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ABSTRACT

Polymer-metal composite films have
been deposited in glow discharge plasmas
of hexamethyldisiloxane (HMDS) and argon
in a planar magnetron system with a
copper cathode. Actinometric optical
emission spectroscopy was used to
identify the chemical species in the
discharge and the trends in their
concentrations as a function of the
discharge parameters (total pressure of
the mixture HMDS-Ar, proportion of HMDS
and Ar in the gas feed and cathode
voltage). The relative contributions of
gas-phase reactions and cathode
sputtering to the plasma composition are
discussed. The structure of the films was
investigated by transmission electron
nicroscopy. Residual stress measurements
were also performed in the films using
the bending beam method. The correlation
between the discharge parameters and the
film microstructure and composition is
examined.

1. INTRODUCTION

Plasma polymerization is a well
stablished technique for the production
of dielectric thin films presenting
remarkable physical and chemical proper-
ties. Integrated circuit lithography (1],
integrated optics (2], wultrafiltration
membranes [3] and protective coatings [4]
are examples of technological appli-
cations of plasma polymers.

In the last decade, plasma polymers
incorporated with metals began to be
studied [5]. These composite materials
are prepared by a combination of the
techniques of plasma polymerization and
sputtering [6] or thermal evaporation
[7]. Their structure is similar to that
of the cermet films [8], i.e., consists
of a dispersion of microscopic metallic
particles embedded in the polymer matrix.
This type of structure is responsible for
the peculiar optical [9], electrical [10]
and mechanical [11] properties of the
films. Wide variations in the optical
constants and electrical conductivity can
be attained by varying the metal

proportion in the film. Thus, control of
the process of deposition is crucial in
the preparation of films with
predetermined properties.

one of the successful techniques
which have been used in monitoring the
process of deposition of polymer-metal
films is actinometric optical emission
spectroscopy (AOES). This method has the
advantage of being non-intrusive and is
very useful in the analysis of reactive
plasmas, allowing measurements on the
relative changes of density of gas-phase
species which contribute to film for-
mation.

In this paper we study polymer-
metal composite films produced by the
codeposition of plasma polymerized hexa-
methyldisiloxane [HMDS, chemical formula
(CH1)ﬁSi?0] and sputtered copper. Plasma
polymériZed HMDS presents two interesting
properties which are very important in
technological applications: (1) high
transparency in the wvisible range of the
spectrum, and (ii) strong adhesion to
metal and dielectric substrates. The AOES
technique was used to characterize the
discharge while the microstructure of the
films were determined by transmission
electron microscopy (TEM) . Residual
stress measurements were also performed
in order to investigate the role of
intrinsic stress in the film mechanical
stability.

2. BACKGROUND: ACTINOMETRY

The technigue of actinometric
optical emission spectroscopy, or acti-
nometry has been proposed by Coburn and
Chen [12] as a method of diagnosis of
reactive plasmas. In this procedure, a
small proportion of a non-reactive gas -
the actinometer - is added to the feed
gas in order to probe the plasma. The
intensity of an optical emission line of
the actinometer is given by

T =n9y (1)
a a a
where n 1is the density of ground state
actinométer molecules and is the
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excitation efficiency from ground state
to the state responsible for the
emission. It should be remembered that n
depends on the electron enerqgy
distribution function (EEDF) of the
plasma and increases as the activity of
the plasma is increased. The parameter
"activity", A, has been defined in an
earlier paper [13] as

A = pE (2)

where p and E are respectively the
electron density and the electron mean
energy. If n is constant, which is
usually the cade in actlnometrlc measure-—
ments, we can see from Eq. (1) that
changes in the intensity of the
actinometer emission reflect changes in
the plasma activity.

Combined optical emission measure-
ments of a reactive species, x, and that
of the actinometer allows the determi-
nation of the relative changes in the
density of the former as the deposition
parameters (composition of the feed
gases, pressure in the chamber and
applied power to the plasma) are varied.
Let Ix be the intensity of an emission
line of species x. Then

Tz =iin % (3)

X X X

where n and 70 are respectively the
density &f the gfound state reactive spe-
cies and the excitation efficiency.
Combining Egs. (1) and (3) we may write

Ixna
S8 g i3 (4)
x a Ia'nx

choosing excited states of the acti-
nometer and reactive species such that 7
is approximately equal or proportional td
n o, we will have, for constant n:

) T (5)

where k is a constant.

