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Plasma enhanced chemical vapor depositRIEECVD) is being increasingly used for the fabrication

of transparent dielectric optical films and coatings. This involves single-layer, multilayer, graded
index, and nanocomposite optical thin film systems for applications such as optical filters,
antireflective coatings, optical waveguides, and others. Beside their basic optical properties
(refractive index, extinction coefficient, optical I9sshese systems very frequently offer other
desirable “functional” characteristics. These include hardness, scratch, abrasion, and erosion
resistance, improved adhesion to various technologically important substrate materials such as
polymers, hydrophobicity or hydrophilicity, long-term chemical, thermal, and environmental
stability, gas and vapor impermeability, and others. In the present article, we critically review the
advances in the development of plasma processes and plasma systems for the synthesis of thin film
high and low index optical materials, and in the control of plasma—surface interactions leading to
desired film microstructures. We particularly underline those specificities of PECVD, which
distinguish it from other conventional techniques for producing optical filmeinly physical vapor
deposition, such as fabrication of graded indérhomogeneoudayers, control of interfaces, high
deposition rate at low temperature, enhanced mechanical and other functional characteristics, and
industrial scaleup. Advances in this field are illustrated by selected examples of PECVD of
antireflective coatings, rugate filters, integrated optical devices, and other200@ American
Vacuum Society.S0734-210000)03606-X]

[. INTRODUCTION pigments? for antiforgery devices, low laser damage filters,
chirped mirrors for ultrashort laser pulse compressivi,
The development of the physics and technology of thinintegrated optics for optical signal processing in optical com-
films has significantly been stimulated by their use in opticalimunication, optical computing and optical sensors, and oth-
systems for numerous conventional and high-tech applicaers.
tions. This includes, in particular, transparent dielectric coat- In order to qualify for optical applications, the following
ings for optical filterg[in a broad sense: devices selecting acriteria should be respected when choosing the appropriate
portion of the transmitted or reflected light, such as antirefilm material and film deposition process:
flective (AR) coatings, band pass filters, edge filters, hot/cold (i) The technique must allow good control and reproduc-
mirrors and other$™ and optical waveguide¥’ For ex- ibility of the complex refractive index
ample, glose to 70% of glass production yvorldwide, flat glass N(V)=n(A) —ik(\). 1)
(e.g., window glass, picture glass, laminated glass, motor
vehicle windshields and windows, skylight glass, etind  The wavelength dependence of the refractive ind@x) and
shaped glas¢for example, lenses for precision instrumentsthe extinction coefficienk(\) is governed by the dispersion
and for ophthalmic applicatiohsare provided with AR coat- relations, which depend on the material’s microstructure. In
ings, optical filters for thermal control, or decorative coat-practical applications the values should be precisely con-
ings. The flat glass production worldwide is abouf @@/yr  trolled to the second decimal for filters, and to the third deci-
(almost half of it in the USA which represents a U.S. mar- mal for waveguides. In transparent filters, requikéd) val-
ket value of several billions of US dollaf€.In addition, the ~ ues are usually around or below 10 and the optical loss in
rapidly evolving area of advanced applications includes veryvaveguides should generally be well below 1 dB/cm. In all
narrow band filters (<1 nm) for Wave|ength division Optical film applications, at least two basic materials must be
multiplexing?® interference color-shifting filnt§** and  available which possess higmy() and low () indices;
they are frequently complemented by a third, medium X

aAuthor to whom correspondence should be addressed; electronic maiinde_x maFerial- A Iarggr(H—nL) value may help redupe the
Imartinu@mail.polymtl.ca design thickness and improve the performance of filters.
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(i) In most optical coatings applications, materials are e
desired to be amorphous, isotropic, and with no birefrin-
gence, for keeping scattering below 10

(i) The optical film must fulfill certain minimum me-
chanical requirements; these include) good adhesion
(evaluated using an adhesive tape peel test, frequently ap-
plied after sample exposure to a humid environment at el- o ©
evated temperature(b) acceptable scratch and abrasion re- § o
sistance to allow handlingfor example, by performing a o ®
cheese cloth rubbing tgst(c) acceptable stresftypically £ 1 schematic illustration of multifunctional character of a multilayer
0-500 MPa in compressignand(d) absence of cracks. thin film system.

(iv) The fabrication methods are frequently required to
achieve good film thickness uniformity across the coated part ) -

(below 3%, or below 1% for high-precision applications, SiStance, gas or vapor impermeability, and surface

e.g., filters for telecommunicationsan acceptable deposi- hydrophobicity(or hydrophilicity). o _ _

tion rate(~1 nm/9, and good environmental stability. (|_|) PECVD is ;mtable for the fapncann of films with a
Optical filters have traditionally been fabricated by physi-desired intermediata value and of inhomogeneougraded

cal vapor depositiorfPVD) techniques such as evaporation "d€X optical films, in which the refractive index continu-
and sputtering, frequently assisted by ion bombardrfient ously varies as a function of depth The most significant

plating, ion beam assisted deposition, unbalanced magnetr(grftical fiters of this kind use rugatefilter designs, where

. . . 2,23

sputtering, (filtered cathodic arc deposition eic.as de- ThZ) vgnes contflnut;)usls/_bztweer? high antt)j Io\;v_altle??

scribed in numerous earlier reviews'® Sol—gel deposition € absence ot abrupt index ¢ a”q?’sa rupt interfaces .
leads to the suppression of harmonics, and an appropriate

is also considered to be an alternative route. Beside PVD an8

sol—gel, other techniques have been employed for the fabria_\podlzatlon(envelope function helps suppress side lobes

. : ) ) o outside the band-pass wavelengsee Sec. Y In addition,
cation of film materials for optical waveguides; they are . : L
T . : .. “the absence of sharp interfaces leads to a uniform distribu-
flame hydrolysis, ion implantation, ion exchange, mixing,

doping, implantation, and othei$or reviews, see for ex- tion (or compensatlg)nof internal stre'sses', gengrally leading
to enhanced adhesion and mechanical integrity.
ample Refs. 5, 6 and 17

. . (iii) PECVD provides high deposition rat€s—10 nm/s,
: Plgsma enhancgd chemical vapor depostlbﬁC}/D)— . or more, substantially higher than other, more traditional
i.e., film growth using gas phase precursors activated in

low disch )  has b loved ind tﬁ"f'tt:chnique:’{e.g., PVD, in particular for high index materials.
glow dischargé environment—nas been employed INAuStriy;q aspect is the basis for a reliable low-cost fabrication

ally in microelectronics for several decades. Its industrialtechnology
acceptance in other areas such as optical films and coatings (iv) Different substrate shapes can be uniformly coated

has been delayed mainly due to the complexity of thegas hemispherical, cylindrical shapes, the interior of tubes,
plasma—chemical reactions and plasma—surface interactio
due' to insufficient process control, and to relatively high (v) PECVD films generally possess better mechanical
equipment cost. However, recent advances in low pressuigqneries than their PVD counterparts. This applies in par-
plasma processing, and in PECVD in particular, have greatlyicyjar to films deposited on plastic substrates, where the
increased the interest in PECVD for the fabrication of opticalgyistence of a physically thick, graded interfacial region con-
films, and it52 industrial use has been successfullyaining covalent bonds leads to substantially enhanced film
demonstrated”~** Not only can PECVD provide materials adhesion, stress compensation, and scratch, abrasion, and
with optical characteristics similar to those obtained by theifyear resistanc® Surface modification of polymers using
PVD counterparts, but the PECVD processes can addressw pressure plasma processes for improving adhesion is an
numerous novel aspects of optical film deposition. The mairexpanding area in itseff:?
driving force and stimulation for such interest resides with  (vi) The PECVD process allows doping to control optical
the following attributes: selectivity, electrical conductivity, or optical nonlinearity.
(i) Widely ranging control of plasma—chemical reactionsThis can be accomplished by introducing additives to the gas
and plasma-surface interactions allow one to optimize th@hase, or by a combination with other deposition techniques
film composition and microstructure: the films generally pos-in a hybrid reactor, whereby a “dopant” is incorporated via
sess high packing density>98%), and are therefore hard simultaneous cosputtering, coevaporation, or other
and environmentally stable. This can be achieved by tailorapproache&’
ing the energetic interaction between the plasma and the sur- (vii) The use of PECVD is attractive for the fabrication of
face, by using bias-controlled or pulsed plasma techniquesptical waveguides and integrated optical devideBECVD
In one deposition reactor one can fabricate a multifunctionais already fully compatible with the existing silicon-based
system(schematically illustrated in Fig.)Jroviding the de- semiconductor technologypatterning, etching so that both
sired optical effecte.g., filter, AR coating, or optical wave- optical and electronic devices can be combined on one chip;
guide, complemented, for example, by enhanced scratch revaveguides are suitable for pigtailindgow insertion loss
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leading to efficient fiber-to-chip couplingand the deposi-
tion process occurs at low temperatufes300 °C, substan-

Method: Material Low Medium High

tially below the sol—gel process;500 °C, for example TiOp
The objective of the present article is to critically review Ta,05+-
the advances in PECVD of transparent dielectric films and Ts'?\fchn:_
coatings for optical applications such as optical filters and| = sio }\f’H
optical waveguides, which can be implemented in devices 8 épyos_.
operating in a wavelength range from near ultravi¢teB00 o PPHC{
nm) to near infrared (NIR)~1700 nn regions. Clearly, the SiOp:H 1
frontiers between optical coatings and other fields of optics SiozF1
and physics are difficult to define; because of space limita- PPFC]
tions and in order to maintain the focus, only brief mention TiOs |.
will be made of semiconductors and optically active materi- NbOj J.
als fabricated by PECVD. It is not the intention of the au- | Ta,05 1
thors to give a complete bibliography of the optical proper-| > 205 |
ties of plasma-deposited films, but rather to point out the Q ;1283:
main trends and open questions in this field, frequently illus- s%oz--
trated by results from publications that clearly demonstrate] MgF, |
the suitability of processes and materials for optical [dse
example, then(\) and k(\) dispersion curvgs We begin o) PET1
with a categorization of plasma-deposited optical materialg g sio IPC'
and a description of basic plasma processes and plasma sy & ' ii’ﬂ::i:
tems(Sec. ). This is followed by a detailed overview of the (,3) SI0,, quartz
. . — 2
optical (Sec. lll) and mechanicalSec. IV) characteristics of ; ; 5 ; 5 ; ;
plasma-deposited optical films. Particular attention is paid to 12 14 16 18 20 22 24 26
the films’ structure—property relationships, their functional Refractive index n at 550 nm

CharaCte”Stl,Cs’ and their perfor_mance on plgstlc SUbStrateElb. 2. Refractive indexat A=550 nm) of different PECVD optical film
the latter being related to the existence of an interphase. ARnaterials; comparison with selected substrate and PVD materials.
plications are illustrated by examples of optical devi(®sc.
V), followed by a summary of the prospects fon situ)
process control and industrial scale{gec. V). fabrication conditions. The most thoroughly studied precur-
sors which have been explored as candidates for optical ma-
terials are summarized in Table I. Many films tend to contain
Il. PLASMA PROCESSES AND PLASMA SYSTEMS a certain concentration of hydrogen, for example, the amor-
Optical and other characteristics of plasma-deposited mghous hydrogenated silicon dioxide (Si®), nitride
terials depend on the choice of the precursor gases or vaporsSiN; 3:H), and oxynitride (SiQN,:H). Some of the mate-
and on plasma—surface interactions during film fabricationrials retain some “organic” character by containing residual
The former aspect mainly defines the film composition,carbon from organosilicone or other precursors, for example
while the latter is closely related to the film growth energet-SiO,:C:H. A particular category of low-index films from
ics and, consequently, the resulting packing density, stressrganic precursors are the so-called plasma-polymerized hy-
stability, etc. The vast majority of PECVD materials are drocarbons(PPHCS, plasma-polymerized organosilicones
amorphous, since they are deposited at low substrate temiPPOS$, and plasma-polymerized fluorocarbo(lRBPFC$.
perature, typically below 250 °C. On the high index side, the most important examples are
The refractive index values of the most frequently studieditanium dioxide and tantalum pentoxide, derived from ha-
PECVD materials are summarized in Fig. 2; clearly, theylides (TiO,, Ta,0Os) or from organometallic precursors
cover the whole range required for successful interferencéTiO,:C:H;Ta05:C:H). For completeness, we also show
filter application. For comparison, the most often used transhard hydrogenated amorphous carbar@:H) films fre-
parent PVD and substrate materials are also shown. Besidpiently referred to as diamond-like carb@iLC). However,
the traditional glass, substrate materials also include polycathis latter material is absorbing in the visible regieee Sec.
bonate(PC), poly(methyl methacrylate(PMMA), and poly-  1ll); it cannot readily be applied in usual filter designs in the
(ethylene terephthalgtéPET), which are increasingly em- visible region, but it is often used for applications in the NIR,
ployed in the optics industryfor example, ophthalmic due to its excellent mechanical characteristiesg., high
lenses, windshields, optical transducers,)diecause of their hardness and low friction, see Sec.,|Which are very ben-
beneficial opticallow absorptionk<10" 2 at 550 nm and  eficial for numerous applicationgfor example, as optical
bulk mechanical characteristi¢e.g., low weight, high im- windows for laser barcode readers in supermajkets
pact resistanog® Before we proceed further with describing the optical per-
PECVD materials can be either inorganic or organic informance of the above-mentioned materials and its relation
nature, depending on the precursor gas or vapor, and on the their microstructure, it is important to discuss plasma sys-
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TasLE |. Precursors and refractive index values for selected reported transparent plasma-deposited optical

materials.
Material Precursors Remark n(550 nm
SiO,:H silane/oxygen or nitrous oxide gas(hazardous, 1.456-1.480

