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PLASMA DEPOSITION OF POLYMER FILMS
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ABSTRACT:

‘fhe basic principles of plasma polymerization processes are
examined along with reactor architecture’s, Empliasis is given
to the chemistry of the discharge and 1o active species and
deposition  precursors with the aim of correlating film
compositions  with  discharge internal  parameters. The
processes for the deposition of films of flucropalymers, metal
containing  polymess, §i0; likes and silicone-likes, and
amorphous carbon ave examined as case studies.

1. INTRODUCTION

It has been know for wmany decades that the
introduction of a monomer into a glow discharge,
independently of the presenice of an inert gas carrier, produces
various fragments which rearranpe through many gas-phase
and surface processes leading to the formation of a variety of
addition compounds and of thin fifms on the inner surfaces of
the reactor. For many years plasma thin films were considered
an accidental occurrence in hydrocarbon discharges and
undesirable by-products to be eliminated. Only after the 60's
somie researchers showed an interest in their advantageous
characteristics [1]. 1f such films are cbtpined under controlled
conditions, that is, at the desired substrate temperature, gas
pressure and electrlcal discharge parameters, they have unique
characteristics allowing their classification as an entirely new
class of miateriats with only small or negligible correlation with
their counterparts obtained by conventional techniques.

Good quality plasma thin films have thicknesses
sanging from few hundreds A's 1o'a few '8, are pinhole free,
hamogesneotis, and show good adhesion to various substrates.
The principa: structural diflerences fiom conventional
counterparts are variable stoichiometry {(depending ‘on the
exverimentnl conditions), nigher cross-linking degrec and

* variable chemical-physical properties, such as wettability,

chemical ineriness, diclectric parameters, barrier properties,
hardness, ate. A typical example is. given by Plasma
Polymerized Fluotinated Momnomers (PPFM) which can be
wilored either as Tefllop-like with an dverall (CFyg)y
stoichionietry (non wettable anc inert filins), either as partially
fluorinated caibon filins, e.g0 (CEya)y, (high cross-linking and
welable} [1.2], or as @ dismond-like film, a-C:H.F [3] (hard,
most carhon sp? hybridized),

In the remainder of this article characteristics of
deposition processes are given (section 2). Reactor geometry
will be diseussed in section 3. Then, as practical examples, in
sections 4 through 7 flucropelymer, metal-containing, silicon-
carbon containing, and amorphous carbon films are examined.
2 GLOW-DISCHARGE POLYMERIZATION
PROCESSES

The reaction kinetics involved in glow discharge
polymerization are extremely complex and the attempt of
abstracting a general peture describing all possible situations
would be sterile and misleading. The usual generalization used
for cohventional polymers can not be used with the same
meaning, a particular example being the word "monomer”
which ndicates the unit miolecule repeated in conventional
polymeric chains; for instance, polvieteafiuorocthylene denotes
a polymer in which tetraflucro-ethylene represents the
monomer unit repeated n fines in each chain. Tn glow
discharge polynierization, in most cases, the structure of the
feed gas is not retained because different radicels, ions, atoms,
ete., can be formed i the discharge medium: Nevertheless, the
word "monomer” is sometimes utilized in Glow Dischiarge
Polymerization or Deposition simply to denote the feed gas.

Two general considerations on compeling prooesses
can, however, be made to describe discharge polymerization,
i.e. elching-deposition comperifion. apd gas phase-stitface
conpetiiGn. '

2.1, EFCHING-DEPOSITION COMPETITION

[t is well knowss that etching-deposition competition is
a rather general phenomenon, some feeds ean in fact be
utilized in glow discharges both for deposition and etching
processes [4]. A well known example is given by SiFy- and
SiClg-containing feeds, utilized for the deposition of -
amorphous silicon, a-St:H, X (X=F or Cl), or for etching of
meny materials (e.g. Si, Si0y, Al, GaAs, ete)). Usually atoms,
partictdarly Fand O atewms, are reearded as the active species
for etehing, while radicals are considered "building blocks" for
the construction of organic and inotganic flms. A glow
discharge fed with reactive organic gases preduces both types
of species, The béhavior of freon discharges can fairly well
illustrate such competition: the discharge medium contains
both classes of ‘active species (F atoms and CF radicals), so
their concentration ratio [FJ[CF] in the plasea phase wiil
characlerize their ability as etchant or polymertzing discharges
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Howaver, if a gas is added toa freon feed able toeduge (] in
plasma phase, ihe radical concentration prevails amil the
plasma {8 switched into & polymerizing mode In faet, iF
liydvogen is added, reacts with Faatoms featling e dueactive
. Sinvitar conditions can be obtained suther Yol foohe
Ireon fred an unsiturited, as forinstance Calle, 001 € 1y
ele,, or by loading the reactor with Jarue Slicon gz
(which react with. F, leading to: the: elch protliets Sty sl
S157). 0On the othicr hand, if oxXygen is now ddded Yo o )
acts both as & polymer etchaut and as & polymetization
inhibitor: it reacts dircctly with polynier units leading fo
volatile compounds orit selectively reaets withy CFy radicdls
and subtrgct them from gas phase, inhibiting palymerization
process. Figure T [4] Musicates thie hehavior 'of fiton feeds in
the presence of different additives
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1
CF
I.'
1ite
REDUCING OXIDIZING
AGENTS AGENTS
(g ¥, CoF S f (03)
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Elching ' Etching T

polymerization T polymerization

adaition compoungs T addition compounds. 4

Figare 1. Effcet of foreign gas additions to a ficon on the
eteliing/polymerizing casability of'a glow disclarge.
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2.7 GAS PHASE-SURFACE COMPETTIION
A qilite generdl scheme representing the fute of @
“mvsomer molecule”, A, entering o glow disclitrge.is sketehed

as follows:

ADDITION COMPOUNDS

o andfor
- RADICALS
LA A ,///'
RIS o N "
AT T IWETIEN e
POLYMER FILM

where R represents’ vatious: radicals, In this scheine A i
transformied by plasma activation into: various fragments,
including atoms, radicals, ions and other molecules

Radicals (sometimes also atoms ) have & two-feld fae:
tlhiey can, in faet, form addition compounds (branch a) through
several reaciions paths. These compounds can react in the sas
phiase: with: other radicals and unsatucates and form hewvier

radicals sndor intermediste polynigric clhaing: Radicals pi tie

other hand, can also contribite tothe film growth difectly by
reatcting with "active! surface sites ofthe Glm (beanclhi b),
The formaton of leavier and Heavier additian
compounds in reaction 1 can be eahanced by lncreasing the
preduction of radicals and ‘decreasing thicir diffugion 1o fhe
substrate, i other words, at ligh powers andfer pressiees. T
this case, polymer formation can also occut directly in the gas
phase_ through 1hie formation of pelymer naclel. §F the radicill

‘productian is decreasad and also their diffusion is mereased,

route i is trigaered amd radicalsican 'stick” on palymer surface
directly from gas phase, Generally, the competition between
gassphase formation of intermediate compounds or gas-phase
ieler and surface reaction is frequently met and depends on
diseliarge parameters and feed pases [2, 5-7]

3. REACTORS

The most wicfcly used reactor configurations for Plasma
Enhanced Chenneal Vapor Deposition (PECYD) <can be
breadly divided inig three classes:

a) electrodeless microwave (MW) or high frequency (HT)
reactors, =

bY external ¢lectrodes “tubular reactors”,

¢)internal electrodes "parallel plate reactars"

The clicice of the experimerital ariafigement can
greatly affect the deposition rate. and deposit’ properties:
consequenily, it is important to use thie experimental system
which is appropriate to the specific applications.

