.3 to –0.4

Nb2O5 2.30 - 2.40 8 - 10 105 - 130

Ta2O5 2.10 - 2.25 9 - 12 120 - 150 -0.2 to –0.5

ZrO2 1.95 - 2.15 10 - 15 140 - 180 <-1.5

ITO 1.95 - 2.10 10 - 12 150 - 175 -0.5

Si3N4 1.90 - 2.05 15 - 21 140 - 160 -0.2 to –0.7

Y2O3 1.85 - 1.95

Al2O3 1.65 - 1.75 20 - 22 180 - 220

SiO2 1.43 - 1.47 7 - 9  80 - 120 -0.2 to –0.6

MgF2 1.38 - 1.42 +0.3 to +0.8
Notes: n refractive index @550nm, H depth sensing indentation (DSI) hardness, E Young’s modulus, σi intrinsic stress.

Figure 5:  Ion bombardment effects in PECVD: a) Experimentally determined IEDF on the RF electrode in RF plasmas in oxygen; b) Modeling of 
the IEDF suitable for dynamic Monte Carlo simulations; c) Effect of the ion/neutral flux ratio on the width of the TiO2/SiO2 interface. (From Ref. 65).

Table 2:  Characteristics of selected optical films obtained by PECVD. (After Ref. 22)

Materials n @550 nm H [GPa] E [GPa] Ũ [GPa]

TiO2 2.14 - 2.50 9 - 11 100 +0.5 to –0.2

Nb2O5 2.15 - 2.26 8 - 10 115 - 120

Ta2O5 2.10 - 2.20 9 - 11 120 - 150 +0.2 to -0.3

SiN1.3 1.80 - 2.00 15 - 20 150 - 160 +0.2 to –0.6

SiOxNy 1.50 - 1.90 10 - 16 100 - 130 +0.1 to –0.4 

SiO2 1.44 - 1.48 7 - 10   90 - 120 +0.1 to –0.2

PPOS 1.50 - 1.75 2 - 7

PPHC 1.50 - 1.70 2 - 4

PPFC 1.38 - 1.41 3 - 4

a-C:H 1.60 - 2.10 15 - 40 160 - 240 -0.2 to <–2.0
Notes: n refractive index @550nm, H depth sensing indentation (DSI) hardness, E Young’s modulus, σi intrinsic stress, PPOS – plasma-polymerized organosilicones, PPHC – plasma 
polymerized hydrocarbons, PPFC – plasma polymerized fluorocarbons.

Table 3:  Properties of selected optical substrate and reference materials. (After Ref. 22)

Materials Trade name n H [GPa] E [GPa] CTE
[μm/m0C]

PC
Lexan 1.58 0.2; 118* 2.1 68
Makrolon 1.58 122* 2.3 70

PMMA
Plexiglas 1.49 0.2; 93* 3.0 60
Lucite 1.49 63* 1.7 52

PET Mylar 1.66 130* 3.8 59
PTFE Telon 1.35 58* 0.5 86
Quartz 1.46 9.5 110 0.40
Glass 1.52 7.2 68 0.75
Diamond 2.42 98 980 1.80

Notes:  n refractive index @550nm, H depth sensing indentation (DSI) hardness; *Rockwell hardness, E Young’s modulus, CTE coefficient of thermal expansion.

Advances in Optical Coatings
continued from page 41

For comparison, we summarize the 
refractive index values and the mechanical 
properties of the most frequently applied 
and studied PVD and PECVD materials in 
Tables 1 and 2, respectively. The presented 
values refer to published data that clearly 
demonstrate film quality suitable for optical 
filter fabrication.

It becomes apparent that both the 
PVD and PECVD techniques can provide 
comparable optical properties, and the final 
choice of the deposition technique for each 
specific application depends on both technical 
and manufacturing factors, which include: 
(1) mechanical properties such as adhesion 
and stress, (2) deposition rate, (3) process 
scale-up and reproducibility, (4) process 
integration in the optical device fabrication, 
(5) manufacturing yield, and (6) cost of 
manufacturing. From this point of view, novel 
plasma-based (plasma-enhanced) processes 
that offer the possibility to selectively control 
Ei and �i/�n are favored because they 
frequently provide higher rD values. This 
also speaks in favor of the PECVD, which 
offers good mechanical performance and 
the possibility to pre-treat or “engineer” 
the interfaces (e.g., in the case of plastic 
substrates); but its wider manufacturing 
acceptance has been impeded by the 
complexity of the process.

For comparison, we also provide a 
summary of data pertaining to the most 
common transparent substrate materials 
(Table 3). Beside the traditional float glass, 
we include polycarbonate (PC), polymethyl 
methacrylate (PMMA), and poly-ethylene 
terephthalate (PET), which are increasingly 
used in fabricating products in the optics 
industry. Applications such as ophthalmic 
lenses, automotive windshields, optical 
transducers, and displays have reaped the 
benefits of low absorption (k < 10-4 at �  = 550 
nm) and enhanced mechanical characteristics 
(e.g., low weight and high impact resistance) 
[22].