SiH, /0, or N,O flammable

SiO,:H:C tetraethoxysilanéTEOS: liquid
Si(OCHs)4
hexamethyldisiloxanéHMDSO) liquid 1.47-1.50
tetramethyldisiloxané TMDSO) liquid

SiO,:F SiH,/0,/CF, gas

SiO,:F:C TEOS/GF, liquid/gas 1.41-1.47
TEOS/G /CF, liquid/gas
fluorotriethoxysiland FTES): liquid
(C,Hs0),SiF

PPFC GF,, CjFg, etc. gas 1.35-1.38
hexafluoropropylen¢HEPO liquid
fluoro-alkyl silanegFASS liquid
perfluoro-1,3-dimethylcyclohexar®FDCH liquid

Al,O4 aluminum chloride: solid 1.54-1.62
AICI3/0, or N,O (corrosive

Al,O5:C:H trimethyl-aluminum(TMA): liquid 1.54-1.64
(CHas)3AI/O, or N,O
trimethyl-amine alanéTMAA ): liquid
(CHs)3NAIH 3 /0, or N,O (react with water

SiN, 3:H SiH, /N, (or NHs) gas 1.79-2.04

SiN; 3:H:C hexamethyldisilazanéHMDSN) liquid 1.75
hexamethylcyclotrisilazaneHMCTSZN): liquid
[SiNy H(CHy)l3

SION, :H SiH, /0, /N, or SiH,/N,O/NH, gas 1.46-2.05

AIO,N, AlBr3/H,/N,O gas 1.60-2.10

TiO, titanium tetrachloride: liquid (corrosive 2.20-2.45
TiCl, /O,

TiO,:C:H tetraisopropyltitanat€T IPT): liquid
Ti(OC3H,),4 /0,
tetraethoxytitanat€TEOT): liquid
Ti(CyHs)4 /O,

Ta,Os TaR; /O, solid 2.12-2.16

Ta,05:H:C tantalum pentaethoxide: liquid
Ta(OC,Hs)5 /0,
Ta(OCH,)5/0, liquid

a-C:H methane Chl C,Hn40, CHay, . etc. gas, liquid 1.6-2.20

GeO:H:C tetramethylgermaniurtifMGe): liquid 1.463-1.477
Ge(CHy), /0,

Y ,05-ZrO, acetylacetonatozirconium @&cag, : solid 2.10

(YS2) (CsH,0,)4Zr melts at 467 K
dipivaloylmethanato yttrium ¥pm)s: solid
(C11H1905)3Y melts at 442 K

BaTiOy dipivaloylmethanate barium Bapm),: solid 2.19
(CaH160,)5Y/TIPTIO, melts at 455 K

SITiO, dipivaloylmethanate strontium @pm),: solid 2.19
(CyaH160,)3Y/TIPTIO, melts at 410 K

tems and basic processes for film fabrication. resolved questions regarding the most efficient use of

In spite of the proliferation of low-pressure plasma pro-plasma. Reasons for this are the relative novelty of plasma,
cesses already in use, or having potential for near or longesn the one hand, and its inherent complexity on the other. To
term industrial application, there are still important, yet un-ensure high quality and reproducibility of a given plasma
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process, numerous parameters must be contrdlidEse in- e l gas (Op, Hy,...)
“ ” H ower
clude so-called “external” parameters like pressure, gas I P

flow, excitation frequency, power, and the resulting “inter- !

nal” (bulk) plasma characteristics, namely the electron den- ~ — RF coil

sity, ne, and the electron energy distribution function -

(EEDP. During deposition, the bulk plasma parameters gen- | o ©—precursor gas

erally control the rate at which chemically active precursor = ——

species(molecular fragments—free radicpaland energetic  (a) Parallel plate RF PECVD (b) Remote RF PECVD

speciegelectrons, ions, photohare created. In combination _

with the type of selected gases, gas-phase chemical process MW power MW waveguide

are largely responsible for the chemical composition of the l o o2 antenna
quartz window

films deposited, along with plasma—surface interactions anc
substrate surface conditions, which dictate film microstruc- — forn antenna & E_ magnets
precursor gas

ture. A o quartz jar S
An important factor influencing the processing plasma is —Smm=m—Precurser9as i
the discharge field frequencf= w/27. Most frequently,

. (c) MW PECVD (d) ECR PECVD
high frequency plasmag &1 MHz) are used for PECVD of
dielectric optical films, in order to avoid surface charging MW power
and plasma instabilities, namely ITlhternational Telecom- ) I RF power
munications Unioirapproved industrial, scientific, and | | _ quartz
medical frequenciekl3.56 MHz radiofrequencyf), or 2.45 T window |
GHz microwave(MW)].2° Interestingly, high-quality optical S quartz window
film materials have mostly been obtained in MW rather than W{Mw cat
rf plasmas, using different reactor designs illustrated in Hgasshowerhead 4 v applicator
Fig. 3. (e) MW PICVD (f) Dual mode

MW and rf discharges differ mostly in their EEDFs, MW/RF PECVD

which can be obtained by solving the Boltzmann equation; gas (Op, Ar,...)
these have shown that the population of electrons in the l MW power
high-energy tail of the EEDF is higher in MW plasma than in —_—
its rf counterpart! The number of electron—ion pairs formed o © o oooe \i
per unit of delivered energy is highest when the EEDF is precursor gas MW linear
Maxwellian, a condition fairly well obeyed in MW plasma. i antenna array
In addition, the MW plasma is controlled by ambipolar dif- I RF power I RF power
fusion, i.e., the electron—electron collisions prevail, while in (g Remote MW/RF PECVD (h) DECR PECVD

rf plasma, a mobility-controlled discharge, the energy loss is

due to direct charged particle impact on the walls. As a ConEIG. 3. Schematic illustration of different types of high frequency plasma
’ stems for PECVD of optical filmga) asymmetric capacitively coupled rf

Sequence!_ the ionization and d|SS(_)C|at'0n ra_'tes are h'gh?r B%asma;(b) remote plasma rf reactofc) MW plasma reactor with different
the MW discharge, generally leading to a higher depositiorexcitation componentgantenna, standing wave applicator, traveling wave
rate and a higher ion flugsee below. applicatoy used in a cw or pulsed moddst) ECR plasma reactofg) MW

We have pointed out above that the reactor type, namel}zggf?e(;ﬁiﬁt&;,\;%ﬁl? 2?;8?: sst;gggi;g?L;Zm?ed'as\flﬁegagﬁogi\g&;

MW versus rf plasma, influences the fundamental plasman) DECR PECVD system.

properties such as the EEDF; however, it also has an impor-

tant effect on how the plasma interacts with the exposed

surface. Surfaces in contact with a plasma exhibit an interjg| gifference across the sheath can then be approximated

facing medium, the plasma sheath, which is electrically noNtyy32

neutral in contrast to plasma itself. The surface is at a float-

ing potentialV, with respect to plasma potentid},. Since V. — f:kBTem( m ) )

V<V,, positive ions are accelerated from the plasma to the . 2e 2mMe

surface, while some of the electrons are repelled. Howevegynerek, is the Boltzmann constariT, is the electron tem-

under steady-state conditions, there is no net current flowingeratureg is the electron charge, am andm, are the mass

since ion and electron fluxes are then equal. In this case, th§f jons and electrons, respectively. We note that on floating

thickness of the sheath is a few times the Debye length, angotential surfaces, the ion energy= e(Vp—Vy) is typically

it grows with increasing average electron energy and dea few times the electron temperature expressed in electron

creasing electron density. volts. It also shows that the ions always acquire some addi-
Assuming, for simplicity, the EEDF to be Maxwellian and tional energy as they pass through the sheath on their way to

the surface immersed in the plasma to be a plane, the potethe surface.

JVST A - Vacuum, Surfaces, and Films
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Grounded electrode RF-powered electrode Appropriate control of ion bombardment energ¥; (

<1 KkeV) is particularly important in the context of etching
and deposition of thin films at low substrate temperaifiye

Film growth under simultaneous ion bombardment leads to
growth-related effects such as interfacial atom mixing, high
surface mobility(diffusion) of deposited species, resputter-
ing of loosely bound species, and deeper penetration of ions
below the surface, leading to the displacement of at@ors
ward sputtering or knock-in effegtd*®> Such phenomena
lead to the disruption of growth nuclei, to the suppression of
columnar structure, and hence to material densification. Such
processes can be well described by the structure zone model,
first proposed for metals by Movchan and Demchisfiand
further developed by ThorntoH, before its revision for
PECVD by Messieet al333° The latter authors showed that

6.0

@ " cw-RF T 1 owRF

E
o
~

m
o

SEM (count/s) x 10°

SEM (count/s) x 10°

o O
5 o

N
o

b  owMW €  cw-RF/cw-MW

o

o
w
o

n
o

>
-
=)

SEM (count/s) x 10°
SEM (count/s) x 10°

-3
o

50 100 150 200 250

o

% © oMW lon Energy (V) T, required for obtaining high film packing density can be
o /A\Dutycym decreased by superimposed ion bombardment, due to the ef-
3 o o7 fects mentioned above. This has since been clearly demon-
£ strated for sputterdfl as well as PECVH optical films. A
g o A/\ - recent new structure-zone model also includes the flux of

energetic particles as one of the key paraméfers.
Different approaches have been used to quantitatively de-
ol 2‘;'2 5 scribe the ion bombardment, from which it appears that a key
parameter for describing such effects is the endigyleliv-

lon Energy (eV)
ered to the growing film per deposited partfcle

Fic. 4. Examples of the IEDFs of Arions in high frequency plasma
in argon at 60 mTorr measured in the following configuratigasgrounded
electrode in cw-rf discharge such as in the reactor from Fig) 8Vg E¢i+E b, bi
=—150V); (b) grounded electrode in cw-MW discharge such as in the Ep(TS: cons) — W” i¢_' (4)
reactor from Fig. &) (Pyw=2300W); (c) grounded electrode in a pulsed m r m
MW discharge in the reactor from Fig.(f3 using different duty cycles

(Pyw=300 W)z (d) rf-powered electrode in a cw-rf discharge such as in the whereE denotes energyp the particle flux, and the indices
reactor from Fig. 8) (Vg=—150V); and(e) rf-powered electrode in a . . .
dual-mode cw-rflcw-MW discharge in the reactor from Figf)3(Vg Lo, ,m’ andr refer to IF)nS, neutrals, condensmg prec;ursor
= —150 V,Pyy =300 W). (Modified after Ref. 4. species, and trapped inert gas, respectively. As a first ap-
proximation one can neglegt, againsts,, andE,¢, against
Ei¢;, and obtain the simplified relation in E@4). Such
The energy of the charged particles impinging on a subapproximation is clearly possible in ion beam experiments;
strate can be adjusted by biasing it at a potentiglwith however, the energy flux of neutral particles may become
respect tov,. For the case of an insulating materiaf the significant in PECVD, since a certain fraction of the initially
main interest in the present contiit can only be biased by accelerated ions become neutral due to charge transfer colli-
applying a periodic voltage. The substrate surface exposed ®&ons in the sheath region. Detection of neutral species and
the plasma is then capacitively charged, that is, electricallgletermination of their energy is difficult and requires careful
polarized, providing a mean dc voltage componégt Ifthe ~ measurements involving mass spectrometry combined with
frequency of the applied periodic volta§is greater tharf;,  ion energy analysi&}*°
the ion plasma frequencfsuch as atf =13.56 MH2, the The systems applied for PECVD of optical films and coat-
sheath is not influenced by the periodic variation of the bi-ings are schematically illustrated in Fig. 3, and may be dis-
asing voltagé® When a positive ion diffuses from the tinguished based on the level of control of the bulk plasma
plasma bulk into the sheath region, it will then be accelerate@haracteristics and ion bombardment effects. The rf systems
toward the substrate, which it strikes with a maximum ki-depicted in Figs. &) and 3b) are similar to those frequently
netic energyEi,maX32 used in microelectronics industry for PECVD and reactive
E ~elV.—Vgl=eV. 3 ion etching(RIE).***6 The deposition rates on the grounded
fmax p 7B sh- electrode are substantially lower than on the rf-powered elec-
In the pressure range generally used for plasma processode (usually 5-10 times Relatively highE; values on the
ing, however, the ions lose part of their energy due to elastigpowered electrode dt;~ 25 °C lead to high film index, den-
inelastic, and charge transfer collisions in the sheath and thesity, hardness, and streésee Sec. IV. In rf discharges the
exhibit an ion energy distribution functiofEDF). Typical  dissociation rate in the gas phase may be insufficient, often
shapes of the IEDFs obtained on grounded or biased surfacessulting in increased optical absorption due to substoichio-
in continuous or pulsed rf, MW, and MW/rf plasmas are metric composition. TypicallyV,~20V, leading toE; ax
shown in Fig. 4. ~25eV on the grounded electrodeee Eq.(3) and Fig.
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4(a)]. On the rf-powered electrode, tlig values may reach 101
several hundred volts; howeves; is low and may lead to a °
high film compressive stressr( ). 5 10°
Most successful systems for optical coatings are based on e, o
MW plasma[Figs. 3c)—3(h)]. In a single-mode MW reactor =
[Fig. 3(c)], the substrate is placed on a grounded or floating .g 102
substrate holder, facing a MWow water content fused ©
silica) window through which the MW power is supplied by S 103
different devices such as linear or horn antenjiags. 3c) g ]
and 3d)], or standing or traveling wavéslow wave appli- 2 104 ]
cators[Fig. 3(f)]. TheV, values are typically around 10 V, No effect eviatom
generally yieldingE;~5—-10eV such as in the continuous 105 70T 102 10° 10+ 105

wave (cw) mode[Fig. 4(b)] (for a review see, for example,
Refs. 20, 26 and 47

Returning to Eq(4), it appears desirable to maintain the . 5. piot of critical ion/condensing particle arrival rate ratia {dy).
E; value relatively low (sufficient for film densificatiop vs critical ion energy E;)., required for film structural modification, par-
while increasing the flux rati@; / ¢,,. This implies that an ticularly densification:(A) SiN,3:H, (B) SiO;H, (C) a-C:H, (D) TiO,