3.1 ELECTRODELESS REACTORS
Micrownve powered systens are characterizad by the

use tubular quartz or Pyrex resctors and a resenant cavily
coupled with a power supply in the Gliz (ypically 2.45)
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region, as schematized in ﬁgure 2. The plasma is gencrated in
the cavity and the deposit is generally collected ouvtside the
glow [18-10}.
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Figure 2. Schematic of a microwave powered tubular
discharge: A) resonant cavity; B) generator, €) and D) usual
sample position.
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Figure 3. Log log plot of (WP) vs excitation frequency. P is
the absorbed power ard R the deposition rate. The upper
curve pertains to PP isobutylene, the lower one PP
perflucrocyslabutane.

Claude er @l [11-13] and Weitheimer ef al[14] hav=
studied the difference between these discharges and RF ones.
These authors have wused systems connected. to an
electromagnetic Surface Wave (SW) generator in order to
investigate the effect of frequency changes on the deposition

processes (e.g: fluorocarbon deposition) keeping constant all
other parameters. The ratio of depaosition rate R 1o input
power P vs the frequency is shown in Figure 3. It can be seen
that R/P increases with frequency, reaching a platean. The key
parameter, however, is the v/o ratio, where v is the effective
average electron-neutral collision frequency for momentum
transfer, and o the wave angular frequency {o= 2pf ). These
experimental data are in agreement with the theoretical model
of Ferreira and Loureiro [15].

The differences between RF and MW discharges can
be summarized as follows:

1) the Electron Energy Distribution Function (EEDE)
of the glow tends to become increasingly Maxweltian for MW
discharges; at the sane time the high-energy tail population
increases with decreasing v/w (MW regime). This leads to a
plasma composition with an enrichment of excited species
having high excitation threshold energies;

2) the average electron energy slightly decreases with
/W,

3) MW plasmas are usually characterized by higher
density of active species, electrons and ions for the same.
absorbed power. ;

Surfuces exposed to MW discharges are subjected to 4
non intense bombardment of either negative (mainly electrons)
and positive (ions) particles, since the sheath potential drop
{floating substrate) is quite small and the charged particles can
niot be accelerated during the applied eycle, which is too shert,

Large differences are therefore expected between MW
and RF generated thin films due to the different active species
production and to the differént role played by ions and
electrons. Unfortunately, to these authors knowledge, a
comprehensive study on this subject has never been performed.
An altempt to study these phenomena is reported by
Kammermaier ef al. [8], but the different sample positions with
respect to the glow region in MW and RF discharges, makes
the comparison of results rather dilficult.

3.2.REACTORS WITH EXTERNAL ELECTRODES

External electrode reactors ‘can be either capacitively
coupled (Fig 4a); insulating {(glass, quartz, or alumina} tubular
reaciors are usually utilized, The power is transmitted from a
power supply to the gas by a capacitor and a coil, respectively.
Inductively coupled tubular reactors, when operating al low
pressure (p<<1 Torr), are not uniformly coupled to the supply
because coupling quality gradually increases with increasing
with- increasing working pressure [16]. These systems are
generally used for experiments in which charged particle
bombardment is not one of the major concems.

When the discharge glows, aiter a short transient time,
the gas reaches an average plasma potential Vp and any
insulated surface, in contact with the plasmg, reaches a {loating
potential VFf (always negative compared to Vp). Positive ions
are accelerated and again energy, electrons apd negative ions
are decelerated by (Vp-Vi) when they cross the sheath over 4
floating surface.

The evaluation of the positive-ions accelerating
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potential is not simple, because it depends on the experimental
working conditions, However, by keeping constant the other
parameters, the accelerating potential can be more easily
vatied in mternal electrode configuration ratiter than in tubular
reactors; As 8 consequence, charged particle bombardment is
less effective in external electrode systems.

Mun}, different experimental anang&:ments have besn
reported in the literature, which differ basically in power
supplies, reacior geomelyy, and sample position. The working
frequency of the most commonly used power gencrators
ranges from 13.36 to 35 MHz, while tube geometry changes
from author to author (seé e.g. ref 17-19) and sample position
can vary, as-t is schematically shown in Figure 4b [17,18], in
order to obtain films with dlﬁ'crcnt copiposition’ and
prapeities.

Capacilive coupling

laductive coupliag

Figure 4 a} Schematics of capacitive or inductive external
electrode reactors, b) Usual sample position. ¢) Internal
electiede reaclors.

3.3. REACTORS WITH INTERNAL'ELECTRODES

Different types of reactors have been developed during
the last years, as flal bed, parallel plate, planar, diede, etc
reactors; their main distinctive features are: power supply,
coupling ‘system, vacuum chamber, RF driven electrode,
grounded electrede and eventually one or more substrate
holders:(Figure 4¢). With these systeins, attention must be paid
to the appropriate working conditions and geometries, since
they can deeply influence the extent ofion bombardment on
the substraie (besides, of course, electron energy distribution
function and aclive species production). It is, in fact, reported
by several authors [16, 20-22] that the Aj/Ay ratio, where Ay
is the area of the driven and Ay that of all other surfaces in
contact swith the plasma, as well as the coupling system, can
affect bath Vp-Vg and Vp-Vy., where Vi, is the cathode de
self-bias potential (Figare 5A) ‘As a comsequence, AyAg
aflects the energy of jons bombarding flaating, grounded, and
target surfaces. Increasing Ay/Aq tatio results in increasing the
potential drop over the target and in decreasing the potential
drep: over a floating substrate [22]. An estimation of the
average plasma  polential Vp can be cbiained by

Vp(V pm ¥p)/2 (see Figure 5A), where \rpp is the peak-to-
peak voltage of the applied RF field [22].
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Figure SA. 1) Discharge potentials (p = plasma), £ =
floating, b = d.c. sell bias) evolition. Dashed and continuous
curye refer torinstantaneous excitation and plasma potential
values. 11) Schematics of diode configuration maximizing d.c.
self bias on target electrode.