The above discussions of the performance 
of different deposition techniques focus 
on the evaluation of the ion bombardment 
energetics to optimize deposition conditions 
to obtain dense optical thin films. However, 
recent trends focus on new opportunities for 
porous materials with well-defined porosity 
and pore sizes [66-69]. These advances 
have particularly been stimulated by the 
possibility of fabricating materials with very 
low refractive indices and low permittivity to 
achieve birefringence, apply pore-filling for 
specific optical and sensor applications, and 
simplify optical design by taking advantage of 
the a large nH – nL difference possible in such 
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Table 4:  Characteristics of mixed optical films with intermediate refractive indices obtained by PECVD.

Materials n @550nm H [GPa] E [GPa] Ũ [GPa]

SiO2/TiO2 2.14 - 2.50 9 - 11 100 +0.5 to –0.2

SiO2/Si3N4 1.48 - 1.90 10 - 18 100 - 130 +0.1 to –0.4

Porous-dense Si3N4 1.60 - 1.90 5 - 20 70 - 160

Notes: n refractive index @550nm, H depth sensing indentation (DSI) hardness, E Young’s modulus, σi intrinsic stress.
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continued on page 44

Figure 6: Characteristics of dense/porous PECVD Si3N4 film structures obtained at different ion energies (Ei): a) SEM micrograph of a dense/
porous multilayer optical filter [70]; b) SEM micrograph of a dense/porous graded index (rugate) optical filter [68]; (c) variation of the refractive 
index and of the void volume fraction as a function of Ei [70].

material structures.
As an example, controlled ion 

bombardment in the PECVD growth of 
Si3N4 films has allowed one to vary the 
refractive index over a range from 1.60 to 
1.90 (Table 4), making it possible to fabricate 
multilayer (discrete index profile) as well 

as inhomogeneous (rugate) filters (with 
continuous sinusoidal index variation) with 
one single material [68]. SEM micrographs 
show the microstructure of such filters, 
in which “interface engineering” has been 
applied for the densification of the porous 
surfaces in order to maintain low interface 

roughness (see Figure 6a and b). The effect 
of Ei on n and on the pore volume fraction 
is shown in Figure 6c [70]. This example 
documents that it is possible to continuously 
vary n during the film deposition by simply 
varying Ei (or VB in this particular case), 
that allows faster variations of n during the 
deposition than those performed by varying 
the gas composition such as the TiO2/SiO2
and SiO2/Si3N4 rugate filters (Table 4) [11, 
71-73].

Conclusions and Perspectives
During the past several decades, vacuum-
based technologies for optical coatings have 
significantly evolved. In fact, many of the 
PVD and CVD concepts are industrially 
applied. In every instance, the enhanced 
deposition properties have led to greater 
manufacturing process control and much 
improved optical property stability. 
Deposition rates have continuously improved, 
and one can state that in the last 50 years rates 
have been increased, in general, by a factor of 
100. 

Physical and chemical understanding of 
the basic science behind various deposition 
processes is now quite advanced; in this 
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Advances in Optical Coatings
continued from page 43

chapter we have underlined the two key factors in terms of ion energy 
and ion flux. It has also been clearly shown that, when appropriately 
optimized, all of the deposition processes described here produce 
optical thin films of comparable optical characteristics, but with 
sometimes different mechanical properties; one should also consider 
possibly different scale-up issues and economic aspects.

Current trends point toward inventions of new and improved 
deposition approaches, in particular those that focus on creating the 
nanostructure required for various new optical products. In fact, 
tailoring the nanostructure and controlling the interfaces between layers 
and substrates allows the optical engineer to create new film systems 
for a variety of specific applications, including active optical filters 
(tunable filters, smart windows, etc), displays, sensors, security devices, 
energy-conversion and energy-control devices, optical micro-electro-
mechanical systems (optical MEMS), nano-photonic devices, active 
optical waveguides, numerous consumer products, and others.

Among the emerging technologies for optical films, we are already 
witnessing considerable progress in high-energy content plasma 
processes or in those requiring a precise control of the surface growth 
mechanisms; this includes pulsed PECVD, high-intensity plasma 
impulse magnetron sputtering, atomic layer deposition, atmospheric 
pressure plasma deposition, glancing angle deposition for the 
fabrication of sculptured coatings, and others. We also are entering 
an exciting period that is being marked by the development of new 
active materials. Examples are n- and p-doped transparent conductive 
oxides and electrochromic, photochromic, and magneto-optic 
materials; films possessing nonlinear optical properties and photo- or 
electro-luminescence; porous and nanocomposite materials with well-
controlled nano-structural characteristics (concentration, size and 
shape); new organic materials; and new challenges in the area of process 
control and in situ real-time monitoring.
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