: . s obtained from MW/rf plasma(E) estimated for TiQ based on the data in
independent or selective control o, #;/¢r) and of the Ref. 20. Other data points are from Ref. 40 for different materials obtained

bU|k_p|asma processes is needed. ThiS is impOS_Sible in COMy PVD techniquestO) SiO,, (A) other dielectrics((J) metals,(¢) semi-
ventional cw plasma reactors, which use a single powetonductorgmodified after Ref. 411

source to excite the discharge. However, two approaches to
obtain selectivity have been explored} pulsed-mode dis- . . . . .
y plore@ p reactor walls and the window itself; in addition, different

charges andii) rf-induced surface biasing. When the MW h n be uniforml ted h lane disks. dom
power is pulsed, two plasma regimes can be distinguishea apes can be uniformly coated, such as plane disks, dome
shapes, tubes, rods, lenses, etc.

during each pulse cycle: a high density plasma“(;j,urmg the A dual-mode microwavelradiofrequen@IW/if) plasma

o A & consguanes. the IEDF adopte-a bindal shaggP1oach has been developed aiol: Polytechnique in
: q : P ontreal**84°[see Fig. &)]. The substrates are placed on

[see Fig. 4c)], with the high-energy peak corresponding to the rf-powered substrate holder facing the MW window,

lons geperated dur|.ng th@?”. period, and the .Iovxfl—senergy through which the MW power is applied using a linear slow
pegk being due tq lons arising from Mgy period.™ The wave applicator. The latter has a typical length of 20—30 cm,
ratio of the peak intensities depends on the duty cyzle but even larger industrial-size versions.g., 1.5 m have
= Ton/(Tont Tor) Which, in turn, enables one to further tune been designed and patenf@dyther applicato,rs, e.g., slotted
the plasma—surface interactions in deposition, etching, Qfayequides and surface wave launchfshave been con-
surface modification processes. , sidered and tested. The possibility of selectively controlling
Pulsed MW plasma with low pulsing frequency, E; and ¢; values is illustrated in Figs.(d) and 4e). Other
=U(Tont Tort) <100Hz, and a low duty cycleP<0.2,  concepts include a remote MWirf destgri2[Fig. 3(g)] and
have b%a‘gTBe prominent for optical and functionalgjeciron cyclotron resonan¢ECR) configurationge.g., dis-
coatings*“>“°On the one hand, high power during thg,  tributed ECR(DECR)® or integrated distributed ECR, in
period leads to high, ¢;, and dissociation rate values, and \yhich a magnetic field is applied in conjunction with the
hence to a high process rate; on the other hand, lofiger \ discharge in order to further increase the dissociation
periods allow more time for the precursor gas to fill the vol- 5te andn,, but at lower pressures<(10 3 Torr) [see Figs.
ume in front of the substrate, thus leading to an enhanceg(e) and 3h)].558
film uniformity. This process has achieved the highest level |t has been proposed that critical ion energigs and
of sophistication at Schott Glaswerke GmiMainz, Ger-  critical ion flux ratios @;/é,,). exist, which can be associ-
many; see Fig. @].*** In their so-called plasma impulse ated with transitions in the evolution of film microstructure
CVD (PICVD) process, the dielectric substrates are placeénd propertie®*%4 Clearly, E, in Eq. (4) can be adjusted
directly on the MW window; in such a case, at a relatively to the same level by combining low and highand ¢;/ ¢,
high pressure on the order of 1 Torr, a very dense plasma igalues. However, experience suggests that good-quality
formed in front of the substrate during a very short pulse(dense, hard, chemically stable, low sthefiisns are prefer-
(typically 1-100 ms in duration During the To¢ period,  ably deposited under conditions of lo0—30 eVf or inter-
enough time is allowed for replenishment of the workingmediate(~100 e\) ion energies, sufficient for densification
gas, done within several tens of milliseconds. Very high(E;~E; .), but using high¢;. This reduces the microstruc-
deposition rate$5—15 nm/$ and good uniformity,<1.5% tural damage and gas entrapment, generally yielding dow
variation over~90 mm diameter, have been reported. Thevalues. High fluxes are very advantageous, especially when
good uniformity obtained is attributed to the complete reac-one aims to achieve high deposition rateslO nm/s.
tion of the working gas during the puls&sUsing the sub- In Fig. 5 we show a comparison of our own results for
strate as a MW window decreases the need for cleaning th8iO,:H, SiN; 5:H, TiO,, anda-C:H films with the compila-

lon energy E; [eV]
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tion of literature data by Harpest al,*® who have summa- the wavelengtti® The use of EMA is justified only when the
rized examples of; ;. and (¢;/¢p). values reported to be material's inhomogeneities are much smaller than the wave-
necessary for property modification in numerous material$ength of the probing ligh{<\/10).%” Bruggeman EMA is
deposited by differenthon-PECVD ion-assisted techniques. used for a heterogenous medium with components of small
One should note that tHg, . values are lower andf;/¢.).  size randomly distributed, while the Maxwell-Garnett model
values are higher for the MW and MW/rf PECVD data thanis more appropriate when one of the components surrounds
most of the other results. The energetic conditions leading téhe others and acts as a host matéfla.omponents of the
good-quality optical films obtained by the PICVD processEMA models must be chosen with care to reflect the real
also fall within the same energy limits, namely low ion en- composition of the materiglsometimes including voids, or
ergy (Ei<10eV) but high @i/¢y) values [(¢i/édm)  an optically absorbing phase, such@sSi). However, one
~1-10, due to a high power density and ionization réfte. could question the utility of Maxwell—-Garnett and Brugge-
Different precursor gases can be used to fabricate opticghan EMA when the inhomogeneity is on the atomic scale;
films possessing(arbitrarily) low (n <1.5), high @y  this applies to “solid solutions” such as Sji,, or when
>1.8), and mediumr(y~1.5-1.8) refractive indicessee  dopants and impurities are presént F, Cl, C, etc) (see the
Fig. 2 and Table)l The choice of starting materials and the discussion in Ref. 69 in which cases no particular phases
corresponding characteristics of the optical films obtaineqyith a bulk dielectric response can be identifl@dror those
are discussed in Sec. III. materials, Bruggeman EMA can be a practical way for mod-
eling n andk, but it cannot provide precise information rela-
Ill. OPTICAL PROPERTIES OF PLASMA- tive to the composition and structure; this requires more
DEPOSITED OPTICAL MATERIALS complex EMA models, dealing directly with the identity of
A. Optical characterization methods polarizable elements and their number per unit voluthe
: - , tetrahedron model is an exampl&mall surface roughness
Very often, optical characteristics of PECVD films re- can be adequately modeled using a surface EMA layer with a

ported in t.he Iite_rature are in_complete: in many casesl- 25%-50% air content this approach considers only the
ues are given without referring to wavelength, and they are '

. . effect of roughness on at the surface, and not the loss of
not accompanied bl, and the models used for the determi- light by scattering, the latter being hidden in the absorption
nation ofn andk are not sufficiently described. In this sec- gnt by 9 9 P

tion, we give a brief overview of approaches which shouldterm.' . . .
be taken into account. Simpler relat|onsh|5)s betwezemnd the density, such as
Usually, optical properties are determined either fromtorentz—torenz [(n"~1)/(n"+1)=4m/3;fj;] and
spectrophotometri¢reflectanceR and/or transmittancé) or GIads_tone—DaIe[p - i_(l(n_ 1)] relations, are. _somet|me_s
ellipsometric measurements, among which variable anglé'sed in order to elucidate the effect of dleposmon technique
spectroellipsometrySE) or (VASE) combined withR and T~ ON 1 (here,f; anda; are the volume fraction ar;gj the polar-
measurements appear to be most powerful. Ellipsometr7@Pility of each component, arid is a constant’ Clearly,
deals with determination of relative phase change of a reSUch relations can help to predict and compare optical prop-
flected polarized light beam as opposed to absolute intensifgti€S ©of films deposited using different fabrication param-
measurements in spectrophotometry, making it more Sens?_ters(spmetlmes referring to 'the concept of molar refractiv-
tive to very small changes in the optical properties at thd®: Which works perfectly with gases, and leads to rough
surface of the sampled material. Spectrophotometry is mor8PProximations with solids) but, once again, small quanti-
appropriate when evaluating the performance of a coatinges of “impurities” that lead to substantial changesriand
system such as an optical filter. For “postprocess characteK @ré not considered by such simple relatiéhs.
ization” of complex optical coatinggsometime called “re- Reliable determination of the optical properties is gener-
verse engineering’, both methods share the same difficul- ally based on the optimizatiofmostly nonglobal optimiza-
ties, related to the models used for reproducing the measurd®n)- In such situations, it is very important to have a good
data, and the optimization algorithms used. starting “guess” forn, k and the thicknesd. In the case of
The most widely used dispersion models are the semiclagingle layer films with na priori knowledge ofn andk, the
sical Sellmeier and Cauchy relations fofA),%” and the Ur-  optical characteristics can also be obtained from envelope
bach tail relation fok(\).%® Lately, new dispersion relations methods that provide analytical expressidnsder several
such as the Forouhi—Bloonéf® and the Tauc—Lorentz assumptionsfor the parametergn, k, d as a function of
formulze® based on a simplified expression fiorfrom al- T ""orR"®
lowed electronic transitions in solids, have been shown to Using SE ofT andR data, it is difficult to determine small
work well with plasma-deposited optical materials. k values below 10* (absorbancé&<0.1%). Here, the use of
Effective medium approximatiofEMA) models are fre- photothermal deflection spectroscopy or mirage effect is
quently applied to account for index inhomogeneities, and tanore precisé?®® In these very sensitive methods, a deflec-
estimate the porosity or other microstructural features in théion angle as small as 18°rad can be detected, which cor-
material$?~%* They may also be convenient for describing responds tk~1.6x 10 1.
n(z) in graded-index film§>® n(z) being formulated as a  Optical characterization is particularly critical in the case
function of the volume fraction only, with no need to refer to of inhomogeneous optical films. On the one hand, we con-
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sider “accidental” inhomogeneities as a nondeliberate con- Energy [eV]
sequence of the fabrication process; these inclideiuc-

. . o 2.48 1.24 0.83
tuation of the plasma parameters during the deposition . . .
process(ii) surface and interface roughness, &iid forma- uv| visible | A near IR

tion of a phySiC&”y thick interfacial region (or 3.2 .\ ................................ ................................ .............
“interphase”®) due to specific plasma—surface interactions : : :
such as vacuum ultraviol€¢¥UV) radiation crosslinking and
interface mixing when polymer substrates are empldgee
Secs. Il and 1. On the other hand, deliberate inhomoge-
neities are obtained by eithe(i) continuous variation of
plasma parameterdor example, gas composition or sub-
strate potentia) such as in the fabrication of rugate filters or
graded index devicesee Sec. Y, or (ii) doping the PECVD
matrix material with clusters of another mediuffor ex-

2.8 1

2.4 1

2.0 1

Refractive index n

1.6 |

ample, metals or semiconductrin order to obtain nano- 1.2
composite filmgsee Sec. 1IIB® x 10°
For characterizing inhomogeneous optical films, three dif- § 10
ferentex situapproaches can be appli€d: analytical meth- E 102
ods considering specific simplificationgsuch as the e 4o
Wrentzel-Kramers—Brillouin—Jeffrie§WKBJ) approxima- o _ .,
tion] and small inhomogeneitié4; (i) discretization of the 5 10
films into several homogeneous sté&p&llowed by numeri- 5 10°
cal optimization; in this approach, a large number of fitting g 10°€
parameters introduces multiple solutions, and may lead to a W 107
large uncertainty in the result§ii ) numerical iterative meth- 108 ;
ods such as Newton—Kantorovitch and Newton—Gauss, 500 1000 1500

when one knows the thickness with high precision.

