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A B S T R A C T

A low frequency plasma process is used to deposit thin films on steel through simultaneous sputtering

and plasma enhanced chemical vapour deposition (PECVD). The deposited material consists in

composite copper–organosilicon thin layers where copper is obtained by magnetron sputtering whereas

the organosilicon plasma polymer is grown by PECVD from HMDSO (hexamethyldisiloxane).

This paper focuses on the important process parameters required to control the quantity of

incorporated copper in the layer, particularly the metalorganic concentration and the sputtering current.

The dispersion of copper vs. the thin film thickness is found to be homogeneous. The deposited layers

show antimicrobial activity for copper contents higher than X = 38%, where X = [Cu]/([Cu] + [Si]).
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1. Introduction

Surface modification offers strong potentialities to add value to
traditional materials such as steel. Plasma deposited thin layers are
particularly of interest to achieve new surface functionalities
because of their high versatility and their possible evolution as
large scale processes. The growing needs for innovative materials
and surface properties is accompanied by the use of specific
deposition techniques that allow achieving complex structures
such as nanocomposite materials. Hybrid PECVD (plasma
enhanced chemical vapour deposition)–PVD (physical vapour
deposition) processes are well adapted to synthesize such layers.
Generally the PECVD is used to grow the thin film matrix whereas
the nanoclusters are produced in the same time by sputtering. For
instance amorphous hydrogenated carbon layers (a:CH) doped
with metallic particles can be produced by this mean for
tribological applications [1–4], solar and micro-electronic applica-
tions [5–8]. Organosilicon based thin films have been synthesized
as well to obtain antimicrobial properties, using silver as doping
element [9]. Indeed, based on the well known silver antimicrobial
properties, silver containing materials could be promising solu-
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tions for products in kitchenware and medical applications.
Moreover there is a growing interest for copper and copper alloys
bactericide properties because they could replace some critical
elements in hospitals, potentially involved in microbial transmis-
sion, such as door handles, water taps or light switches [10–12].
However in these cases only pure metallic surfaces are produced,
involving some restrictions in term of cost and aesthetics. Other
works have been carried to introduce copper as a doping element
to investigate its antimicrobial efficiency in a:CH [13] or titanium
nitride [14] coatings, as well as in materials such as stainless steel
[15,16] and polyethylene [17,18], using ion implantation. The
present work is focused on the possibility of synthesizing copper
containing organosilicon thin films on steel by a PECVD–PVD
technique. The major process parameters are determined and the
antimicrobial ability is evaluated for a set of samples.

2. Experimental

Thin films are deposited in a capacitively coupled reactor
described in Fig. 1. The plasma is generated from argon (purity:
99.995) by a magnetron electrode on which a copper target is set
up. The substrate is placed in front of the target at a constant target
to substrate distance of 8 cm. The chamber walls and the substrate
are grounded. Hexamethyldisiloxane (HMDSO – Si2OC6H18, purity
>98%) is used as organosilicon precursor and is introduced in the
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Fig. 1. Experimental set-up used to obtain copper containing organosilicon thin films.

Fig. 2. Evolution of the copper content in the layer and the deposition rate vs.

injected mass of HMDSO and HMDSO flow rate (sputtering current intensity: 1.6 A).
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plasma through a pulsed injection source Jipelec Lab Inject System
from Qualiflow. The injector opening frequency is varied from
0.1 Hz to 1.8 Hz which corresponds to 0.8–14.3 sccm (standard
cubic centimetre per minute) of HMDSO. The argon flow rate is
controlled by a mass flow meter and fixed at 100 sccm. The total
pressure chamber is set to 10 Pa. A shutter is used to protect the
sample during the stabilisation of the discharge. Copper emission
lines at 510.5 nm, as well as hydrogen Ha line (656.2 nm) are
observed by optical emission spectroscopy. Substrates are made of
304 stainless steel sheets (10 cm � 10 cm) and are ultrasonically
cleaned with methylacetate prior to deposition. Applied currents
are alternative and ranges typically from 1 A to 3 A. The following
procedure is applied in all deposition experiments: argon is
introduced and the total pressure is stabilized then the plasma is
ignited. The copper target is cleaned by argon sputtering and then
the HMDSO pulsed injection is started. The copper lines intensities
strongly reduce since the precursor is introduced in the chamber.
The shutter is removed when copper and hydrogen emission lines
intensities are constant as a function of time. In these conditions
copper sputtering and silica deposition occur in the same time.