Power supplies coupled to reactors with internal
electrodes generally work in the KHz or MHz regions. The RF
period influcnces the lon Transit Frequency (ITF), defined as
the frequency above which ions'do not cross the sheath in less
than half RF cycles. For frequencies below ITF, crossing ions
are controlled by the instantaneous plasma potential, while for
frequencies above ITF, ions cross the sheath slowly conipared
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to plasma potential fluctuations, and this leads to an average
plasma potential influencing the chatged particles arrival to a
surface [23]. As a consequence, sharp: distributions with a
quite low maximum jon energy are expected at excitation
frequencies over TTF,

Vacuum chambers can be made either of glass or
conductive material, for a better shielding from external
sources. In general, there are not particular design problems
with the grounded electrode besides its area. On the contrary,
the design and arrangement of the cathode require special care;
a metallic shield surrounding the electrode highly improves the
glow confinement inside the interelectrodic space, and the
electrode material and area greatly affect the extent of
spulttering op the target.

Asymmelric  low-pressure  systems  (A¢Ag>>1),
coupled with high input power; can release large amounts of
material by sputtering of the powered electrode. In erder to
avoid gas-phase and polymer contamination by non volatile
material, it could be advisable to work with reactive targets
that do not release contaminants. For fluorocarbon deposition,
graphite, Si0y or teflon largets can be utilized [24, 25,
graphite produces flucrocarbon species and etch producis:

C+xF > CFx (-2)

and acts as a fuorine atom scavenger leading to plasma
conditions with low F/C ratio [25], a condition which is highly
desirzble in plasma polymerization. SiO; can produce SiFy and
CO, according (o

$i0; + CFy ——-=>C0, + Sify - 3

These species, however, do not appreciably change the C/F
ratio, but they can change gas phase characteristics and can
lead to some film contamination (81, O). Teflon targets do not
aifect the C/F ratio, but may require suitable arrangeinents due
to their particular electrical properties.

Substrates are generally positioned on the ground
electrode ar on a third one (substrate electrode) which can be
inserted inte the glow. The three elecirede arrangement, catled
‘iiode’, is very useful for studying the effects of positive ion
bombardment on the deposition rate and on film properties.
The substrate eleetirode can be negatively biased with RE
voltage by means of a second RY eenerator [25], or by #
capacitive power distribution between (e driving and the
substrate electrode [26,27], as it is shown in Figure 3B. Since
the substrate elecirode can be made relativey small in
comparison. with the niain RE electrode, the arrangement
allows to change significantly the substrate bias voltage with
o appreciable change of total pewer input i the discharge
[28, 29] and, coasequently, its chemical composition. In any
case a correct approach to the issue of controlling the effect of
bias on the deposition is to verify, by means of some
diagnostic techniques, the eventual changes induced by bias
superpasition in the plasma density and potential. Suitable
techniques ars, for example. Actinometric Optical Emission

Spectrescopy (AOES) [30-33] and electrical probe analysis:

2 | Fs

wd 5
ff

=3 ik
i o

Figure 5B. Schemalics of triode reactors utilized for
thin film depositions, I) Target (2) and biased depesition
electrode (4) are driven by separate RF generators (1,1a), 3 is
the grounded surface. 11) As for A, but driven by one RF
generdtor with a capacitive power distribution device.

3.4 MAGNETRON REACTORS

Magnetron  reactors  comslitute an  impertant
development in devices for plasma-assisted processing of
materials. This kind of reactor includes all systems where an
additional magnetic field i3 superimposed to the main
glectromagnetic fleld sustaining the discliarge. In these systems
the eleetrons under the influence of the magnetic ficld, foillow a
spiral path which leads to a decrease of the effective mean free
path. and to an jncrease of electron and ‘active species
concentration. . The scape of the charged particles from the
glow: region is markedly decreased and a more infense and
confined plasma is ohtained. Useal problems met with
magnetically-aided plasmas (also ECR systems fall in this
category) are a higher inhomogeneity of both the growth rate
and the chemieal composition of the deposited material. The
main advantages are a reduced working pressure (about one
‘order of magnitude lower) and a reduced radiation damage of
substrates. In fact, there are larger number densities of pasitive
ions hitting the surfaces, but at lower accelerating potentials.

4. FLUOROPOLYMERS

The study of freon-fed discharges has been Lhe object
of intensive research in the last decade [4, 6, 7, 34-36],
because of their relevance as: a) suitable plasmas to promote
etching of a variety of substrates utilized in microelectronic
technologies and, b) plasmas allowing the deposition of Plasma
Polymerized Fluorinated Monomers (PPEN) fil ns, also said
Teflon-like films,

The reasons for the wide utilization. of Tellon-like
coatings are the good adhesion 1e many organie and inerganic
substrates, the presence of low intermolscular forces, which
‘give tise 1o relative inert surfaces with exiremely low fiee
energy [7], the biocompatibility, the low coefficient [37, 38],
and the chemical composition and crossliking degree, which
can be changed in a broad range producing custom-tuilored
films; for protection of a variety of plasties, fibers and metals
[1,2, 7]
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Figure 6. Polymerization and etching reginies as a function of
-ted F/C and of substrate bias,

The versatility of fluorocarbon plasmas essentially i

witnesses the ability to praduce two kinds of long-lived active
species in the discharge, 7e. F atoms and CF, radicals. F
atoms trigger the etching of many substeates and allow the
Buorination. of many orgatic suifaces, while the radicals form
various deposits of Teflon-like filins, '

Coburn and Winters, and Kay ef af, [36] have shown
that, for discharges. fed with fluorine-bearing gases, the
fluarine-to-tarbon ratio, F/C, of the feed monomer can be
used as a simple parameter enabling to keep in perspective the
polymerizing and etching nature. of the glows. In fact, in
Figure 6 it is shown that a discharge can be operated in a
polymerizing or etching mode depending on the monémer
finerineto-carbon ratio, at a fixed ‘bies voltage of the
substrate.

The boundary region can be crossed by changing the
monemer F/C ratio. This sort of "thumb rule" has been shown
to be qualitatively valid because there is a direct quantitative
correlation (even though non linear) between the monomer
Fi€ and the plasma-phase concentration ratio [FVICE,], where
F atoms and CF radicals are the active species for etching and
polymerization respectively [4]. The correlation between C/F
and [CEJ/{F] can be appreciated from figure 7 [4], where the
relative densities of CF, CF,, and CF; radicals, of F atoms,
and of fast electrons (>11 eV) are reported for discharges fed
with CyFypes (0 = 13) and CFiCI Data for the
tetrafluorocthylene are also included for comparisen.