The use of SE for the characterization of inhomogeneous
films is discussed in more detail in Ref. 84. The characterfis. 6. Typical dispersion curves of different optical materials deposited by
ization based onn situ measurements should, in principle, plasmaTiO,, SiN; 3 SiO, and PPFC: from our laboratof§cole Polytech-
give more insight into thﬂﬂ(Z) profile. In fact, the problem nique); diamond: after PaliKRef. 281; a-C, anda-C:H: VASE software

. . crer . ... . (Refs. 60 and 282.
still remains a difficult one, particularly when optimization is
used, since multiple solutions may persist. Analytical solu-
tions to the inverse problem can be used only for smooth
variations ofn(z), when the WKBJ approach can be applied.the Si—O-Simean bonding anglé,%® but more recent work
Envelope methods using analytical expressions have beeso points to the importance of the crystal volume, density
proposed foin situ T,2° R2 and SE” measurements. A new p,”* and H incorporation.
method based on a higher-order WKBJ approximationiand In amorphous Si@H, changes ind values can be esti-
situ SE appears most promising for both preaige) deter- mated experimentally from infraredR) spectra of the Si—
mination, and for real-time monitorifig(see Sec. Wl O-Si stretching mode at 2260 ¢t with its peak frequency

The following sections survey various pIasma-deposited/ocsin2(¢9/2),92 and its peak width being related to tiealis-
materials already introduced in Fig. 2, with their potentialtribution. A small § value is related to stressed networks,
use in optical coatings. Table | gives a list of the opticalmostly in dense structures; in such a case, the presence of
properties and known precursors, and selegt¢n) and three-membered rings in SjH is similar to the structure of
k(\) dispersion curves are shown in Fig. 6. bulk SiO, after heating beyond the melting point, followed
by a sudden quendf.

Small-angle S+O-Sibonds are very unstable; an accu-
mulation of stress in the film can break these and force the
1. Silicon dioxide (silica, SIO  :H) netvyork to relax, Ieadi.ng to a more flexible structure, accom-

panied by the formation of defect cent&rsr by reaction

Among all dielectric and silicon-compound materials, with water® In fact, in the latter process, water absorption in
SiO, is probably the best-known low-index materi@ee pores® may not necessarily be associated with aging, since
Figs. 2 and & SiO,:H is typically deposited from a mixture not all types of pores give rise to water sorption. Martin
of SiH, and G.. Its n value is usually higher than for the bulk et al®® have shown that there exist pores which considerably
or thermally grown oxide r{~1.459)° Theoretical studies reduceny; without interacting with water, the film index
of the different phases of crystalline Si@Qnderline the link  being found to be the same in vacuum and in air. This leads
of n and optical gafEy values to their structural character- to the concept of “open” or “closed” pores, and to their
istics. Early conclusions were th&; andn correlate with size¥’

Wavelength [nm]

B. Transparent PECVD film materials
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In SiO,:H depositions from SiE/O, mixtures, the @  formation of particles. Silane can react with traces of humid-
flow rate is typically twice that of silane, or more, dependingity in the gas line and form powder that can reach the cham-
on the plasma conditions and the dissociation rate. It is curber, and clog valves and mass flow controllers; thus, it is
rent to replace @with nitrous oxide (NO), since the chemi- essential to purge the lines periodically and keep them clean.
cal bonds in NO break more easily in the gas phase, leadingn the plasma, silane produces reactive radicals that can react
to higher deposition rate (activation energy E, rapidly in the gas phase, forming particles, and resulting in
=2.5eV/molecule in NO,*® compared to = the presence of nodules and large voids in the films, which
~6.5eV/molecule for §.9%1%° The use of NO can intro- changeng; and cause scattering losses. Several steps can
duce some N impurities into the oxid® However, N con- help to solve this problem; namelyi) reduced operating
centration is usually less than 3 at. %, due to high affinity oforessure, such as in the ECR plasitig;dilution of SiH, in
Si with O, and even smaller with ion bombardment or heat-argon or heliumiii) heating the electrod®; and(iv) use of
ing. A 5% N concentration is enough to slightly affect the @ pulsed dischargé®+%°
value ofn (An=0.005) 1% suitable for waveguide applica- ~ The use of organic precursors instead of S#imotivated
tions. Use of He has been shown to reduce the number d¥ its hazards, since SjHs strongly pyrophoric, and by the
Si—H, Si—N, Si—OH, and N—H bonds in SiGnade from fact that SiH leads to low surface coverage, due to its low
SiH,/N,0.102 surface mobility. For the deposition of Silke PPOS,

SiO,:H usually contains 5-15 at. % of hydrogen, mostly TEOS is widely used, sometimes mixed with. @ther fre-
in the form of —OH, which has an effect on the optical prop-duent precursors are HMDSO and TMDSEee Table )l
erties and the stability of the material. Recent works havé¥0St popular organic precursors are liquid and require the
shown that during deposition from a SjkD, mixture, the ~ US€ of a bubblefsee theoretical study in Ref. 1)16r a liquid

surface of the growing oxide is initially covered with silanol INi€ction system. _
(SIOH) speciesm due to instant oxidation of SiH(x de- With TEOS, the reaction occurs on the substrate surface,

while chamber walls can be maintained at 45 °C to prevent
extensive deposition on walls and particulate formatidn.
At low temperaturg(<200 °Q and no significant ion bom-
bardment, absorbed TEOS reacts incompletely with) O
which results in porous films, with a high concentration of
OH and CH groups, unstable in ambient air. At 200 °C, the
%H is removed and less but still some isolated OH and CO
groups appear as a product of TEOS oxidation: therefore
SiOH, as well as KO, are intermediate products that react
further to deposit SiQ at low working pressure, OH can
react and desorb without being incorporated into the film.

in disordered structures that would otherwise relax durin Plasma-polymerized S{H:C films from the HMDSO

th th aivin rise 1o a d f the méaand t gpossesz;n values ranging from 1.45 to 1.55, depending on the
(e growth, giving rse fo a decrease o eloT Aaand to an deposition conditions!? Interpretation of the value af can
increase of compressive strass , p, andn.

) . . . be complex: C- or Si-rich films exhibit higher (and k),
er(~ 89
Deposits without heating _POSSESS higlrer(~1.489 while higher porosity or attached OH groups lead to a reduc-
than when annealed: annealifef over 250 °¢ and G, or

A : _ tion of n.1** Film microhardness can be increased by adding
Ar™ bombardment assist desorption of weakly bonded an%H3 groups using methanol in the feed stream: as a result,

isolated OH and reactions of H-bonded superficial OHgisq jncreasel O,-rich gas mixtures are used to keep the
groups, resulting in the formation of,8 (thermally or ion- o600 concentration loW® Noble gases, Ar or He, are
assisted desorbgdnd Si—O-Si, and in an increased numberg,metimes added, and higher power plasma density is ap-
of O vacancies. The width of the SD-Si IR absorption  pjieq 1o enhance fragmentation in the gas phase, to reduce

peak decreases, which is related to narrowing ofétléstri- e organic contentCH, and CH, radicals in the films2*2
bution. Simultaneouslyy shifts toward higher frequencies,

due to an increase of, and hence smaller Si/Si distance

[dsys 1/sin@/2)],% which still remains smaller than in ther- 2- Silicon nitride (SiN " ; 5:H)

mal oxide'®® O; bombardment seems to be particularly ef-  Several nitride materials are transparent; although AIN

ficient for reducing H concentration in the filf'®®When  and BN may be used in the near future for various multifunc-

dissociation of Siljis high, Si exists on the surface, and it is tional coatings, SiNj is probably the only one used for its

easily oxidized, compared with SjHand Sik groups, for  optical properties. So far, the use of nitrides in optical coat-

which several reactions with oxygen are needed to release dligs has been limited due to a difficulty in forming transpar-

H atoms: this means that higher plasma dengitgh powej  ent, good-quality layers by evaporation or sputtering in the

can reduce H concentration, such as in EGRMW, or  presence of h*®

MW/rf4! plasmas. Except for Si-rich oxides, no Si—H bonds  Silicon nitride can be deposited by PECVD using $iH

are usually detectet§® mixed with nitrogen(N,) or ammonia(NHj), while the use
An important problem with silane as a precursor is theof organosilicone precursors is mainly limited by the pres-

pends on the dissociation leydly atomic oxygen. The SiH
groups react further with SiOH and -SD-Si togive H,O
and Si—O-SiH, which is oxidized by neutral O, leading to
superficial-SiOH terminations. It is interesting to point out
the effect of OH groups on the optical properties of Sk
OH passivates the material, so that practically no danglin
bonds are detected in H-rich Si(®l. However, OH can re-
act further with HO molecules that penetrate to the pores
and changen. A network of S-O-Sibonds is relaxed and
more flexible if it contains a high OH contefitThe pres-
ence of OH can also “stabilize” low-angle SO—Sibonds
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ence of carbon. Tha values reported for PECVD SiN:H  sure(probably linked to small values of SjHesidence time
vary from about 1.65 to 2.08Fig. 2), depending mainly on in a ECR plasma reactor using Sif¥l,/O, gas mixture.
the film microstructure and composition. One can also redudgH] by annealing; however, to re-
When deposited at low temperature and low energy conmove hydrogen from the N—H bonds, temperatures above
ditions, SiN 5:H exhibits columnar structure; therefore, 900 °C are required®
more energy must be brought to the surfdbg ion bom- Another way to avoid hydrogen incorporation is to use
bardment or substrate heatjrig order to achieve high pack- silicon halide precursors, such as Si6t SiF,.2*° Chemical
ing density. The residual gas concentration in the chambesffinity between Cl atoms and H atoms promotes the forma-
must also be kept low, as SjNcan react rapidly with traces tion of HCI, which can further reduce the H concentration. In
of O, or H,0, thereby lowering its refractive indéx’!'®  addition, the presence of halogen atoms gives rise to a com-
Garcaet al1*®reported that an atomic percentage of oxygenpetitive etching process during deposition, which can reduce
as low as 3% in SiN; can lead to a decrease mfrom 1.99  the film roughness.
to 1.85. For SiN;3:H films grown in MW/rf plasma atTg
The major “impurity” in SiN; 5:H, of course, is hydro- ~25°C, controlled ion bombardment gave risentwalues
gen, which has a significant impact on the electronic andetween 1.65 and 1.90 for bias values of “0” and 800 V,
optical properties. Due to its dense structure and the valend@spectively*" The resulting hydrogen concentration was
of nitrogen versus oxygen, the amount of phssivating bro-  found to vary between 12 and 16 at. %, systematically less
ken bonds is substantially higher in the nitride than in the than in a pure rf discharge.lt has been proposed that some
oxide#+129and it mainly appears in Si—-H and N—H bonds. of the hydrogen is not chemically bonded, but is chemi-
Replacing Si-N by Si-H has little effect on the gHp,  Sorbed on inner surfacés. o
=5.3eV(234 nm for H-free SiN, 3],*?*but N—H bonds con- Attempts have been reported to deposit “nitride-like”
siderably reduce the value: In fact, energy band calcula- SiN13:H:C films using organosilicone precursors. The use of
tions for silicon diimide[ Si(NH),], which can represent the HMDSN and HMCTSZNl,32'133mix_ed with N, or NHg, re-
NH-saturated form of SilNs:H, predict gap values between sulted inn va_IL_Jes strongly depending on the gas mixture and
E,=6.4€V (195 nm and E,=6.17 eV, withn=1.69 and other deposmon parameters, sgch as the pre;surés(gnq
p=1.98¢g/cm (compared to 2.08 g/cinfor stoichiometric Frequently, C-rich and Si-rich films are d(;:sposned, yielding
SisN,). 122122 For silicon-rich nitride, Si—H replaces Si—Si @nn value of 1.8 at the expense of higHet
bonds, an approach used for tailoring the valence edge and
increasingEg . 3. Titanium dioxide (titania, TiO )

A decrease o Wi.th NH ing?zrsp or_atipn has frequently Since the highest refractive index of SiNabove 2.00
been observed experimentalfi/~***This is often attributed can be achieved only with difficulties, the search for high

to passivgtion of dang!ing S,i bonds on the surface t_o forrT]ﬂaterials is of constant importance. Among these, titanium
N-H, Wh'Ch leads to d!srupuon_ of the_ network (8H), in- dioxide (TiO,) attracts the most attention, due to its high
corporation, and to a higher void fraché??.Th.e reasons for jonic character and values exceeding 2.25. The reason for
the preferential bonding to N instead of Si, forming —NH jis high index resides in the TiQoctahedral structure, the
groups, is attributed to the fact that —NWith two valence  yiding block of rutile and anatase. Thevalues reported in
electrong is easier to coordinate in an amorphous networkina Jiterature for non-PECVD Tipvary from 1.783 1o
than N(with three valence electron§° The analysis ofiis 5 135

often performed by using simple EMA models, mixing bulk  The deposition of oxides of transition metals such as Ti

SigN, with voids: A decrease afi due to NH incorporation  ang Ta is complicated by the fact that they can take different
and lower Si—N and Si-Si bond concentrations is thefoyms and stoichiometries, some of which are nontransparent
masked in an “effective void fraction,” which is unrelated to (e.g., TiO or ThO5).**% In addition, in the case of Tig) three

real voids:*® Lower n values due to hydrogen were demon- staple crystalline phases are possible: rutile, anatase, and
strated by wusing more accurate tetrahedron opticaprookite. Rutile, with the highest density, is the most desired
models$”*?* which resulted in smaller values of void frac- phase in terms of transparency and index value, but it also
tion (<6%)."*>*** Multitechnique analysi$’ has suggested has the highest birefringence, witlj=2.9 andn,= 2.6, and

that SiN 3:H should be considered as a solid solution ofis often undesired in term of scattering: anatase, which dif-
SiNy 3 and S{NH),. fers from rutile in the coordination number of its Tj@cta-