Deposition rates are deduced from thin films thicknesses
measurements on silicon wafers, using a Dektak 6M Veeco
profilometer. Copper and silicon contents are determined by X-
ray fluorescence. Thin films compositions in term of thickness are
measured by Auger and XPS profiles using a NG scientific
spectrometer. Viability of Escherichia coli is measured following
the Japanese industrial standard JIS Z 2801: 2000, by counting the
microorganisms after 24 h incubation on the coated samples.

3. Results and discussion

The ability to combine copper sputtering and organosilicon
deposition by PECVD is described by the following ratio: X = ([Cu]/
[Cu] + [Si]) � 100, where [Cu] and [Si] are, respectively, the atomic
concentrations of copper and silicon in the thin film, measured by
X-ray fluorescence. Oxygen, carbon and hydrogen are not taken
into account when expressing X, therefore X = 0 corresponds to a
SiOxCyHz layer, deposited by classical PECVD, and X = 1 corre-
sponds to a copper thin film grown by sputtering. Consequently all
values of X between 0 and 1 are related to a composite Cu–SiOxCyHz

layer. It should be noticed that layers deposited at 0 sccm HMDSO
correspond to copper oxides material and not metallic copper and
that the target is strongly oxidized after such experiments. This is
likely due to residual oxygen in the deposition system. Therefore
due to the use of a primary pumping device, the lowest pressure
achieved without any gas injection is limited to 0.1 Pa, which is one
to two orders of magnitude higher than the ultimate pressure in
classical sputtering systems. The copper oxide chemical nature is
identified by XPS measurement reported hereafter.

Variations of X as well as the deposition rate, as a function of the
HMDSO flow rate, are described in Fig. 2. HMDSO flow rate is varied
by controlling the injection frequency. The injection system is
calibrated by weighing the HMDSO cell before and after several
times of injection at various injection frequencies. The evaporated
mass of HMDSO is deduced from these measurements. Both masses
and corresponding flow rates are indicated in Fig. 2. First the ratio X

decreases when the metalorganic flow rate increases. This behaviour
is observed in other works using the same deposition technology
[9,19] and is explained by a growing contamination of the sputtered
metallic target by the deposition of organosilicon material. This
pollution effect is clearly visible on unreported photographs of the
target after experiments carried at various HMDSO flow rates.
Moreover it is also noticed that the growth rate of the organosilicon
layer on the target is strongly dependent on the precursor injection



Fig. 4. (a) XPS spectrum of a Cu–SiOxCyHz thin film synthesized by PECVD–PVD

(12 sccm HMDSO). (b) XPS profiling of a Cu–SiOxCyHz thin film (12 sccm HMDSO).
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configuration. The decrease of X is first low between 0 sccm and
2.4 sccm HMDSO, and only traces of silicon are measured. In this
range of precursor flow rates it is observed that the thin films
surfaces shift from copper oxide to metallic copper. A possible
explanation is that hydrogen produced from HMDSO dissociation in
the plasma discharge is able to reduce copper oxides at the surface of
the target. Indeed a strong increase of Ha emission line is observed
by optical emission spectroscopy as soon as HMDSO is introduced.
As a matter of fact the copper target is entirely cleaned and free from
oxide when the chamber is opened. Above 2.4 sccm HMDSO the
decrease of copper concentration in the layer is more pronounced
but still gradual. In the tested conditions, a fraction of uncovered
metallic copper is indeed always available in the racetrack of the
target and able to provide metal incorporation in the organosilicon
matrix. It has not been determined up to now whether copper in the
thin film is oxidized or not in these conditions.

In parallel to the decrease of X we observe that the thin film
growth rate increases from 10 to 118 nm min�1 when HMDSO flow
rate is varied from 0.8 sccm to 12 sccm. This is convenient with the
results obtained in classical PECVD deposition systems [20] where
the deposition rate is quasi linearly dependent on the precursor
amount except in the feeding regime. The effect of sputtering
current on the coating composition is reported in Fig. 3. The
experiments are carried at 12 sccm HMDSO. The sputtering yield is
dependent on the energy of incidents ions impacting the target. As
a consequence, increasing the current intensity from 1.2 to 2.7 A
leads to raise the incorporated amount of copper in the thin film
from X = 13 to 72. Achieving a controlled chemical coating
composition in a fixed geometrical configuration is then possible
by controlling the current and the precursor flow rate. Considering
that deposition rates are limited when synthesizing layers with
high metal content, the major process capabilities in term of
production are obtained for the deposition of low copper content
thin films.