It-can be seen from figure 7 that the density of radicals
increases wilh increasing feed C/F, while the density of atoms
decreases. The density of radicals, however, is not linear with
C/F The opposite trends shown by CF, radicals and F atoms
in flucrinated feeds is a dircet consequence of the fast
recombination process that these species undergo in the
plasma, i e it is impossible to-obtzin bath species in large
concentration in the same medium. From the trends of Figure
7, one can classify the various fluorinated feeds on the basics
of the expected polymerizing ability with the following order:

C1F4 > C‘_;Fs > C:zF(J >CF_§
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Figure 7. Histogram of he relative densities of mdic‘r{ls. F
atoms and electrons (dashed curve), obtained by AOQES (see
text), for various fluorinated fecds.

Obviously the opposite order has to be expected For the
etching ability.

For the atoresaid reasons, the detection and monitoring
of active species, as well as the definition of discharge

geometries, are important for justifying .he depesition of

teflon-like films, and allow a non-trivial classification of film
preperties, as it will be shown later.

Optical Emission Spectroscopy (OES), is generally the
most utilized technique for low pressure discharges. In
particular, however, Actinometric Optical  Emission
Spectroscopy (AOES) has been found to be one of the most
powerful, non intrusive, diagnostic techniques for monitering
CFy radicals, F atoms and the trends of electrons at various
energies. Since'a discussion of AGES is out of the scope of
this chapter, readers can sake reference to Coburn et al. [39]
and d'Agostine et al [52,33,39:43]. Most of duta shown in the
remainder in: this section have been obtained by means of
AOES.

4.LDEPOSITION MECHANISM OF TEFLON-LIKE
FILMS :

It has been shown (2,4,30-33,44] that a high'[CF J/[F]
tatio in the discharge is not the only sufficient condition to
obtain high polymerization rates; two additional conditions are
required:

_ a) plasma media with relatively high density either of
fast electrons (> 11 eV) for substrates under floating
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conditions, or of positive ions, for biased substrates. This can

enstire, dué to the bombardment of the surfaces by charged
particles, a growth process which acecurs through reactions of
radicals with activated polymer sites;

b) rather low substrate temperatures. The adsorption-
desorption equilibrium of CFy radicals, which is exothermic, in
fact rezulates the overall kinetics of polymerization, leading to
an apparent activation energy which becomes increasingly,
negative at higher substrate temperatures.

This behavior has been interpreted as a consequence of
a film growth mechanism occurring through the reaction of
radicals with polymer sites “setivated" by charged particle
boribardment. A simplified Activated Growth Model (AGM)
has been suggested to give account of the experimental results.
AGM implies that branch b of reaction (1) in section 2.2 can
be represented as:

enhances the etching characteristics Hydrogen, hydrocarbon
and unsaturates, on the other hand, can all produce the
opposite effects [30,333,40,45] according to an ovesall
reaction scheme of the type:

ka
CoFonee 2 | Ho C2Fa P POLYMER
F
i

Ha, CnFonez , G2 Fa

HF, Cz Fs

(g)

where step a represent all the plasma activation channels in the
presence or absenee of plasma additives, step p accounts for

|

| < s .

T « polymer formation, and steps £ are the recombinative routes,

{POL) ‘ : S o e A e

| 3 which are particularly important in the presence of additives).
CFy —omemeee > (POL) (4

. ‘ i 1 lata of

| - » ¥ £ ot ; As &n example of the good fit to experimental ¢ '

L where CF, radicals can stick efficiently only en activated AGM, one can examine figures 8 anid ‘9, where trends of

polymer surface-sites, (POL),» leading to an increase of one
unit, (POLY,ep. Obviously, activation by fast electrons and
positive ions, and termination by neutrals M also occurs:

(1", &) + (POLY, ... =(POLY", (5)

(POLY", + M --——->(POL), (6)

T an be shawn [33], by the use of simple mathematics,
that the kinetics equations (4-6) lead to a polymerization rate,
RP, which can be expressed by:

Rp = K [CF] flng) 7

where f{ng) is a function of charged particles, either electrons
or positive ions. Equation (7) has been ’Fcund to fit
experimental dala once trends of CFy radicals and of elections:
are obiained by ACES, whatever are feed composition,
substrate position and discharge pressure (< 3 torr, olherwise
step @ of equation (1) in section 2.2 becomes, operative),
provided substrate bias potential and input power are not so
high to trigger {he sputter-etching of the film, or the formaticn
of nuclei in the gas phase, respectively.

plasma aclive species and polymerization rates, both
experimental and’ caleulated according to equation (7).
respectively, are plotted s function of percent of hydrogen in
BCZFﬁ feed.

1c a E.F=Ha
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4.2. FEED COMPOSITION i i T~
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The effect of feeding the glow with pure freons Hag | PERGENT RYGROGEN IN FEES

been shortly discussed in section 4. It is important 1o realize,
however, that discharge characteristics, particularly [CEH(F]
ratio; can markedly be varied by adding Lo freon feeds variable
amounts of different gases, which can act as scavengers of F
atoms or of CF, radicals. Oxygen is a typical CF scavenger
and its introdiiction reduces the deposition performances while

Figure 8. Trends of actinemeter (He, Ar, N;) enfissions and of
concentrations of radicals ant atoms vy, Hy% in CyFy,.
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When the substrates are placed on a negatively biased
electrade [44], the charged particles activating polymer sites
are likely positive ions, due to: the negative self-bias of target
electrodes. Figure 10 [25], obtained in CF-C5F; discharges,
shows another important eifect of positive fons, ie. by
increasing the energy of ions impinging on the substrate, a
competition of etching and sputtering processes occurs during
polymerization. One can eenclude that, in the presence of
highly energetic ion bonibardment, the rate expression for
polymerization has to take inte account the negative
contributions of ion-assisted etching and sputtering:

Ry=Kyy [CETI K[ Fla(th)-Kgp (1" ()
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Figare 9. Comparison of experimental (open cireles) and
calculated (by means of AGM; black eircles - cuive obtained
by using the experimental CF, trénd: triangles- curve obtained
by using CF trend) pelymerization rates vs, Hy %5 in CoFy.
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Figure 10 Depesition and eteliing rates v bias voltage for
ditlerent CFy-C5F, mixtures.

. 4.3, THE EFFECT OF SUBSTRATE TEMPERATURE

it has been showsn [2] tiat, when polyimerization
occurs on a floating substrale immersed in the glow,. the
substrate temperature increases from rootn température up o
150°C, for discharges fed with CyFg-H, mixtures at 300
mtorr, 25 scomitotal flow, and 45W. Under these conditions, it
has been reported that instaptancous polymerization rates
continuously decrease and' ‘#re characterized by twoa main
features:

1} Rps do not shew an Arhenius type behaviour
because ol the apparent negative aclivation energy;

2) at lower temperatures the apparent activation energy
isiclose to zero,

A competition between fwo regimes, an adsérption-
desorption equilibrivm and a chemical surfiice reaction, can
account forthis behaviour:

CFy(g) >  CF (surf) (100

CFy @urty * S8 - POLYMER (1)

in which 8S of equation (11) are surfice sites which can
gengrdte a polymer unil.