The highestn value can possibly be obtained for H-free hedra(10 in the case of rutile, 8 for anatases less birefrin-
nitride. According to Smith?° one way to accomplish that gent, and it has an index of 2.5; brookite, an unstable
with SiH, precursors is to precisely control the gas flow raterhombohedral structure, is rarely observed in thin fil(its
in the chamber: since H reacts preferentially with exceshias been deposited on soda-lime glass using sol—gel tech-
N, 2 one should reduce the amount of Nkbr N,) to a  nique in presence of N&%
critical point(for example using mass spectrometiso as to The most frequently used precursors for plasma deposi-
obtain stoichiometric SilN;. Hofrichter et al*?® succeeded tion of TiO, are TiCl, (mixed with Q,),138-140T|pT 141142
in reducing[H] from 25% to 9%(increasingn from 1.74to  TEOT*® Ti(O-i—C3H,),,***1*% and T{OCH(CH,),],**®
1.96 by decreasing Sififlow rate and total working pres- (see Table )l The use of metalorganic precursors has been
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stimulated by two considerationgi) TiCl, is hazardous, interconnect microelectronic devices. The use of fluorine
highly corrosive, and it requires special installations; énd ~ arose from lowe properties of fluoropolymers and abundant
Cl can be a major contaminant in Ti@nd increase its ab- literature on fluorine-doped- Si, in which fluorine exhibits a
sorption coefficient38141 stabilizing effect; it passivates dangling bonds, and reduces
Both rutile and anatase are tetragonal and they often cdhe hydrogen content. Many methods involving plasma have
exist in the films. High temperatures and ion bombardmenbeen applied to fabricate SiOF, using different organic and
energy may be needed during growth to control the rutileinorganic precursors; most frequent are the following:
anatase concentration ratio. At temperatures below 200 °CGEOS/GFg,**" TEOS/Q/CF,'*® TEOS/G/C,F %9161
anatase is frequently observed, and it contributes to lower (or with He),'®?> SiH,/0,/CF,,'®® SiH,/N,O/SiF,,*°
Using a TiC},/He/O, mixture in an ECR/rf PECVD system, SiH,/N,O/SiH,F,,**® SiH,/SiF,/0,,'%* (or with Ar),*%®
Lee**” observed that rutile is usually formed above 600 °C,SiH,/N,O/CF,,*%¢ FTES!’ and FTES/Q/Ar'® (see Table
and that it is the only phase observed above 900 °C. For).
higher energy of the bombarding ions, they observed a lower The reasons for the low-roperties of SiOF are still un-
deposition rate, resulting from RIE due to Cl competing withder debate; this characteristic is usually attributed to ionic
film densification. However, anatase is favored at high  bonding contributions, such as the change in Si-O bond
values. For most applications, the crystallization of the filmsstrength in the neighboring ®-)F sites, or replacement
and the size of the crystallites must be carefully controlledof—OH bonds in its structure. A reduction nfhas also been
as it can give rise to light scattering. Temperature is ofterbbserved in the visible frequency range, associated with a
kept below 200°C to prevent crystallites formation. Therelaxation of the StO—Sibond angled, lower density, and
crystallization and phase change temperatures vary with filnghorter Si/Si interatomic distanée®*622%t low [F] values,
thickness,*® impurities;*® and composition of the glass and with voids formation, especially for hidl] valuest®®
substrateé™ The room-temperature deposited films generallymost of the fluorine atoms in SIOF with lofF] exist in the
possess a low concentration of GP—10%, which further  form of Si—F groups, which are formed by breaking distorted
decreases with increasifig andVs,*“* accompanied by an - |ow-¢ Si-0-Sibonds. PECVD Sigfilms are known to ex-
increase ofn from 2.25 to 2.40. The films often exhibit €x- pipjt a small-ring structur8? distorted in order to accommo-

cess oxygen conte{O/Ti>2), related to hydroxyl groups yate a bonding angle as low as 138*jn comparison to
and film density, which affects thevalue; this has also been _147° for stable(bulk) SiO,. When doped with fluorine,

: 151

reported for sputtered TidJayers. some of the rings are removed, the structure is relaxedgand
increases to 146°-148°, and its distribution becomes

4. Aluminum oxide (Al ,05) narrower:>¢1%9_ess distortion leads to lowgrand lowern

Aluminum oxide (Al,0;), frequently used as a medium- in the visible and NIR® In fact, a decrease dq with F
index material (~1.62), is rarely prepared by plasma for incorporation has been observed, in agreement with reported
optical coatings. It can be deposited using AlBY AICI, linear correlation betwee and E, obtained from band
TMA, 153 or TMAA 15 precursors, mixed with £or N,O (see  Structure and density of states calculatidhs.

Table ). AICI; reacts violently with moisture, producing Another factor important for fluorine concentrations
heat and HCI vapors; it thus requires particular care. TMAAabove 8 at. % is the formation of voids, which leads to lower
results in less carbon incorporation in the deposited layer values:® As stated above, the replacement ofdivalent

compared to TMA®* Recently, Chryssdd® demonstrated by F (monovalent atoms increases the concentration of ter-

that EF*-doped ALO; can be fabricated by plasma, using minations in the StO—Sinetwork. With largefF], the num-

Er(thd); as the erbium precursor. ber of S{O-),F, and S{O-)F; sites increases, rendering the
network more open and increasing the pore &iZélowever,
5. Tantalum pentoxide (Ta ,0s) in contact with ambient atmosphere(Gi),F, and S{O-)F;

Considerably | K has b d for PECVD ites are hydrophilic and they can react with water vapor,
onsiderably less work has been reported for 0 roducing Si—OH bonds and HF, which does not desorb at

Ta,0s, Its index was found between 2.12 and 2(46632.8 o\ heratres below 250 2 Such water sorption and the
nm).~>° The precursors used for its deposition are organome-

tallics, such as T@CHo), and TAOCH)s, and halides creation of Si—OH sites in the case of hiff| values in-

: . creases from about 1.38 to 1.4%7
(Taky), mixed with G, (see Table ! Based on the above, the key issue in SiOF films fabrica-

tion is to increas& to about 148° without forming 80-),F,
6. Fluorinated silicon dioxide (SiO  ,:F or SiOF) and voids. Depositions using high,@or N,O) concentra-
Complementary to the work on highmaterials, consid- tions were found to densify the films and to incorporate more
erable effort has been devoted to the fabrication of low F, effects attributed to higher JObombardment®® Denison
films, namely the fluorine-doped silicon dioxi¢8iO,:F, of- et al.reported stable SiIOF with=1.417 andF]=10.5at. %
ten called “SiOF"), giving rise ton between 1.41 and 1.43 obtained from high-density ECR plasma in a
(Fig. 2). This activity was mainly stimulated by its potential SiH,/SiF,/O,/Ar mixture®® The choice of precursor may
use as a low-permittivitye) material for intermetallic dielec- also affect the concentration of weak(SjF, bonds in the
tric layers, to reduce the parasitic capacitance in multilevefilm: for example, FTES has a direct Si—F bond which is
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presumably stronger than its other bori@&-O, C-C, and
C-0). Use of this precursor has been shown to reduce mois-
ture absorption, compared to TEO$# films.6”

SiOF represents an attractive lownaterial; dense, stable
films with n=1.41 andF]=12 at. % can be used in numer-
ous applications, while porous, unstable films wits 1.38
and[F]=20at. % should be combined with a dense barrier
layer (e.g., SIN 3 or TiO,) in multilayer systems.

7. Plasma polymerized fluorocarbons (PPFC)

The research on PPFC has mostly been stimulated by the
prospect of obtaining lown and low € values such as for
polytetrafluoroethylenéPTFE (for example, Dupont Teflon,
with n=1.395 or, more recently, for amorphous fluorocar-
bons, such as Dupont Teflon AF2400=1.29) or Teflon
AF1600 (h=1.31) }"° There now exists abundant literature
on the use of fluorocarbon plasmas for film deposition, and
for_ anlsotrqpm_ etching of SI_|ICOn and silicon dioxide. By Fic. 7. Variation of the refractive index dispersion of $hQ rf-plasma-
suitably adjusting the experimental parameters, one can Sh'&t—:‘posited at low temperatur@ <150 °C) from SiH /NH3/N,O mixtures.
the plasma conditions from etching to deposition mddes.

Different precursors have been explored for deposition, fre-
quently leading tan values between 1.35 and 1.38; they in- <30eV, [H]>35at. %, n~1.6), and hydrogenated amor-
clude GF,, CFs C4Fg, CiFg, HFPO? C,H,F,, CH,Fy,  phous carbond-C:H) or DLC, which itself can be either
FAS!™ and PFDCH* (Table ). Small dispersion and low soft (“polymer-like” a-C:H, E;~30-60eV,[H]~30 at. %,
index are generally attributed to a high concentration of CFn~1.6—1.8, or hard (60 eV<E;<1 keV, [H]~20at. %,n
groups in the films. Plasma-deposited films usually contain &1.8-2.2,E,=1.3-2.0eV.
significant concentration of dangling bondsstimated at In general, the characteristics of organic PECVD films
10'®-10P°spin cm %), which can react with atmospheric depend to a lesser extent on the nature of starting hydrocar-
oxygen or water vapor leading to the formation o&=©  bon gas or vapor, but rather on the energetic conditions of
groupst’**™ and to aging effects’® Pulsed PECVD has the discharge. The resulting optical properties are related to
been shown to produce PPFC with lower concentrations ofiydrogen, which contributes to the formation of C-H
dangling bond$’? In general, the PPFC films are very hy- bonds at the expense of bonds(sp? hybridization, the
drophobic and not easily compatible with highlayers in  latter ones affecting the density of states arfg),
multilayer systems, due to adhesion problems. They arejalues'®®1"818The microstructure can be further influenced
however, good candidates for smudge-resistent top ¢6ats. by dopinga-C layers with nitrogert®?'84which can lead to
higherk, higher conductivity(N acting as a dopant near the
8. Carbonaceous materials (plasma polymers, a-C:H edge of theo density-of-states in thep® matrix), and to a
DLC, polycrystalline diamond) higher Young modulus[N acting to promote three-

dimensional(3D) curvature and attachment in tisg? clus-

A large number of materials obtained by PECVD from . inal85 in i
ge_rs]; or with fluorine;*” in order to obtain higher transpar-

hydrocarbon gases or vapors have been studied for their poency

sible use in optical coatings. Their refractive index typically ) . . . N
ranges from 1.6 to 2.2, and their absorption is often not neg- P(_)ch_rystallmi diamondpc-D) films, with their high re-
ligible in the visible region k~0.002—0.8), but they are fractive index fi=2.35) and transparency over a very large

transparent in the infrared region. They are particularly at_vvavelength rangd0.2-20 um), have also attracted much

tractive in combination with their advantageous mechanicafjlttention due to their extreme hardne$$~90-100 GPa)

characteristics, such as high hardneds-(15—40 GPa), low and chemical inertnegsnany revie'w's are ayailable, for' ex-
friction coefficient (w~0.05-0.15), and high scratch resis- ample Refs. 186 and 187In the visible region, the optical

tance(see Sec. IY. These film properties strongly depend on US€ Of diamond may be limited by light scattering on the

the microstructurdsp?/sp® hybridization ratio and the hy- relatlvel_yé_ll_arge_ EWStgﬁ_Nl IMm mn ls'zet; and freque_ntl m(;
drogen concentratiofH], which are, in turn, controlled by COMPpatibility with traditional optical substrate materials due

the fabrication conditions, namely i and T values(nu-  © Pical Ts values in excess of 600°C. However, very

merous reviews exist on this subject, for example, Refs_smooth, nanocrystalline diamond filff8 or laser-polished

178-180. films'®” have been reported.

Refractive Index

Several categories of such organic PECVD films can be ) )
distinguished, but the various research groups use differerit /Mhomogeneous, graded-index materials
nomenclatures, and the boundaries between such materials Several materials are particularly suitable for the fabrica-
are rather arbitrary. This includes plasma polyméEs  tion of films with intermediate refractive indices and of in-
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homogeneousggraded index optical coatings, in which the & - " ﬂ
refractive index profilg n(z)] is continuously varied. This P e =
can be achieved by varying the gas compositirt89-192.128 2 a9 ., . .
or the film microstructure by controllingg; .*** The most . . . & .
extensively used material for this purpose is the amorphous w w . » #
hydrogenated silicon oxynitride (Si8, :H), obtained from : »
gas mixtures with Sily Then values depend on the nitriding . . ® bt " e
versus oxidizing gas rati@.g., NH;/N,O or N,/O,, see Fig. £, ® e ® ® e .
7). Since O has more affinity to Si than N, one can choose to W & ‘ L '
control only the @ flow.%® As for many other materials, the v 20 L
n value of SiIQN, :H strongly depends ofH] and Ts. In ~ . ® . o
fact, the same vs N,O/NH; dependence has been obtained 5:‘ . ® e A
for films deposited in MW plasma &E;~10eV and T,  a'e e ® *qw s €
~250°C as in MW/rf plasma atE;~160eV and T, @Onm % o .,
~30°CBL1%8 clearly illustrating the beneficial role of ion — L (a)
bombardment, in agreement with the structure zone models.