The chemical composition of a layer deposited at 12 sccm
HMDSO is analysed by XPS at the surface and after several time of
etching. The results are reported in Fig. 4. The XPS spectrum of the
surface (Fig. 4a) shows the presence of copper, silicon, carbon and
oxygen. A focus on the copper lines in the 930–970 eV range reveals
a typical feature of Cu0 or Cu in Cu2O [21]. However within this
resolution it was not possible to discriminate the two chemical
states. The composition vs. thickness investigated by XPS is reported
in Fig. 4b. It shows nearly constant profiles for carbon, silicon, oxygen
and copper. Iron, chromium and nickel come from the stainless steel
substrate. The high carbon content in the layer is explained by the
plasma composition where only argon and HMDSO are introduced.
Within this atmosphere a plasma polymer thin film denoted as
Fig. 3. Influence of the sputtering current intensity on the value of X (at 12 sccm

HMDSO).
SiOxCyHz is deposited. Decreasing the ratio of HMDSO partial
pressure on oxygen partial pressure leads to modify the organosi-
licon chemical nature that evolves to a silica-like (SiOx) material.
This has been well documented in the literature for various PECVD
technologies and process parameters [22–24]. The atomic concen-
tration of copper and silicon are measured, respectively, at 5 at.% and
25 at.% which corresponds to a ratio X = 17%. Complementary
composition profiles were also made by Auger spectroscopy to
analyse thicker films around 500 nm that showed a homogeneous
copper dispersion in the whole film thickness. However regarding
the deposition rates, the investigated coatings were deposited in five
to fifteen minutes. This suggests that the plasma stabilization
procedure previously described is acceptable for working in a steady
state and prevent from depositing during the first step of silica
contamination on the target.

However it is not possible to exclude a slow drift, particularly in
copper sputtering, which could involve a composition evolution for
a longer processing time.

The antimicrobial properties of a set of samples are evaluated
by the Japanese industrial standard JIS Z 2801: 2000. The samples
surfaces are put in contact with a solution containing 105 E. coli

microorganisms per millilitre. Active bacteria are counted after
24 h incubation. If the difference between the initial concentration
of bacteria and the concentration after one day is at least equal to
104 the surface is considered as totally bactericide. The results are
reported in Fig. 5. For a SiOxCyHz layer deposited on stainless steel
by PECVD, the bacteria concentration has not decreased after 24 h.
This coating is denoted as a negative reference. On the contrary, for
a copper thin film deposited by sputtering, the E. coli concentration
decreases to log C = 0.7 after 24 h, which is the minimal detectable
value. This sample is assigned as a positive reference. The layer



Fig. 5. E. coli concentration measured on the surface of the Cu–SiOxCyHz thin films after

24 h incubation vs. X (negative and positive references are indicated in dash lines).
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deposited at 0 sccm HMDSO, i.e. in sputtering regime, and
previously identified as copper oxide, shows also a complete
antimicrobial activity. Concerning the composite Cu–SiOxCyHz thin
films, the general tendency is the decrease of the antimicrobial
efficiency with the copper content. The bacteria concentration is
indeed measured as less than log C = 2 when X is higher than 38%.
The bactericide efficiency is strongly affected below this value and
the layer with X = 10% shows no activity. The copper effect on the
microorganism is generally understood as an interaction and a
neutralization of the cell protein structure [16]. This suggests that
copper is able to reach the bacteria and to be absorbed on it. It also
means that copper should be present on the top of the surface to be
active. Unfortunately for this set of samples we were only able to
measure the copper quantity in the whole layer by XRF analysis,
and we have little information on the extreme surface chemical
nature. Regarding the variety of tested materials, microorganisms
natures and microbial tests procedures in the literature, it is
delicate to compare materials efficiencies from a work to another,
all the more that copper seems to show different efficiencies
depending on the organisms [25]. In the case of copper indeed
some works tend to show that copper is effective for few at. %
[15,16] while another study quote that copper concentration must
be higher than 55% [12]. Based on the first results obtained on our
sample, the next issue should be to optimize the copper
concentration and repartition in the organosilicon matrix to
obtain a totally bactericide material with durable effect.

4. Conclusions

Copper containing organosilicon thin films were successfully
synthesized on stainless steel using a mixed PECVD-sputtering
deposition technique. Although it is possible to obtain each
X% = [Cu]/([Cu] + [Si]) varying both sputtering current and HMDSO
flow rate, the best process potentialities regarding the deposition
rates are for low X values. Consequently this deposition technique
is particularly well adapted to the synthesis of antibacterial
nanocomposites layers, where few at.% Cu or Ag are potentially
sufficient for a total activity. The next steps are investigations on
the durability of the antibacterial activity of the layer when
submitting the surface to various type of chemical and mechanical
ageing. Furthermore some layers based on silica matrix (SiOx, x = 2)
doped with copper should be synthesized for comparison with the
organosilicon matrix SiOxCyHz.
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