_ “This Pormulation is not i contrast whit AGML IL is; in
fact, sufficient to consider physical, (10), and chemical, (11},
conmribuians,

44, THE CHEMICAL STRUCTURE OF TEFLON-
LIKES

The most attractive frature of plasma polymerized
films and, in panticular, of PPFM, or Teflon Like, coatings is
the large range of compesitions and structures and the
possibilily of controiling its variation by means of externzl
plasma parameter, ¢.g leed composition, bias superposition
and power density, which affect CF, radical distribution and
charged particle bombardment. X-ray  Photoelectron
Spectrascopy (XP'S or ESCA) is the most urilized techuique to
investigate the PPFM film chemical stiucture, because of the
large difftrences in electronegativity between F and € As a
consequence, photoelectrons emitted by Cls display a broad
overalll spestrum which is the result of the superposition of
several components with different binding encrgies (BE)
Usually, decompesition procedures are aviilable which allow
an unambigueus deconvelution of the overall speetrum

The peak centered at 285.0 eV can be due either to
carbon not directly attached to fluorine, having no P fluodne
substituents, or to -CH groups. In some cases, the contribution
of quaternary carbon is predominaint. PPEN stoichiometry can
be easily calculated either by the total integrated intensity of F
Els and Cls or by the distiibution of the intesrated intensities
of the various components of Cls speetrum Iy is alsoe
important to notice that the integrated infensity of -C-CF and -
C- components, with respect to the overall ls, is @ direct
measurentent of tie degree of branching and eross-linking of
the polyimer films. 2
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Figure 11, XPS Cfs spectra of films deposited at various
H,% in CoFg: a) 20%, b) 50%, <) 70%

Mai:i features of these spectra are [2,46-48]:-CF; (BE=294.0
eV),-CF, [BE=202.1 eV)-CF (BE=294.0 V)-C-CF
(BE=2873 &V), and -C- (BE=285.0 eV)as showi in figure | 1.

The: continuous addition of hydrogen to a discharge
fed by a perfluorinated freom, by keeping constant both
pressure and total gas fOow rale. causes a variation of film
sinucture asit ean be'séen from figares 11 and 12.
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Figire 12. Relative abundance of carbon grosps and overall
F/C satio of the films vs. Ha% in CyFg

Figure 12 shows that the hydrogen addition lo inlet CyFg

chariges the overall film stoichiometry and the component
distribution by progressively favouring less fluorinated film
compositiens, film branching and cross-linking. These results
should be compired with those of Figure 8 where 1he
hydrogen effect on gas phase radical distribution mirrors the

‘effet an film components. In faet, also in the gas phase less

fuorinated madicals are favoured, Obviously, the relative
abundance of film componetts can not be a simple

011

"photography" of the gas-phase radical distribution because of
ion anti/or eleciron bombardment on the film: Such an efiect is
shown in Figure 12B where HY. and L.V taces sefer 1o film
obtained at high and low voltages, respectively, under the
same power input. ‘This means that the trace marked wilth LY.
is obiafned at higher curfrent density, fe higher charged
particle bombardment. It is evident that charged particle
bambardment favours a reduction of F/C ratio and an increase
of cross-linking in PPFM films It can be shown that power

, input has a similar effect on PPFM chemical structire [6],

&, METAL CONTAINING POLYMER FILMS

Some of the unique characteristics of plasma deposited
organic filins, as far instance chemical inertness, hardness, and
low friction, can be combined with the characleristics of metal
deposited films, a¢ electrical conductivity, by generating an
entirely new class of materials: the plasma depesited metal-
polymer composites: Recently some reviews appeared on this
tapic [49-52]. From the stiuctural point of view, the principal

" difference of these compusife films with plasma polymerized

arganometallics isithat in-metal-polymer composites one deals
with a metallip dispersion in an -organic matrix, while in
organometallics metals are chemically bonded with carbon
and/or other species (see §.6).

An inferesting  feature of plasma  melai-polymer
composites, from the pointof view of the properties, is that,
depending on the concentration of metel clusters, one has 2

~ dielectric behavior of the filnis when metal pacticles are well

separated each other, a metallic behuvior when these are
interconmnected, and an intermediate behavior inthe pereolation

region.

Both bydrocarbon  and  flucroentbon  erginated
polymer  films are awidely utilized for  metal-polymer
composites, and there are alsp interesting cases of amorphots
catbor-metal tomposite films [S 1], usual metals are An, Al
Co, Pt. Qurattention, however, 'will be here devoted mainly 1o
Au-fluorepolyniet Hims. '

- Two major systems have been mostly utilized for Au-
PPEM' filins, wemely, syslems with simultaneovs plasma
pulymerization aid metal evaporatiom, In both cases, the most
atilizad configurafions are diode reactors witl, substrates on
grounded electrode, Usually for amorphous carbon films the
substrates are placed over the cdthode to enfimnce self-bias
conditions. Recently, a thode configuration has also heen

. utilized in order to allow spultering of the metal target and to
obiserve the effect of substrate bias [53]

The relative Aw/C rativ for & fuoropelymer film
obtaited in a diode reactor with target sputtéting depends on
the relative gas-phase abundance of ‘the active species for
deposition, fe. Au aloms and CF, radicals; The grs-phase

TAuV[CF,] ratio s, in tumn, affésted by Au-sputtering, when

the other parameters dre kept comstapl  This can be

accomplished either by increasing the self bins patential of the

target or by [eeding the discharge with Ar, besides
fluorocarbons, in orderto increase the sputter yield of targed
metal
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Monitaring of the ratio of the emission intensities of
pald fine (267.6 nm) and CF; band (2650 mm) revealed to be
an usefil i sive messivemeni of the gas-phase [Au}/{CF,]
ratio, finearly relited 1o the zctial Aw/C filty composition 347,
agit can be seen in Figure 13

) =

Q8.

b

B [Au]f [G}

5 lallcee S0 %
 Figure 13. Atomic film composition vs. the ratio of /Au ‘and
CFy emission from discharge,

5.1. MECHANISM OF DEPOSITION

Tire microscopic mechanism of deposition is nther
comptes and ipvelves severyl possible steps in the reaction
tonte front the saseous monowmer unit and the metal to the
formation of the meizl-polymer composite. Buth metal atoms
and polymer building blocks are to be formed (independently)
in the sus phase; they huve then to diffuse 1o the deposition
subatrife, where/the deposition can be dillerently affected by

the bombardment with positive ion of différent energies A

possibfe symplified reaction scheme isahe following

where stepiaiis the plasom activation. Marting & @l [55] have
ghown, by utilizing probe measurements, thal there §5 2
cansiderable ‘deasily of negative ions with Au target (with
respect to Al targer) which "could afleel”™ the deposition
oeourring (on the ground elecrode, sinde they cliiny ‘that
negative iofs can be accelerated by & negative: potential drop
a the e when Ihe eleciredes fice each offier. On our
‘ojiinion, however, such a chance seems remote in that bath
elestrndes ans gheays negaive with respect fo thie gloiv
potenial, whintaver is the dhisclarme aschitecture
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‘On the order Kand. in ref [33], where it was possible
1o bias the deposilion electrode, it has been shown that
positive ions do certainly effect the deposilion process. in
particular, when Wighly coergefic ions are utilized; the Auw/C,
AW and C/F satios of the film increase and also the chemical
staugture: of the polymer maltix becomes mare and more
eross-linked '
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Figare 14. Alonite film compogition v substrate bias (Ts = -
139C)
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Figure 15, Atomic [ilm composition v substrate lemperaters.