Besides then value, the deposition ratg, has to be well 410 =T
controlled at every moment of the growth process of inho- S — Model Fit
mogeneous coatings. Usuallyr,D__ increases with @ ‘5 08F - Experimental 4
concentratiort?* However, at conditions favorable for more .2

pronounced gas phase reactions, such as at elevated pressure,g 0.6k

the production of silica particles may compete with the film &

formation??° =
According to the results of detailed SE and electron spin

resonance measurements, $NO:H films exhibit homoge- oolt vty v

neous and amorphous microstructures, close to those of a 300 400 500 600 700

“solid solution;” % no crystal formation has been observed Wavelength [nm]

up to_ a Fer.np(.aratur_e of 900°C. These measurements Ie?‘d IE% 8. Nanocomposite film formed by gold clusters in a SiQmatrix: (a)

certain limitations in the use of EMA approaches to deriverem micrograph;(b) measured and modeled transmission spectra, using a

structural characteristics of such films; the main concerns argeneralized Maxwell-Garnett modéafter Ref. 283,

as follows:(i) H incorporated in the films reduceswhich is

difficult to account for in the EMA modéf®® (i) films de- . _ _ .

posited at highE; or T, values represent solid solutions at the This has been applied fg; wide-band AR coatings on Ge and

atomic level, containing O—Si—N bonds, hence no.Sied ZnS in the NIR regiot®” Similarly, addition of Q9t80 a

SiN, 5 domains can be distinguishegij ) the optical charac- hydrocarbon allowed one to varyfrom 2.13 to 1.64!

teristics may be shrouded by the presence of ppessibly S already stated, variation of in inhomogeneous coat-

filled with water vapoy, which result in lowem. ings is based on changing the gas composition or the ion

Other Si-based graded index materials have also beef1€r9Y: as a consequence, the microstrudpaeticularly the
studied. These include Ge(siO, films obtained from a po_rosny) may vary. Therefore, film stability and possible
TEOS/Q, mixture doped with TMGE® (Table ). Theirn ~ 29INg effects must be carefully assessed.
values range from 1.463 to 1.477 for TMGe/TEOS ratios
between 0% and 10%. Si-rich SiNH (absorbing films have  10. Nanocomposite films

been considered for NIR applications, benefitting from a The work on nanocomposite optical materials, formed by
change ofn values from 3.14-Si:H) to 1.72(SiNy 3:H)."°  nanometer sizé1—100 nm, mostly metalparticles embed-
Doping SiG with F, leading ton values from 1.41 to 1.47, ded in dielectric matrices, has mainly been stimulated by
has also been studied for gradedpplications:*° new film properties such as optical selectivigbsorption
AIO,Ny films obtained from AlBg/H,/N,O/N, mixtures filters; colored, decorative coatings; photothermal energy
have also been studiétf: By controlling the NO/N, ratio,n  conversiof and optical nonlinearity. The former phenom-
ranged from 1.6QAI,0;) to 2.10(AIN), E, varied between enon is linked with the surface plasmon resondricde-
5.1 and 7.0 eV, and optical transparency wa30%. The  pending on the materials combination, particle concentration,
material possessed a crystalline AIN phase at IoydMl,  their size, and shape, different colors can be obtained. In the
ratios, while it was amorphous at high ratios. The crystallin-latter case, the presence of nanoparticles leads to a substan-
ity was attributed to energetic Nions in the ECR plasma. tial local field enhancemeRt? giving rise to third-order sus-
X-ray photoelectron spectrosco¥PS) analysis revealed a ceptibility y), up to 10 6 esu?9-2%3
mixture of ALO; and AIN phases. The nanocomposite structures are usually fabricated by
As already mentioned above,of carbonaceous coatings hybrid processes, combining PECVD of orgariePFC,
can be varied over a wide range, namely from 1.6 to 2.2PPHQ or inorganic (SiQ, Al,O3, SiN; 5 matrices with si-
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multaneous sputtering or evaporation of metals such as Auer covering the entire IR-VUV-soft x-ray regiét There-

Ag, Cu, and otherg¢for more details, see Refs. 204 and.27 fore, energetic effects on the substrate materials are inevi-
Considerable effort has been devoted to analyzing the etable, especially when surface pretreatment for surface

fect of microstructure on the properties of such nanocomposcleaning, activation, and modification becomes an integral

ite materialFig. 8@)]. In this respect, invaluable informa- part of the film fabrication process. Photons with energies

tion can be obtained using EMA to interpret the SE, &d from several eV to more than 20 eV can exceed those of

and T experimental data. In fact, using the generalized;oyglent bonds, and they can penetrate deep into the mate-

Maxwell-Garnett model, considering the permittivities of ;j5| depending on the absorption characteristics of the sub-
the host and the particle materials, the depolarization factog; ote

and the inter- and intraband electron transitions, the particle In t.he case of glass, the effect of UV radiation has been

concentration, tthe:r size and sthﬁgpe&%?nzoges Obr;talned o own to be less significant in fused silica or calcium fluo-
noninvasive optical measureme : 1 uen a non- ride, compared to multicomponent glass, such as BK7. In the

destructive approach may possibly also become mvaluable_ tter material, the modified surface properties are attributed
a structural characterization tool for ultrahard nanocomposm?0 the generation of electron—hole pairs and to trapping in
coatings and other materials described in a recent reffigw. . . . L

9 different color centers associated with defget@cancies, in-

11. Exotic optical PECVD materials terstitial atoms, multivalent impurities, nonbridging oxygens,
Studies of novel “exotic’ PECVD materials are stimu- etc),?**and to ion migration towards the surface, giving rise
lated by an attempt to combine optical with electrical andto surface absorption. Annealing at 250 °C can reverse the
other effects. As an example, this group of materials includegffect of UV irradiation in some cases, depending on the
transparent conductors such as indium—tin—oxide, obtainegypes of color centers involved; however, surface absorption

from indium nitrate pentahydrate and tin—chloride pentahycannot be healed by annealing. Use of GeBped glass, in
drate in water, using an ultrasonic nebulizer in combinationyhich the absorption bands are shifted to wavelengths higher
with a rf “mist” Ar/O , plasma®* Conductive tin—oxide than in the visible and UV ranges, can mask the effect of
(Sn0y) films have also been fabricaté¥:?%® VUV radiation on transmittancd4

High-index chalcogenide glass films for NIR and IR ap-  The effect of VUV irradiation is particularly significant in

plications, such as GBa_,:H, were fabricated from & he case of polymers, such as PC, PE, and PMMA, since the
H,Se/GeH mixture diluted in H (85 vol. % in an rf plasma photon energies exceed those of chemical botids ex-
at ambient temperatur@® The n values varied from 2.56 for ample, 3.2 eV for C—C, 3.6 eV for C—H, 4.2 eV for C1&°

Se to 2.36 foa-GeSe. They were transparent in the 0.6—30

um range, and they exhibit good mechanical and chemica{imd coincide with absorption bands in the near and far UV

. . . regions. The energetic photons can penetrate to depths of
properties(hardness, stress, adhesion, and water resigtance 9 g P b b

A decrease oh has been associated with higheét]. For Ztexe_rglogunnrgr(e:g;();?ezn?Oms(;ﬁ?ga??nat?\;go Enc;h 1a¢f210t 1
similar applications, silicon carbidgSiC:H) or mixed - P ng ! whi

a-C:H/Si:H systems were studiédf The films fabricated in  ©" 2 monolayers. For these polymers, most frequently used in
a capacitively coupled rf plasma exhibited high transparency(?p,uc"f‘l appl|cat|on§, degradation mechanisms .|ncllude chain
above 500 nm, and the values varied from 2.8a-C:H at  SCiSSions, _photo-Fnes rearrgngements,_ rec_omblnauon_of pho-
Vg=—200V) to n=1.7 (SIC:H atVg=—75V). tolytic radicals, and photoinduced oxidatidwhen G is
Mixed metal—oxide films were deposited from combinedPresent®® They contribute to crosslinking or branching,
melted solid metal3-diketonates and liquid precursors by Nence creating a denser top layabout 50-100 nm thiok
means of MW plasma metalorganic chemical vaporcharacterized by a slight increase of the near-sunfecaiue
depositioR'! of yttria (Y,O,) stabilized zirconia (zrg)  (for example,An~0.02 in PC andin~0.08 in PET.?*" In
(YSZ) from Zr(acad, and Y(dpm); (Table ). The transmit- many cases, VUV radiation can lead to photon-induced ab-
tance of the films was found to be larger than 90%, with lation (etching.**® The absorption also depends on the type
=2.1. Additionally, barium titanate (BaTip and strontium ~ and concentration of additivé&)V blocking agents, antioxi-
titanate (SrTiQ), which are known for their very high per- dants, et9,?!® which are designed to protect the polymer
mittivities, were fabricated by combining melted @pm),  against UV, but which may enhance interaction with VUV in
and Stdpm), compounds(Table ) with TIPT in an G vacuum.
plasma. The refractive index of BaTiGand SrTiQ were Interest in plasma—polymer interactions has particularly
both found to be 2.19 on SiCsubstrates. The permittivity been stimulated by the use of plasma for adhesion
was estimated from capacitance—voltage curves to be improvement®2®in which the VUV photons play an impor-
X 10° for BaTiOs, and 1x 107 for SrTiO,, primarily duetoa  tant role. Strong VUV radiation has been systematically

high ionic polarizability of these materials. studied for\ values above 100 nAt®??%in which the most
_ _ effective appears to be the discharges containipgstiong
C. Effect of plasma on the optical properties of Lyman « line at 121 nm, and molecular band®, (strong

substrate materials resonant line at 130 nmand He(intense line at 57 nin In

As already discussed in Sec. Il, plasma is a rich source dhis context, one must take into account intense VUV fea-
energetic species such as ions, radicals, and photons, the latres due to the excitation of impuritiefragments of
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Interphase
5 R Method | Material Soft Hard
1.8\) 7 IR i' I
1.75} (i) SIN 1 a a-C:H
i INj3 C>) SiNy 5 :H
n 1.651 (i) 1 E Siox$yc:)H'
v 1027
1.55PC 7 1 SiOpH
1.45f 1
L Al5Og
1.35L 1 PR S I Ta,0u1"
-150-100 -50 0 50 100 150 200 9 e
. a SigNy
Distance from substrate [nm] TiO, |
Fic. 9. lllustration of a structured interfacial regigimterphasg between a Si0, ]
plasma deposited filthere SiN ;:H) and a polymer substrat®C). Sche- ® :
matic illustration of then(z) profile in the interfacial region showsi) a = c-Sif
crosslinked layer formed by plasma pretreatm@iiributed mainly to poly- = SiO, quartz (-
mer interaction with energetic VUV emitted lightand(ii) a transition layer 8 Si0, glass |-~ ]
obtained after SilN;:H deposition(modified after Ref. 21)7 =
([) PC I .............

0 5 10 15 20 25 30 35
H,, H,O, hydrocarbonsdesorbed from the chamber walls .
and from the polymer itsefft? Microhardness [GPa]

Energetic _intera(?ti_o_ns of plasma W_ith the exposed polyrg, 10. Microhardness of different PECVD optical film materials; compari-
mer surface in the initial stage of the film growth lead to theson with selected substrate and PVD materials.

formation of a physically thick, structured interfacial region
(“interphase”), composed of a crosslinked layer followed by . . _ )
a transition layer formed by intermixing of the film and sub- foré, generally consist of pressing a hard indenter into the
strate materials, and possibly by v@iRi&"22(Fig. 9). Using surface, and the appropriate hardness vélue obtained as
both noninvasive opticalin situ and ex situ ellipsometry, H=L/A, (5
photometry and invasive methodgelastic recoil detection,

transmission electron microscopgffEM), etc), the inter- . . : ; . .
FTEM) y In the case of optical coatings, the film thickness is typi-

phase has been found to be 50-100 nm thtéR?1 223t I below 1 hich makes it difficult o safi
plays a major role in the mechanical performance of filmsc @y DEIOW 1 um, WRICH MAkeS 1t diTTicult 1o Sa isfy a gen-

(see Sec. IV, and it should be included in the optical design eral requirement to limit the indentation depth below 10%—
(see Sec S/’ In situ ellipsometry trajectory graphs reveal a 20% of the film thickness, in order to avoid the influence of
graded layer at the interface also in the case of glaes- € Substrate upon the measurement rédtilf. such a con-

polymeria substratedd! possibly related to the film nucle- dition cannot be met, the resulting value must be interpreted
ation process and po,rosity as a composite hardness. For reliable hardness and elastic

(Young modulus measurements, it is recommended to pro-

IV. MECHANICAL PROPERTIES OF PLASMA- v!de the Ioad-d|splacemer1t curve, WhICh gives essential in-
sight into the elasto-plastic properties of the indented mate-

DEPOSITED OPTICAL MATERIALS rial. Frequently, the values should be corrected for the tip

The mechanical behavior of optical coatings is increasgeometry??®

ingly important, given the large variety of novel applications  In addition to indentation techniques, hardness can also be

including adhesion to substrates such as polymers, mecharterived from microscratch measurements, in whicfusu-

cal stability, and integrity in “hostile” environmentée.g., ally) hemispherical diamond stylus is displaced along the

humidity, temperature excursions, space,)ecratch, abra- sample surface with a linearly increasing load. The scratch

sion, and wear resistance, surface friction, hydrophobicityhardnessd g is then obtained as

hydrophilicity, etc. In this section, we give an overview of He—8L /72 ®)

the mechanical properties of PECVD optical film materials, S K

in particular of their intrinsic characteristics such as micro-wherel is the residual width of the scratch at a given Idad

hardness and stress, and adhesion to plastic substrates. Nu-The microhardness values of PECVD optical materials

merous mechanical testing methods have been revi¢hwed are summarized in Fig. 10, and they are compared with

example Refs. 24 and 2p4 available data for PVD films and for the most frequently