3. EXPERIMENTAL

The discharges in the HMDS and Ar
mixtures were generated by a homemade
planar magnetron electrode connected to a
negative DC power source, as represented
schematically in Fig. 1. The magnetic
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Fig. 1
electrodes.

Schematic diagram of the

field in the discharge is supplied by the
magnet shown in the figure, which is
formed by a stack of circular loudspeaker
magnets of 9 cm diameter. The electrodes
were assembled inside a 30 com diameter x
35 cm height aluminium vacuum chambeq
evacuated independently by a 12 m h
two-stage rotary vane pump or a 150 1 s
diffusion pump. Pressure in the chamber
is measured by a capacitance manometer
(Datametrics Barocel type 600) and by a
Penning gauge (Edwards model CP-258S).
Pressures during film deposition were
typically in the 0.05 - 0.1 mbar range.
Prior to gas admissi%n, the chamber was
pumped ‘out to the 10~ mbar range by the
diffusion pump during approximately 10
minutes.

Argon, nitrogen and HMDS vapor were
admitted to the chamber through mass flow
controllers (Datametrics, model B25). An
evaporation cell was used to produce the
HMDS vapor. It consists of a 10 cm” glass
bulb half-filled with 1liquid HMDS and
connected to the mass flow controller
though a 1leak valve (Edwards, model
LV-5). Both gases and HMDS are of
chemical purity better than 99.9%.

A quartz glass window in the chamber
allows observation of 1light emitted by
the plasma by a 1 m focal length optical
monochromator (Spex, model 14300)
equipped with a photomultiplier tube
(Burle, 1P20A). Optical emission spectra
were recorded by a strip chart recorder
(Hewlett-Packard, 7100BM). Table I lists
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Table I. Emission wavelendgths of species
of interest.

Species A (R
c 2479
51 2516
Cu 3247
CH 4314
Ar 4072
N 3371

2

the species of interest and their
emission wavelengths.

Film thicknesses were measured by an
interferometer microscope (Varian,
R-Scope). A transmission electron micro-
scope (Zeiss, EM-902) was wused to
investigate the film structure. The
residual stress measurements were
performed by the bending beam method [14]
using the apparatus described in a
previous publication [15].

4. RESULTS

4.1 Optical Emission Spectroscopy of the

Discharge

Typical emission spectra of the
HMDS-Ar discharge are shown in Fig.2 in
various wavelength ranges. Including Ar
and N_, which is used as an actinometer,
emissions from Cu, C, CH and Si species
are prominent in the discharge. While Cu
arises from sputtering of the cathode,
two mechanisms may account for the
appearance of the C, CH and Si species:
fragmentation of the HMDS molecules by
the free electrons of the plasma and
sputtering of the polymeric material

Ar
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Fig. 2. Optical emission spectra of a
HMDS~-Ar discharge in several wavelength
ranges. Nitrogen is added to the gas feed
as an actinometer. The cathode voltage
and the flows of Ar, HMDS and N_ admitted
to the chamber are illustrated 5bove.

deposited on the cathode.

Figure 3 shows the intensity of
emission of the actinometer (N ) as a
function of the Ar flow in a discharge
without HMDS. Since the partial pressure
of N, is nearly constant in the discharge
we miy conclude from the figure that the
excitation efficiency for N is also
constant and consequently the &ctivity of
the plasma is not changed when the Ar
flow varies from 10 to 14 sccn.

An entirely different behavior of
the emission of N is observed even when
a emall flow of S is added to the feed
gas. The dependence of the N, signal as a
function of time, when HMDS is introduced
in the discharge, is shown in Fig. 4. The
steep rise in the intensity of the N
emission shows that the activity of thé
plasma is strongly increased by the
presence of HMDS in the discharge. It is
interesting to note that instead of
levelling-off, the N _signal goes through
a maximum and en decreases. We
interpret this apparently odd behavior as
due to the deposition af an insulating
polymer coating on the electrodes thus
reducing the discharge current. It should
be mentioned however that the nature of
the coating deposited on the cathode is
different from that of the anode. As
observed by several investigators [16] in
plasma deposition in mixtures of organic
gases and Ar, the polymer deposited on
the cathode is a hydrogen-defficient
mat e rial whose structure is deeply
modified by the intensive bombardment of
Ar ions.