This bias effect on the polymer composition czn be
seer i Figure 14 [55]. where the growing filimwas kepl al &
constant pominal temperntuce of =139, 1t §s interesting to
notice that also the temperature of the subsrate afiects' fhe
chemigal camposition of the growing filmin a sjuiilar way. In
Figure 15 [53], it is shown that by increasing the notrinal
substrate temperature figm -130C to + 75°C. Aw/F and C/F
ratios of the o inerense, o This eflect can be due o the
longer exposition of (e dilm surfice 1o the ion bombardme:t
at the higlier temperatures since the Rlm growth is decelerated
{see § 4.3) becavse of 1he exatherniig adsarpic-desorption
equitibrium of CF, radicals.
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Finally, it should be mentioned that Kays'er af [50]

have proposed that an polimerization may oceur by addition of

OF, radicals In this case, the rotte to polymerizidtion in
equation 12 should include (CFy), as intermediate to 1he

jpolymerization, even though this toute should be operative

only atithe higher pressures, as discussed in section 22,

5.2, STRUCTURE AND COMPOSITION OF Aun-
CONTAINING FILMS

" Elegtron microscopy, ESCA and IR speclroscopy are
the principal diagnostic tools which give an insight on film
mictostructure and compesition,

The principal parameters which characterize metal-
polymer composites are: the filling factor £, which is defined a3
il voltime fraction of tie mefal contained in the unit volume
of the film, the atamic composition (see figura 14 and 135), and
the relative abundance of the yarious chemical components of
the film.

Structural studies have shown that gold graims are
randomly. distributed in he: polymer. and their avernge
diaméters greinthé range of $-50nm in the dielectric region (F
< 0.4) At larger filing faciors there is a dispersion of smiller
graing aniong larger iregular paticles. Av stll larger £
{metallic region) there is @ comples morphology of grainfarms,
which start to become mare Worntlide and intzrconnected.

Annealing seriously effects’ grain morphology beeause
it increases. the mation of gold particles in the relatively soft
polymer matrix (particalarly at temperatare. highes than the
‘glass transition of PREM, ajound 160°C); then one has &
coalescence of particles coming. inter contagt.  This
characteriste of Au containing PRFM films could setiously
alfect the utilization of this material dug to aging eflect.
‘However, in ref, 33 it has beén shown that crosslinking the
palymer largely veduces this effect. This can be denhe by
increasing the subsirate biss andfor temperatore  during
daposition. Going frther in this direotion. ‘one can reach the
conditions for amorphous carbon including metal particles;
provide Fabstraction is also ensured in the gas phase, either by
using monomers wilh lew F content or by adding hydrogen to
the monomer Fed [53] :

5.3. FILM PROPERTIES AND APPLICATIONS

Plasmd deposited metal-polymer films feature two
important properties’ an anomalobs opticai absorpticn in the
vigitileand a conductivity response. botly being-a function of
the fiiling facior .

The aptica) tansinission of films obtained by Aw and
chlorofrifluerpethylene  (CTEE) co-deposition, shown in
Figure 16 [57], e<hibits & rypieal minimum, dug to optical
Tesonunce, the tntensily and width-of which aje-a function.
of the gold volume fraction and grain distribution and
morphology. It ean be seentthat the minimum al €.55 pm
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Fipure 16, Oplical lransmission in the visible and near IR,
regions for gold-doped plasma deposted CIFE films with
different metal vohune fractions f
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Figure 17, Resistivily vafalions (four paint’ prebe) vrgold

volime fraction for as-deposited and ‘annealed plasma .
* polymerized CsyFy films. Arrows indicate registivities of films

close to the percolation threshold upon annedling to 2000C

indensifies and shifts with £ Fherefore typicoi hlin color of
gold-halocarbon Gime are pink (= 0:02), red (= 0.1), violet
{f= 0.25), and blue (F= 0 4). Green is typical of sputtered goid
films.

The electrical conductivity of AG-PPEM  films 15
determined alse by Fand by metalgrain distribution aud shape.
It can besecn from figure B7 [58] that the redstivity decreases
with [, and shows a dramatic drop of about 8 orders of
magnitude. when [ reiclies 037 (which comesponids

" approximately to the percalation lhyeshold |58, S‘J']. It is also

interesting to see that, afler annealing at 2009C Ahe resstivity
curve shifts toward higher £ (the percolation threshold
increases fronyabout 0:40'10/0,42), as ii shauld be expected on
the basis of the discussed aging of metel compasiles due to
mobility and coalescence of metal grains, Qi the other hand, if
the Hepusitgd orzanic malax s amorphous carton, one
expects a more-rigid betmviorand less pronounced optical and
electrical varations with both time ‘ad temiperature. Such
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results ean be obianed with gold-PEFN tilms deposited at
ligher subsirate lemperiures andior (bins wvohlages A
reduction of the aging affect ivalso observed 1fthe (ilmis post-
annealed at T > 2009€
For such Kims ineresting applicutions have heen
supaested o8 decorative coatings [00], optical filters [61] and
hunstity sensors: [62], Morita and Hatiort [631 and o & al,
[64] suguested the wrilization of  Au-plasmn pelymerzed
Siyrene :mnpaai:és for o completely dry lithogemphic process
Ky sugpested thei Larilization for pptical recording [65]

LY

6 FILMS EROM SILICON-CONTAINING ORGANIC
MONOMERS

Qiligon containing ~  orgaiic compounds,  called
Yilarganic! meaomers, ie milized in PE2CVD of 5i-C alloys,
glicone-fike polymers, sificon oxide and nifride contings The
camposition of the contings. {r.e. 0#Si ratis, miteogen and/on
cathon content), as well as their properties, dépend on the
chioice of the nonamer and o the deposition paran{cfters {66~
71 ki order to:depasit silicone- and sificon oxide:like fitms,
wigcly used in optics, bio-medical  applications,
microclectramics and so on [66]; lhe monomers are usually fed
in variable percentageswith oxygen or othier oxidant gases

(0O, Na0, et ). wihose sbundafice twres put to affect films
deposition rate and chemical composition: In ke semsaintder of
this. work. Temramelhylsitane CIMS). Hesametnvldisilazane
{HMDSN), and Tehacthoxysitane, (1 EOS) monomers will be
compared, andit will be showh how thenature of the-obiained
films can be shifted from an orgpuic” charicier (silicong-iihe
sttucture ) into amone ot einie” one (f.e Si03) by incredsing
one or more of the following process parmmielers) Gyden per
cent i the feed, subsimte temperatire, and substrate ‘bias.
Results regarding a fluorinated silorganic are also included.