Hardness is an important “active” film property, which encountered substrat&s.It should be pointed out here that

allows one to enhance the mechanical characteristics of theigherH values are usually obtained for oW films grown

underlying substrate, such as resistance to mechanical intrat higher ion energiegypically >100 e\).

sion, low friction, and others. Hardness may be defined as a As a rule of thumb, optical materials are designated as

resistance to local plastic deformation. Hardness tests, ther8hard” when their H value is comparable or higher than that

wherelL is the applied load and is the contact area.
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Method | Material Compressive Tensile siv_e stress _ of hyd_rogen-con_taini_ng materials
: — (SiN, 3:H,a-C:H) is due to H incorporation: it has been pro-
A TiO, _ ,,,,, posed that part of the hydrogen is not chemically bonded, but
, e it is physi- or chemisorbed on inner surfaces or trapped in the
(>_) SiNy.gH — voids in the dense microstructure obtained by intense ion
Ll SiOxH . bombardment?41:18°
acH 1<—1lIEIzIN : Adhesion is the most important “passive” property of

films, since it assures the integrity of the film—substrate sys-
MgF, . tem. Quantitatively, adhesion can be expressed by the adhe-
sion forceF, (in Pa), i.e., a force necessary to separate two
materials joined together by a common interface, or by the
work of adhesionW, (in J/n?), which corresponds to the
energy to separate two surfaces. The evaluation of adhesion

TiO,
Ta205 ]
sio, |

PVD

SigN, | may be considered from two points of view) a micro-
L ; : scopic approach, which relates adhesion to the nature of
-1.0 0.5 0.0 0.5 1.0 bonding at the film—substrate interface, afid a macro-
Stress o [GPa] scopic (“technological”) approach, which involves me-

chanical testing and stability evaluation of the film—substrate
Fic. 11. Stress in different PECVD optical film materials; comparison with system.
selected PVD materials. Different models have been proposed to explain the phe-
nomena responsible for adhesion; they incl&®tié) the ab-

of silica. This applies particularly to the films fabricated on SC'Ption theory, which links the bond strength to physi- and
plastic substrates. Tha-C:H materials are shown here Chemisorption at the interfacéf) the electrostatic theory,
mainly for comparison: with their typical hardness of 20—40associating adhesion with the action of electric charges
GPa, which is about three times that of sili@usual con- ~across the film—substrate interfa¢#) the diffusion theory,
stituent involved in abrasive weathey are, together with I|nk|_ng adhe5|_on to intermixing of the two Jqlned materials at
SiN; 5:H, materials of choice for wear-resistant coatings.the interfacefiv) the rheological theory, which relates adhe-
Very often, particularly for the case of amorphous materialsSion t0 the mechanical properties and stress distribution at
harder films generally possess a high internal stress. the joint; and, finally(v) the mechanical interlocking theory,
Stress in thin films is closely related to the film micro- Which explains adhesion in terms of the microgeometry at
structure, which is a consequence of the fabrication procese interface.
attractive forces within pores lead to tensile stress ) Until now, no single theory of adhesion exists, but all of
while gas entrapment and its physi- or chemisorption in innethe mechanisms described above may participate in the case
cavities or at grain boundaries lead to compressive stress. Bf optical film applications. Fabrication of optical coatings
practical situations, the internal stresss determined from on classical substrates, such as glass, involves different
bending curvature measurements; this is expressed by ttéeaning steps. In the case of PECVD, the surfaces may be
Stoney formula, developed as early as 1§69 precleaned “in line” by exposure to a plasma environment
(for example Ar, Q ...) in order to remove any weak bound-

2
o= i Es—ds ) ary layer(WBL) arising from surface contaminatighydro-
6R (1—vy)ds carbons, water vapor, efc.
whered is the thickness, and the subscrip@ndf denote the ~ The situation is much more complex in the case of poly-

by capacitance, electromechanical, interferometric, and othdtastics, and adhesion in particular, is generally superior to
measurements, usually using a circular plate or a cantilevdhat of the films fabricated by other methods, such as PVD.
beam. This fact has been related to the presence of a physically
Typical values of stress for PECVD optical materials arethick and structured interphase between the coating and the
summarized in Fig. 11. The range offor each material is underlying polymef?? This situation is illustrated in Fig. 9
rather large, depending mainly on the ion bombardment enby an example for SiNs:H (considered here as the first
ergy. In fact, a transition from tensile to compressive stres§igh-index material in the optical desigon PC(see Sec.
has been observed for Si compound films wikgrhas been 111 C).
increased from around 10 eV to several hundreds of%V. Polymer surfaces are typically hydrophobic and chemi-
Similarly, mostly tensile stress was reported for Tidms  cally inert. Wet-chemical, flame, or corona treatments have
obtained by PICVD withE;<10eV2° while compressive routinely been used for adhesion improvement, but low pres-
stress was observed for films prepared in MW/rf plasmasure plasma modification is gaining much attention, since an
with E; values of several hundreds of é%.Very low |o_| appropriate control of discharge parameters may satisfy each
values were observed for haedC:H films (c~—0.2GPa) of the above-named adhesion mechanisms. The main effects
obtained in MW/rf plasm&8° A generally higher compres- of plasma on the exposed polymer surface?ar&(i) clean-
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. plied, giving properties close to that of an inhomogeneous
PC/SINL3 He/N, design. In this section, we give several examples of optical
61 N BT filters, while pointing out the necessity to precisely control
He E|2 the fabrication conditions.
L untreated Ar E o] AR coatings are traditionally the most frequently applied
Z ™ N.O o o systems, which consist of typically 3-5 layers in the visible
© NH 6 region? In addition, they have also made their way into ap-
= 4r 03 ) plications in the NIR(optoelectronics and solar cells, par-
o & P'geatlm;;t fime ticularly SiN,,%*3-2%%anda-C:H)*° or deep UV(for 248 and
O Fitm thickness B 1min 193 nm lithography, in order to reduce interference effects,
® d=0,5um B 2min here using Ti@**? and Si-rich Si?3%2%6.23,
W d=12um B 1 min/1min ; . .
2 When plastic substrates are used, such as in ophthalmic

applications, the AR coatings are usually applied onto a hard
coat. However, if deposited directly onto the polymeric sub-
strate, special considerations should be taken into account,
related to adhesiéf®??2and to the presence of the inter-
phase, as already mentioned above. An example of a four
layer AR system on PC is illustrated in Fig. #.An opti-

ing, (i) ablation (microetching, (iii) crosslinking, andiv) ~ Mized W design between 450 and 650 nm, using;3iN
surface-chemical functionalization. and SiQ:H as ny and n_ materials, brings the original

Even if adhesion of PECVD films to polymer surfaces Single-side reflection of 5.0% down to about 0.§%ig.
generally yields satisfactory results, such as passing the ad3(@]. After PECVD, a green shift of the reflectance spec-
hesive tape peel test, it may be further enhanced by plasnigum has been observed. The means to interpret this discrep-
pretreatment. Adhesion improvement of $i\H films on  ancy has been to introducenéz) gradient, namely the pres-
PC by MW plasma surface modification using differentence of an interphase, in the firsj laye???%[Fig. 13b)],
gases is illustrated in Fig. 12 in terms of critical loagin ~ a procedure which led to a good match with the experimental
the microscratch analysis, wheltg is a measure of the load data[Fig. 13c)]. Benefitting from knowledge of the exis-
when the film starts to delaminate. The highestvalues tence of an interphase, a reoptimized design was then ca-
were obtained when Ar, He, and,lasmas were used for pable of further reducing the overall reflectance~t6.7%
pretreatment?’ It is interesting to note that a similar result [Fig. 13d)].
has also been observed for other combinations of materials For enhanced performance, AR coating systems are fre-
such as Si@H and SiN 3:H on PMMA 28 or PP?2°Cuon  quently provided with a water-repellent or smudge-resistant
fluoropolymers®*° or Ag on polyethylené®! overcoat, usually employing fluorocarbon-basgdmateri-

The above-mentioned results suggest that improved adheds, which at a small thicknegss10 nm), do not contribute
sion, following N, plasma pretreatment, is achieved due toan additional optical effect. PPF@Q{ 1.38) films are being
rheological stabilization of the interphase due to crosslinkconsidered for such use; their surface energy is initially
ing, which leads to up to a 20-fold increase of the surfaceslightly higher than for their conventional wet- or vacuum-
microhardnes&®? This is then followed by the formation of deposited counterparts, but they appear to exhibit a better
strong, flexible, covalent linkages such as8i-Cbonds?**  |onger-term durability?3”7
Even if the general rules are known, plasma treatment should As mentioned earlier, PECVD is well suited for the fab-
be optimized for each specific film—substrate combinationyication of inhomogeneougraded-index coatings, such as
this is important, for example, in order to avoid cohesiveproadband AR quintic layers or rugate filters. In this case,
failure inside the F)Olyrne%z,8 or the formation of a WBL the n value is COﬂtinUOUSly varied betwee*“_| and ne,
when the surface is “overtreated,” and low molecular mostly by changing the gas composititii 3! although a
weight material can be created due to polymer scission reagariation of plasma density or of the bias potential is also
tions. possible!®! In such approaches, at each instant of the depo-
sition process, the(\) dispersion andrp value must be
known. A material well suited for such depositions is
SiIONNy:H, as illustrated in Fig. 7, but Si-rich
SiN, :H/SiN; 3:HZ° and TiG,/SiO, have also been tested

As we have seen in the previous section, PECVD carwith success$™®
provideny, n_, andny materials for any simple or complex A single-band rugate filter design with apodization leads
optical coating systems. The designs can be based on thrée a reflectance spectrum with suppressed side |§b&s
types of approachesi) multilayer (step index design, using 14). The design of rugate filters is often done by inverse
two or more materials(ii) inhomogeneousgraded index  Fourier-transform method8%-2*4it is however difficult to
design, andiii) quasi-inhomogeneous design, when thih ( account fom(\) dispersion with those techniques. In multi-
<\/4) layers with varied composition are consecutively ap-band rugate designs, this can be done by superposing the

Treatment gas
Fic. 12. Critical loadL. for SiN,; 3:H films deposited from a SiHNH;

mixture onto PC following MW plasma pretreatment in different gases
(modified after Ref. 227

V. EXAMPLES OF PECVD OPTICAL DEVICES
A. Optical filters
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order to define the new multiband design. Of course, the
amplitude and mean value afz) must be corrected for the
Nmin @nd Ny, available. Another way is to correct numeri-
cally the multiband design, subdividing the design into half-
period sections, and optimizing the thickness and amplitude
of each section to reproduce a given target. Figure 15 shows
the designed(z) profile and corresponding JO and NH;
measured flow-rate evolution with time, together with the
measuredl(\) spectrum of a PECVD double-band rugate
filter deposited on glag&ig. 15d)] and PO Fig. 15€)].2%% 1t
should be mentioned here that the total thickness of the ex-
ample filter in Fig. 15 is about 1&m. Complex rugate filter
designs, the effect of apodization, and deposition of quasi-
inhomogeneous filters, have been studied both theoretically
and experimentall§®18° Important consequences of the in-
homogeneous design are on the mechanical behavior of
PECVD systems; the absence of abrupt interfaces and uni-
form distribution of stress lead to superior tribological prop-
erties and adhesigif! 248

B. Integrated optics

Research on plasma-deposited optical waveguides for in-
tegrated optics started in the early 1970s, and it has contin-
ued until now with the aim to further improve their perfor-
mance(low optical losg, to increase the deposition rate, and
to make them part of more sophisticated integrated optical
systems. In most cases the goal has been to fabricate
waveguides on silicon substrates, where the cladding layer is
a thermal- or a plasma-deposited film of silicon dioxide, fol-
lowed by a patterned waveguiding core layErg. 16). Di-
rect comparison of the reported optical loss values is quite
difficult because of different measuring techniques and de-
vice concepts: for example, the differenda betweenn
values of the core and the cladding layers determines the
number of inner reflections in the waveguide and the depth
of field penetration into the cladding. For small&n, the
effect of light scattering at the surfacer interface rough-
ness becomes more important while, in turn, the cladding
layer may be thinner, and the evanescent wave is not attenu-
ated by the Si substrate.