This cathode coating also affects
the flux of sputtered Cu atoms. Figure §
shows the decays of the Cu emission lines
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Fig. 3. Intensity of emission of N as a
function of the Ar flow in a diécharge
without HMDS.
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as a Fig. 4. Intensity of emission of N as a Fig. 5. Decay of the Cu emission line as
uced function of time. The arrow indicates a function of time for various HMDS
The the time at which HMDS is introduced in flows. The arrow indicates the time at
N the discharge. which HMDS is introduced in the
thé discharge.
the
¢ is
of with time for three different flows of
dugh HMDS. The data of each decay was taken
We after a thorough cathode cleaning. The
Cingd intensities of the cu signals before these two effects, we have measured the
ing introducing HMDS in the discharge are emission intensities of ¢ and Si in Ar
hus normalized to unity. For the HMDS flow of discharges with and without HMDS. Figure
uld 0.3 scem, the coating is formed very 6 shows several emission spectra of the
of rapidly on the cathode and sputtering of discharge in the wavelength region
is Cu is totally inhibited at 1.5 minutes between 2400 and 2560 &. The spectrum of
As after HMDS is introduced in the gas feed. Fig. 6(a) was taken with HMDS in the
in For HMDS flows of 0.11 and 0.21 sccm the discharge while those of Figs. 6(b) and
e c rate of formation of the coating is 6(c) were taken without HMDS. The latter
pn smaller and the emission of sputtered cu were taken 5 and 10 minutes after that of
ent atoms from the cathode is only partially Fig.6(a). As seen in the figure, the cC
ply inhibited. and Si signals are clearly present in the
of The growth rate of the polymeric discharge as well as the peaks at 2443
5 coating on the cathode is the difference and 2492 & and the band at 2470 A, not
ts between the rate of polymer formation and yet identified. Table II liste the
5 the rate of etching by Ar and other relative concentreations of ¢ and Si in
oS massive positive ions of the discharge. the discharges, calculated from the data
The fact that steady-state fluxes of of Fig. 6, using Eq. (5) and taking N_ as
sputtered Cu atoms are attained for the the actinometer. From the small chaﬁges
HMDS flows of 0.11 and 0.21 scem implies in the densities of C and si species in
that the level of contamination of the discharges with and without HMDS we
cathode surface by the polymeric layer conclude that sputtering plays a much
1 remains constant. This means that the more important role than fragmentation in
rates of polymer formation and etching the appearance of atomic € and Si in the
_ are equal. Since the preparation of films plasma.
in the anode with uniform Cu density de- Actually the excitation efficiencies
pend on a constant cCu gas-phase con- of ¢, Si and N2 corresponding to the
5 centration, the plots of Fig. 5 illus- emission lines of“Table I are not similar
trate the usefulness of optical emission and consequently Eg. (5) does not apply
spectroscopy in monitoring the process of rigorously, However, due to the
- deposition. It should be noted also that difficulty of finding excited states in
for HMDS flows smaller than 0.3 scen, either C or si with excitation
polymer films without Cu can be formed on efficiencies similar to those of N , Ef.
1 the anode. (5) provides a first order approximation
Since, as shown in the spectra of for the determination of the relative
| Fig. 2, atomic € and atomic Si are densities.
present in the discharge, it seems
interesting to investigate the mechanisms 4.2 Rate of Deposition and Film Structure
of formation of these species. As pointed The rate of deposition on the anode
out earlier, fragmentation and sputtering and the proportion of copper to polymer
a effects may contribute to the formation in the films vary widely according to the
e of € and Si species. In order to discharge parameters. Figure 7 shows the
investigate the relative importance of deposition rate as a function of the Ar
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Fig. 6. Emission spectra of the discharge
taken sequentially in 5 min intervals.
(a) HMDS-Ar discharge. (b) and (c) Ar
discharge.