6.1, THE EFFECT OF OXYGEN ADDITION TO THE
FEED

Whah oxyzen is added (o thie teed, the deposition aie
and the composihion of the cantings areinflucnded (figure 18),
due lo the reachvity of oxygen moleculss and arems in
komopeneons and  helerojeneaiss reuctions [67.72]  Film
chenfical vatire, 25 well as, iTs wiwth rate, iirrors: e
precufsor distribulion in the plasima, which s affected by the
osysen content i the leed

The overall deposition process it be schematized by
assimminge thariyo ‘classes’ of il precursots. can he farmed by
plasma activation the linorgame” Precursrs, wihitch eaniaiti
sticon along: will otfer eléments (22 SiC, My, SICHL0,,
elc), and the "oreanic’ preCwsors, which do not contain
sihiean. Even though this distnc toay can e only @ mEter of
javgod, it can bie useiulin order to rationalize the deposilion
mechunisnyas follows: =

Btep @& - Monomer and oxyoen fragrientalion {cleetron
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Figure 18, Tepusition rates) and XPS-measured compositions
of toalings obtained by VEIOUS MonDIMErs ity mixiure with
oxygen, PP-TEOQS films wore analyzed after expusition to the

~atmosphere, and show an avarestimated carbon contenl

fpacy). f.e. formation G oroatic and DOIZANIC PrECursers.
and of oxygen soms and excited molecules

Step b Hsmogsneis reactiung beiweon oxypen specices and
precursers, which maodify thetr distabution depending on the
feed oxygen content. These Tiactions: fesult i seavenging
orennic préculsers, and i docteasing the-nraanic character of
the inorganic onas Byproducts are non polymprizable species,
suelyas CO, CO3, Hy0, It is infpottant to notice here that the
ingregsed feed oxygen-lo-monomar ratio nsudlly results i an
increased: electron density. as it can be revealed by medns of
AOES [6], which aiso couldbe respensitle for modifications
of themonomer fagmenlation paths.

Step ¢ - Palymenzation of the adsotbed precursors on the’
substrate suwiaee ! ' :

Step d - liglerogeneos suifice oxidation of thie growing film
by oxygen atoms, and formation of  -Si, apd -CO,
functionalitics [67-69,71] . ‘

The deposition ate- of PP-TMS decrouses by
increasine the feed oxyzsn content, while those ef' TP-
HMDSN and PP-TEQS are characterized by = trend with &
i These diffiences can be ascribed to the: diferent
imporiance of process of stéps a, b, aud ¢, depending on'tlie
type and density of précarsors, ‘andfor on the stuctute and
eGmposition of mpuemen (i.¢ presence yr absence of oxygen
and nitropen), O the onld fannd, the €onpasition trends of
PPfilne as-a fumetion of the oxysen-{o-imonomer rdlio are
stentlar fin the three manomers, Mnd agreewitl renctions &g
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' XPS gnd FI-iR analyses have sfiown [67,69] that,
‘when no oxyveen is added to the feed, PP-films are

characterized by stoichiomelrics close to those of monomers,

bul with different distbution of functional groups, and a
lower carbon and hydrogen content. By increasing the oxvaen
per cent, the foilowing modifications oecur which, in effent,
can be considesed ac general:

Carkiga - Tts abundancy decreases on the basis of
resctions b, (e degresse is steeper in PP-TMS. The detailed
C1s:XP3 spectra shiow that the concentration of oxysenaled
funclionalities increases.

Oxyeen - s concentration, increases, the shinpe and
position'ef XPS peax remains almostunchanged.

Silican - Iis content in the flm is practically
urchanged, however, SiZp peak shifts to higher binding
encrgies for the formation, of silicone-fike (Cy-Si-Oy)y
structures. When @ high D/8i rafio is obtained (ratios higher
than 2 are due to Si<OH groups). the binding energy 1eaches
its maximunt (103/5 V). It is interesting 1o notice that Si2p
FWHM (mainly in PP-TMS, but alsu in PP-HMDSN) has a
trend - with a maximum, which mirors 2 continuops
composition change in the mzterial with the iferease. of the
feed oxygen ‘content Tilwms with a2  "monomer-like”
stoichiometry are depositad when no O is added (Si-H, Si-C,
eventually Si- bonds in the filrm), while "silicone-fike™ (Si-O
plus the aforesaid bonds), and “oxide-like" Bhms (practically

~ only $i-O bonds) are deposited af low and medium-high

OXYUEn-to-MONDMIET ratio, respedtivay:

Nitrogen - | i5 alwiys present in PP-HMDSHN Blins
and the binding ensrgy of Nis slightly increases with oxygen
addition'ta tha feed.

6.2. THE EFFECT JUF SULSTRATE TEMPERATURE
AND BIAS

As for fluaropelymers, substrate temperalure and bias
influences plasma-surece Interactions in PZCVD from
silorganics, by affecting the adsorption-desorption equilibrium
of precursors and etchants (whatever they are) heterogeneous
reactions, film pyralysis, and by trigzered ton-agsisted etciing
of sputtering processes, depending on joh energy (see sec..on
4 and rel’ 66)-

Figure 19 shows the effects of subslrate lemperz.ure:
on the growth rate af PP-TMS and PP-TEC films, whe-e TFC
iz a Auorinatad silorgahic, namely the trimethyil tRGHfvoro n-
propyl) cyclo tri-siloxane {71], The temperz=re enliancement
decreases deposition rate also due to film pyrolysis, which
plays & fundamenial tole n PECVD. of organosilicons, as
evidence by Wrobal et al [66]; thu pyinlysis breaks Si-H, Si-
£Hy and -1 bonds, leading to crosslinked films. The overall
effect on film composition, witnessed by ESCA aad FT-IR
analysis, are the inc-ease of the Si per cent, and a dramatic
decrease of C and H content, whatever is the monemer ‘T PP-

TMS, film density increases from about | l to abou 2.0 g;'cm-‘
for a temperature inerease from 60°to 3209€ [70],
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Figure 19. Deposition rate of PP-TMS and PP-TFC ws

substrate temperature.