SiON, represents a good tradeoff between compactness,
fiber match, fabrication complexity, and a possibility to com-
bine optical and electronic components on one chip, com-
pared to low-contrast technology. As the most-frequently
used core-layer material, SiR, is obtained from Sikl
mixed with N,O or O,. Depositions using Sil{ N,O/NH; or
SiH, /N,O/N, mixtures, or with SiN 5 from SiH,/NH; have
been studied?®~>**Althoughn in SiO,N, can vary between
1.45 and 2.00, a lowar range 1<1.7) is more suitable due
to a smallerAn (typically An~0.005, and due to a lesser
dependence ofi on the gas flow rate ratio. As report&d,

where A, B, Ccorrespond to different single-band designs,nonuniformity and run-to-run reproducibility of such optical
which can be calculated individually at different target wave-waveguides is 1%—-3%, while inhomogeneity and reproduc-
lengthsh 5, Ag, and\¢, using nondispersive index values ibility of nis 0.7%—-1.7%.

n(Aa), n(Ag), andn(ic),

respectively; using experimen-

Most of the waveguiding characteristics of Si-compound

tally measurech(\) values, the single-band designs are re-films have been evaluated in the visible region, where optical

defined with respect to a commanvalue, and multiplied in
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and 1.5 dB/cm in channel waveguides have beerSi have been considered, in view of the possibility of obtain-
reported:”1%% In the NIR region, however, the H- and ing low optical loss in the NIR region due to the absence of
N-containing films absorb due to the presence of O@H O-H, Si—H, and N—H group&®
1400 nm, and Si—H, thus optical losses may increase con- Plasma-deposited Si-compound waveguides were tested
siderably(~10 dB/cm).}” The concentrations of these groups on chips of integrated optical devices, such as an interferom-
can be reduced by postannealing: the O—H absorption haster pressure sensdf splitters®>° and in conjunction with
been found to disappear at 800 °C, while the N—H and Si—Hight emitting diodes, micromirrors and photodetectSsit
contributions vanished only at 1100°, both accompanied by ahould be mentioned here that such device fabrication fre-
substantial drop of loss. When the waveguides are fabricateguently combines different techniques used in various steps;
on low-loss buffer layerdsuch as thermal SiD one can besides PECVD and RIE, these can include low pressure
change the dimensions and index of the core,Biplasma- ~ CVD, sputtering, and implantation, among others.
deposited layer and avoid the problems with IR absorption, As an example, a honsymmetric Mach—Zehnder interfer-
the light propagating mostly in the claddifg. ometer chemical sensor is shown in Fig. 16. In this

Material birefringence &nyy.rg) of SiON, has been configuratior’®® the light propagating along the longer
measured(Anqy.te values are 0.810 % for SiO, 2.3  branch is more affected by the surrounding medium, the re-
x 102 when n=1.696, and—8.5x10 2 for SiN; 5, and fractive index of which is determined by its composition
attributed to stres’’ however, for SiN 5, it is more probably  (e.g., gas or liquid solutionshan in the case of a shorter
related to columnar structure, since the stress-optical coeffcounterpart. This concept requires less fabrication steps than
cient values are too small to account for the measurethe symmetric interferometer sensor, which has to be
birefringence?®® A birefringence-compensating layer may be equipped with a sensitizing window, but it generally pro-
used in the waveguide structure, which would then contain aides reduced sensitivity.
SiO, cladding, a SiN; birefringence compensating layer,  Another interesting example which illustrates device fab-
and a SiQN, core layer. rication is the gradient-inde¢GRIN) planar slab lens on Si

In addition to SiQN,, other waveguiding materials and for use in a X7 coupler, or for coupling between a laser
chemistries have been employed. These include §#&/?°®  diode and a waveguid¥ (Fig. 17). In this case, inhomoge-
or Si0,:Get*%?* (losses typically 0.1-1.5 dB/cm, 0.027 neous F-doped SiO (using SiH, O, and CRK; n
dB/cm at 1.55um), but also organosiliconé8%-?%2organo-  =1.437—1.462was used with an approximately parabaiic
metallics (Al,O;, ~20 dB/cm),?®® and Er-doped epitaxial profile, surrounded by low-index buffer layer and cladding,
Si24 PPFCH=1.38) core layers on Teflon AF cladding on for a total thickness of about 24m. The refocusing property
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of the lens was demonstrated with a fluorescence microvl. PROCESS CONTROL AND INDUSTRIAL
scope, using a spin-coated doped polymer on the GRIN len§CALE-UP
The layers were deposited at low-temperate250 °CO),
under ion bombardmert800 eV), resulting in a propagation
loss of about 0.1 dB/cm. The advantage of PECVD in that The complexity and requirements on the controin¢z)
case, compared to ion exchange, is that only one fabricatioandd values in different optical film systems definitely call
step is required to fabricate the GRIN.

Parallel to the integrated optics field, plasma has also been
used for the deposition of Fe- or Ge-doped Stre layer X
on the inner surface of silica tubes for fiber optic
preformst®2%°which actually lead to the first industrial use
of PECVD for optical applications.

A. In situ monitoring and feedback control

SLAB LENS

(@)
SiO,N . 1.470
p x'Vy S|O2 % Air (©)
2l Cladding
[0
A -,% - —Core-= === == >Z
. S 1.450}
Si ks Buffer layer
1.440b s - Silicon wafer
15105 0 5 10 15
(b) X Axis [um]

Fic. 17. Structure of PECVD GRIN slab lens showirig} the orientation,
Fic. 16. Optical waveguide: nonsymmetric Mach—Zehnder interferometer(b) the refractive-index profilédesign and measurgdand(c) the layering
sensor(after Ref. 268. nomenclaturgadapted from Ref. 257
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for the use ofin situ process monitoring. The stability, re- | Microwave power
producibility, and adjustment of the gas phase process during

the PECVD can be accomplished by optical emission spec-
troscopy, such as in the process of growing SIQfilms
while monitoring the N peak at 1009 nri’° in the growth

of nanocomposite Au/PPFC films by monitoring the Au
287.5 nm and the GF285.0nm emission lines}! or by
using actinometry for the control of CH radicals in the
growth of SiG from HMDSO/O, mixtures!'® However, di-
rect evaluation ofh(\) andd appears to be most suitable,
and this can be accomplished both by photometry and b¥ic. 18. lllustration of PECVD scale-up: coating of dome-shaped substrates
ellipsometry, using one or multiple wavelengtteee also Py MW PICVD (adapted from Refs. 20 and 284

Sec. Il A). In some cases, the light emitted from the plasma

may perturb the optical monitoring; this can, however, beyth first-order internal reflection was used to compute the
readily avoided by using a light source that is much moregptical properties of a slightly innomogeneous ;27
intense than the plasma glo@ laser for example or by  This approximation allows for fast fitting of spectta—3
using a lock-in detectolexpensive; single-wavelength moni- gfit), and for real-time monitoring ofi(z) in the case of
toring only). When using wideband monitoring with low- transparent films. Application to coatings with more complex
intensity white sources, one must subtract the plasma emisy(z) shapes and to absorbing materials calls for the use of
sion background from the signal, assuming satisfactoryapproximations with higher-order internal reflections. This
plasma stability. increases the calculation time and renders such an approach
Ellipsometry has been shown to be the most sensitivetill inapplicable for real-time monitoring In order to in-
method for monitoring optical material deposition. Recently,crease the speed of calculation, other optimization tech-
the use ofin situ SE for real-time optical coating monitoring niques have been investigated, such as a hybrid method us-
has been advanced particularly by the work ofing an extended Kalman filtéf°
Kildemo27288191.273Bacause of its phase sensitivity, ellip-
sometry can detect small changesnoédnd d: for one layer B. Industrial scale-up
deposited, direct inversion ¢, A) in (n, d) values has been
shown to be sensitive to noise and optical singularftiés,

Dome-shaped
substrate

e
S5O

o
peoss

‘0
Joleds

Gas Topump

In spite of considerable efforts to develop novel optical
: - . L film materials using PECVD, there are still only very few
while better precision was obtained when fittirg d for the publications documenting the use of PECVD in industry.

outermost thin layer onl§’* The optical thickness is the best The most significant among these appears to be the PICVD

control variable, because it can be more precisely deterf)rocess of Schott Glaswerke Gmlisee Sec. )| illustrated

mined. New experimental approaches allow one to extraGh, gy 1g. This approach, in which the substrate forms part
more information from the general Mueller matrix, Which ¢ yne reactor walls, was originally developed to coat the
describes the polarization stat_e of the _partlcu_lar _sy§l7§m. inner surface of glass tube for fiber preforms, and is now
~ For both reflectance and ellipsometric monitoring of coaty,seq o fabricate cold light reflectors for projection lamps
ings on transparent substrates, reflection from the back sidg,§ |R reflectors for energy-efficient lamps, as well as
surface of the substrate can complicate the calculation, ar\ﬁaveguides, and transparent barrier coatiigghe same
reflection from the substrate holder must be avoided; roughConcept can be extended to numerous other applications.
ening the back surface of the substrate is a frequently usgdyrge production is achieved by increasing the total number
technique. In practical applications, however, back reflectionyf small deposition chambers. According to Segflemnual
is needed, so that an appropriate method must be 'd5ed. production was 5 million lamps in 1995.
Real-time comparison of ellipsometric parameters with pre- |n the PICVD process, a certain film thickness5 nm,
calculated target trajectories can be used to stop the depogjepending on the amount of precusors Usisddeposited
tion of individual layers of a multilayer stack at the mini- during each pulse of the MW power and gas injection. This
mum target-measurement distance, without relying ompproach is suitable for the fabrication of standard interfer-
deposition-time?* One can also determine the optical prop- ence filters, but it is also appropriate to fabricate films with a
erties of the coating at certain critical points, and correct theyuasi-inhomogeneous desidfiip-flop design based on a
ongoing desigr!® Since most substrates and films are transsequence of very thim,, andn, layers, giving rise to the
parent, phase-modulated ellipsometry or rotating-element elesiredn. value.
lipsometry with a compensator should be used to avoid im- A pilot-scale, batch-continuous experimental system us-
precision of measurements withnear 0° and 180°. ing the dual-mode MW/rf approach has been developed at
Another advantage of ellipsometry is its small sensitivity Ecole Polytechnique de Montk(see Fig. 19 It allows one
to plasma emission during the measurements. So far, th® accommodate a flexible substrate, 30 cm in width, for
method has been applied to plasma-deposited multil&fers different process steps, including surface pretreatment for en-
and slowly varying inde%® structures. In the latter case, an hanced adhesion, alternating depositionsgfandn, mate-
elegant formulation of a generalized WKBJ approximationrials, as well as of a top coat with a desired surface energy.
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Microwave MW Applicator designs appropriate for PVD can also be applied in the case
Generator uartz Window of PECVD. In addition, however, PECVD of optical films
Plasma region offers ce_rtaln |mportant advantages compared to other tech-
Gas o RF Electrode niques; in particular, these are the following:
—> PET Film (i) PECVD makes it possible to deposit optical film sys-

g . tems at high rate6>1 nm/9, including theny material, at
low T4 (ambienj, over large areas, in batch or continuous
modes. This is most frequently accomplished in high fre-

To pump quency(MW or rf) plasma systems with different levels of
sophistication(independent control oE; and ¢;, pulsing,
etc).

(i) Appropriate control of the gas composition allows one
to deposit multilayer interference optical systems, inhomoge-
neous(graded indexoptical films(rugate filterg, as well as
films with a desired intermediate index.

Motor

Drive RF Source (iiil) PECVD is very attractive for the fabrication of opti-
Fic. 19. MWI/rf plasma system for continuous or batch depositipom Cal_anEQUIdes on Si substrates; the films posses.s Sl_mable
Ref. 221. optical performance (loss0.2 dB/cm), good mechanical in-

tegrity, and they are fully compatible with the already exist-
ing Si-based fabrication technology.
(iv) Besides the desired optical characteristics, PECVD
The same reactor can be applied for stationary batch coatingffers superior mechanical performance in terms of adhesion,
while adopting, for example, an inhomogeneous optical destress, and hardness, and it provides additional functions
sign. such as mechanical protectidacratch-resistant hard coat-
Other concepts of plasma systems have also been prgngs) barriers against permeation of gases or vapors, surface
posed for the fabrication of optical coatings, among themhydrophobicity, hydrophilicity, low friction, etc. This tech-
DECR reactorgsee Fig. &)]. nique is particularly suitable for the deposition of optical
In general, the characteristics of a suitable plasma react@fims on plastic substrates, for which excellent adhesion and
are dictated by the requirements of the desired optical sysnechanical behavior has been demonstrated, mainly due to
tem, in which the decisive factors are as follows: the choicghe presence of a physically thick interfacial regitine so-
of the ny and n_ materials, control and reproducibility of cgjled interphase
n(z), the component size and film uniformity, and the total  Eyen if a considerable amount of knowledge has been
film thickness. In addition, the deposition rate is a tradeoffaccumulated, there are still numerous unexplored areas,
between consideration of film microstructure, film stress, anqyhich clearly deserve attention: these include the search for
precision in the thickness control. Un|f0rm|ty better than 1%nove| precursors for h|gh_ and low-index materialsy the fab-
over 10 cm can be achieved, while a deposition rate of 1-Zication of films for active devices with a simultaneous con-
nm/s is a good practical value for high qualitlense optical o] of electrical conductivity, nonlinear optical properties,
coatings. It should be noted here, however, that such consigmq other desirable characteristics; this can be achieved, for
erations are very general, specific aspects depending on tR&ample, via novel nanocomposites materials, impraved
device to be fabricated. For example, the total thickness oty control of the deposition process, different approaches
AR coatings in the VIS is about 0.4m, while a narrow-  facilitating the industrial scale-up, the reproducibility, etc.
band filter in the NIR composed of several hundreds of layyye trust that all these aspects will be addressed in due
ers may be 5Qum thick, as compared to about }0n thick-  course, thanks to challenges being offered by optics, optical

ness for a homogeneous monomode optical waveguid@ommunications, and optical signal processing technology
Careful optimization is required to accommodate specifiGnhdustries.

substrate materialgglass, polymers,),. sizes and shapes
(flat, curved, rough,).
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