flow for a constant cathode voltage and
HMDS flow. The discharge parameters for
the data point indicated by an arrow in
the figure are the same as for the data
of the uppermost curve of Fig. 5. This
implies that Cu must be present in the
discharge and consequently incorporated
in the film. Since a rise in the Ar flow
increases the flux of sputtered Cu from
the cathode, films with increasing cu
content are expected to be deposited as
the Ar flow changes from 10 to 14 sccm.
Transmission electron micrograph
pictures of two films prepared under
different conditions are shown in Fig, 8.
The Ar flow varies from one sample to
another while the cathode voltage and the
HMDS flow are kept constant. As seen in
the pictures, microscopic metallic
particles (dark regions) are dispersed in
the bulk of the polymer matrix. The
density of metal increases from Ssample A
to B as a consequence of the increase in

Table II. Relative densities of C and Si
species in the discharge as a
function of time.

Species 0 min 5 min 10 min
(o 1.0 1.0 1
Si 1.0 0.96 0.80
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Fig. 7. Deposition rate in a HMDS-Ar
discharge as a function of the Ar flow.

the Ar flow. These structures are
consistent with previous observations in
polymer-metal ([17] and oxide-metal (18]
composite films.

It should be pointed out that since
atomic € and Si are present in the
discharge, thus it is possible that the
particles in the film are not constituted
only by Cu but alsa contain € and si
either in metallic or combined forms such
as carbides and silicides. In preliminary
experiments using transmission electron
diffraction we have observed that the
films show well-defined diffraction rings
even in samples with small cu concen-
trations. It is thus expected that this
technique will provide useful information
on the crystalline structure of the
particles.

4.3 Residual Stress Measurements

All the measurements in the films
have shown that the stresses are
compressive with values in the 10° 10°
dyne cm° range. Table III lists the
residual stresses of three films: a
Cu-free, a polymer=Ccu composite film and
a polymer-free film. As previously
observed [15, 19, 20], the residual
stress depends on the film composition,
structure and thickness. Since the
thicknesses of the films listed in the
table are similar, differences in stress

due to thickness differences are
eliminated. The all-metal film is that
with the lowest stress while the
composite film presents the highest
stress.

Our results are different from those
of Yasuda et al. [21] who report zero
stress for plasma polymerized
tetramethylsiloxane, a chemical compound
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Fig. 8. TEM micrographs of two polymer-

metal composite films prepared with V =

400 V and F = 0.15 sccm. A: F,_ =°7.0
r

sccm. B Fﬁf"gslo sccm.

very similar to HMDS.

- The residual stress plays an
important role in the mechanical
stability of coatings. If the internal
stress is too high, the internal forces
in the film may overcome the adhesion
forces to the substrate causing film
cracking or peeling. As pointed out
earlier, plasma polymerized HMDS show
very good adhesion to substrates. Since
our films are highly stressed, we
interpret their long-term mechanical
stability as a consequence of large
adhesion forces between film and
substrate.

Table TIII. Residual stress of films
prepared at various HMDS and

Ar flows.
Film
thickness F F o
HHDS Ar

(&) (scem) (sccm) (dyne.cm )
1510 0.4 0.0 1.5 x 10°
1410 0.4 6.0 5.9 x 10°
1580 0.0 6.0 5.0 x 10°

5. CONCLUSIONS

We have studied the process of
deposition, the structure and the
residual stress of plasma polymerized
HMDS films with copper incorporation.

Analysis of the discharge by OES has
shown that the polymeric layer deposited
on the elctrodes strongly affects the
plasma composition and the plasma
current. From the behavior of the C and
Si emission lines in Ar and HMDS-Ar
discharges we conclude that cathode
sputtering is the most important
“channel" for the appearance of these
species in the gas phase.

The structure of the films is
typical of polymer-metal composites. The
size of the metal particles increases
with increasing proportions of Ar in the
gas feed. Due to the presence of C and Si
species in the discharge, it is possible
that metallic ¢ and Si and their
compounds (carbides and silicides) are
also present in the metal particles.

The long-term mechanical stability
of our films, in spite of being highly
stressed, strongly indicates high ad-
hesion forces between film and substrate.
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