-

tn fizure 20 the deposition rate of PE-TEC and PP-
TMS films (a1 2009C) are plotted a5 fupclion of the substrate
bias, Here both the sctivating and the disactivating effects of
ion bombardment, discussed in the previous seclions, ale
shown. Depending on filn structure and ion energy, the ion-
bombardment can enliance or depress the growih mte: this
peliavior can be atributed fo the competition of two processes
triggered at different energies: v

a - Low-eneray ions enhancé flm growth sate by
creating surface "active sites(dangling bonds, distortions,
more reaclive towards precursor radicals. This mechanisin is
described by the Activated Growth Model (see section 4)

b - High-sneray iong assist Bln spulfer-etching (at
about 30"V the effec! becomes svident Tor PP-TMS) with
elchants, e.g hydrogen or fluotine.

& TFCL00°C)
0 TMS (200°C)

Deposition Rate (rglem?2 min)

0= T =
0 —50 —1400
Rins, (V)

Figure' 20. Deposition rate of BP-TMS and PP-TFC w5
substrate bins (at 200°C),
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The biss effects, Bencralfl’ cloge 1o those of the
rempemture (mare inorganic, cress<liked, hard, and dense
coatings) can be exploited 1o design films with different
structures Low substvate temperature and biss lead 1 films
whil high moromer-stiuetire retention, wiile the imcrease of
ion bombardiment and/or femperiture drives the deposition
townrd "moie inorgamc! materials

7. AMORPHOUS HYDROGENATED-

FLUORINATED-CARBON FILM S, a-C:H,F

AND

A preat deal of work has been produced in the fast fow
years in the field of hard:amerphous carbon and diamord films
[73-75] because these materials ate considered of strategical
importance for different applications  The main properties
whith charm solid stae chemists, physicists and engincers can
be resumed in hardness, density,. chemical inertnss, ‘aptical
transparency, thermal conductiyity, dicleciricity,
sericonductivity {76-70], Obviously, many investigatars have
ulilized Plasina Enbanced Chemical Vapor Deposition as a
A0al for obtaining both diamond aud diamond-like. films,
mosily with hydrocarbon-liydrogen mixtisos as feeds [767 'On
the other hand, some ellorts have lso. been made with
hydrocarbon-fluerocarbon mixtures for obkining amorphous
Iydrogenated and Huorinated carbon films, a-C:H.F [78-80].
We have utilized Colig-M5 mixlures [2), as for Tellon-like
films, because the highly crosslinked saturs of -the obtained
filinis (See § 4.4) was encauraging. Our experiments, however.
have been performed with a bigher difution level than in
mixiures. for Teflon-Jikes: namely, 0-20% CyFg-H, mixtures
fed & trivde reactor Gn drder 1o analyze the effects of bias and
substrate. (emperature) 1t i nteresting to fotice that, tnder
these new conditions, a novel deposition chemistry takes place
inthe discharge. In frot. while the precursors for Teflon-fikes
are CF,-radicals and the film flvorination level depends on the
extefit of flunrination of the active radicals (i.e < in CFg); the
conditions used. for obtaining a-CHF trigser C-atoms and
CH-radicals as active species for the depasitinn and  the
fluorination level tirns out To depend fairly well only on the
gas phase concentration of F-atemis.

7-A. FROM TEFLON-LIKES TO 1-C:ALF: SWITCHING
FROM A CF, CHEMISTRY INTO ONE BASED ON C-
AND F-ATOMS AND CH-RADICALS .

by order 1o investigale the effects caused by (ke
coftaminations due 1o cathode sputtering in discharges for
amorphous carbon, the experiments fave baen mun bath with
graphite and steel cathodes. In figure 21 A the relitive
actinomelie trends of H- and F-groms, ‘a5 well a5 of CF;-
radicals, ave plotied as & function of CoFg pergentage in the

feed. The irend for (licse species is unaflected by the calfiode

material It can be secn that ‘the F-atom density finearly
mnereases with ¢ 2l addition, ns it can be-experied, Howeyer
alse H-stons increase. probably because of soitie readtions
nvolving vibrationaily excited spexies. ki figtires 21 B and ©
the' profiles of CH-raslicals and C-atoms, respectively, are
compared in the presence of the sraphite and steel cathodes Iy

cae bie seen thar with the graphiie catliode the density of CI1-
radizals is unaffecte(] by CoF, addition, probably because this
species can be produced also by graphite ercling induced by 4
atoms and by sputtering and successive reaction of C with H in
the gas phise. On the oiher band, C-atam trends do not
significantly differ chanaihpe the eathodic material, but for the
mtercept value obtained with graphite (which, again, points
oWl to praphite sputtering as ap additional source of
carbonacenus species inthe gas phase)

)
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Figure 21. A) Actingmetric trends of H, CF,; and F is (ol
addition' B) and €) trends with graphite and steel catliodos of
"CH and C, respectively. -
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Figure 22, a-CILF deposition rate vy
densily for graphite and steel cathodes.

gas-phase C-atom

If we compare thése date with fhe profiles of
deposition tate we find o deposition rate linearly incredsing.
with the gas-phase densily of Contoms, as unambiguously
shown in figure 22 both For the graphite and (lie stez] cathiode
eases. This result fiirly weil agrees with an gctive (ole of C-
atuins as precursars lor the degosition process. The intercept
of figure 22 Forthe griphite cathode case, then, leads (o a rale
to be attributed to CH radicals When C-atoms are absent {{he
intercept for the sieel cathade case, onthe. ophsr hand, points
taa eo-depasition of sputlsred il'on, as revegled by XPS data)
The adv&nlagutms-ﬁ:almje of this experimental approach which
now hiecemes apparem is that it is possible 1o switeh from a
chiemistry miainly based' on C-aloms ‘a5 precursors info one
based an CH ralicals,
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In figures 23 it 13 shown that the exteni of Buorination
of a-CIHLE films only depends on gas-phuse F-atom density.
This i5 another imporunt difference front what it is obtained
with feeds containing higher percentages of C;Fg. In that case,
in fact, CF  radizals: with their distribution riled out the F-to-C
ratio in thc film.

Finnlly, it is interesting to notice (hat in this case also
ion bombardment can have both an activating effect and &
deactivating one, depending on their energy, as it s shown in
Figure 24

fliworhie per cent In the flim

o . .
0,0 0,5 1.0
F  relative density

Figure 13. XPS fluorine percentage i the Film 15 mas-phase
F-atem density. ;

Rd (Afmin)

0 =50 -100 ~150
BIAS (volts)

Figure 24, a-C1LF deposition rate vs. bins voliage.

It can be coneluded that - C'HF fiiras from (0-20%)
CoFg-Fy mixtures are formed by two pomilel routes, one
promoted by C-atoms and the other dne by CH-adicals. The
extent of fluorination depends only on the gas phase density of
fluorine. The overall depmmnn fate is the result of the
compelition:ofion assisted deposition and ion sputter-assisted-
etching processes.
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