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Developing soft and elastic coating materials is one of the future challenges in research on new coating
materials for vacuum deposition processes. This development direction is in its infancy and fully contrary to
the thin film research mainstream. Such coatings – tailor-made with gradients in hardness and elastic
modulus – could work as adhesive and load-supporting layers on polymers bridging the properties from soft
substrate to the stiff, wear-resistant hard top coating.
In this work we used the approach of a chemical vapour deposition process with plasma assistance from an
unbalanced RF (13.56 MHz) powered magnetron sputtering cathode in planar parallel plate arrangement.
The characterization of the amorphous hydrogenated and polymer-like carbon films showed a high influence
of the used precursor gas (acetylene, butane) on hardness and elasticity. The elastic moduli were found to be
between 2 and 35 GPa for the fully amorphous films with a-C:H structure. Specific growth structures were
found in HR-TEM imaging of the amorphous coatings. All coatings adhere strongly on a rubber-like polymer
(thermoplastic polyurethane).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Research and development of nanostructured materials with
improved, tailor-designed properties is a fundamental need for the
growth and advance of automotive, aerospace, biomedical and
electronic industries among others. Plasma synthesis of coatings is a
powerful and versatile way to obtain suchmaterials. Among them, the
family of amorphous hydrogenated carbon (a-C:H) coatings stands
out due to its properties: hardness, chemical inertness, low friction
and high wear resistance. Moreover, these properties are tuneable by
specific plasma conditions and deposition techniques [1]. Main
influence on this chameleon-like behaviour of carbon films comes
from the composition of mixed sp3, sp2 and polyacetylene binding,
best seen in Raman spectra [1]. Hydrogen, incorporated in the
material during plasma deposition, is known to control the respective
proportions of the sp3 and sp2 carbon sites and, consequently, the
network C–C connection in the a-C:H films [2].

In the last 20 years, a-C:H films have been prepared by many
different techniques like plasma enhanced chemical vapour deposi-
tion (PECVD) from hydrocarbon gases [3,4], sputtering [4–6], cathodic
arc [7,8], ion beam methods [9] and laser vaporisation [10]. The most
critical process parameter, determining the film properties, is the ion
bombardment occurring during deposition [11,12]. Sputter deposition

has the advantage of coating uniformity with high deposition rate.
However, most of the species in the discharge are neutral and difficult
to control, which may result in disorder in the films. Unbalanced
magnetron sputtering can enhance ion bombardment of the substrate.
Radio-frequency (RF) discharges allow much more activation of the
species in the plasma. RF is applied in magnetron sputtering as well as
in PECVD. In the sputtering approach, RF discharges have much higher
energy concentration in hydrocarbon plasma than direct current (DC)
sputtering, even if DC sputtering is applied in a kHz pulsed mode.
PECVD using planar RF discharges is the most common method for
deposition of a-C:H films. In PECVD, the potential distribution
between parallel electrodes is generally described by a large voltage
drop across the ion sheath and the powered electrode (cathode),
whereas the voltage drop across the bulk plasma is small and influences
the self-bias voltage on the substrate. However, the deposition rate is
rather low compared to sputtering.

Polymer-like carbon films (PLC) are obtained in PECVD conditions
of low negative self-bias voltages. The fabrication process at this
deposition conditions is similar to the plasma polymerization or the
glow discharge polymerization [13,14]. Besides their intensive visible
photoluminescence [15,16] – controllable by the hydrogen content in
the films – these coatings could have advantageous low stiffness and
hardness, which are not commonly found for plasma deposited films.

The goal of the current work is the high-rate deposition of soft PLC
coatings from hydrocarbon precursor gases (acetylene, butane) by new
in magnetron sputtering activated PECVD processes. This approach is
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of high interest, if the PLC coating will be covered afterwards with PVD
functional coatings, e.g. deposited by sputtering. The RF sputtering
power was coupled to form the plasma by planar parallel plate
arrangement with a highly unbalanced magnetron sputtering cathode.
The unbalanced magnetic field allows a much more intensive
stimulation of the plasma with a much higher content of ionized
hydrocarbon species. If coatings of very low hardness and low elastic
modulus could be deposited with this deposition technique in
adequate high rates, their use as adhesive interface could become
interesting for a hard coating on very soft and highly elastic substrate
materials like polymers.

2. Experimental

2.1. Finite element analysis

Finite element (FE) modelling was applied to estimate the load
bearing capacity of soft and hard coatings on soft substrates. The
software package Elastica® [17,18] allowed the calculation in the
elastic regime with subsequent yielding of the materials compound,
taken as main assumption to simplify the analysis. This assumption is

corroborated by the general technical demand of loading materials
only in the elastic, reversible range. We used the FE modelling option
of indenting a diamond cone into a system of either one or two coating
layers on a substrate. The results obtained give information about
critical contact pressures at the onset of plasticity in the substrate
(Fig. 1): Describing the egg-shell effect, the loaded compound first
starts yielding of the coating and after reaching a critical value (called
“critical contact pressure” in the FE simulation), yielding of the
substrate starts. In the FE simulation the result is shown as the de-
pendency of the contact pressure on the contact radius. The contact
radius is defined by the cone radius of the indenter, which is virtually
cut by the initial surface of the coating. In our calculations, extensive
stress concentrations occurring in the vicinity of very sharp tips are
avoided by applying a tip radius of 100 µm at the end of the cone.

The critical contact pressure for starting substrate yielding is not
dependent on the thickness or elastic modulus of the coatings, if the
yielding stress is set constant for all materials (assumptions: 10MPa for
the applied soft, 1 mm thick substrate and 300 MPa for the films
independently on their elastic modulus). However, the critical contact
radius changes significantly with film thickness and elastic modulus
and, thus, gives ameasure for the size of a particle, which is pressed into
the surface in a real contact problem (e.g. tribological test). Thus, we
used this parameter to show the influence of soft layers on load support.

2.2. Deposition of the coatings

For the deposition of the coatings a laboratory vacuum chamber
pumped down initially to 8×10−3 Pa was applied. As substrates
silicon wafers ((100) orientated, boron doped, 500 µm thick) and
thermoplastic polyurethane (TPU) were used and prior to mounting
at the substrate table ultrasonically cleaned in ethanol and dried in hot
air. TPU was synthesized by the addition of diphenylmethane 4,4′-
diisocyanate to polycarbonate diol, followed by addition of a mixture
of chain extenders and a molecular weight regulator. Removal of
dimethyl acetamide solvent in hot air oven (70°) leaves the substrates
as polymeric film of ~0.7 mm thickness.

For the deposition we used a parallel arrangement of a highly
unbalanced, 3″ sputtering gun with an electro-carbon target (99.7%
purity) and a grounded substrate table with our substrates, rotated at
10 cm distance to the sputtering gun. Radio-frequency (RF,13.56MHz)
power (100 W) was applied on the sputtering target. The deposition
occurred both from sputtering of the target and from the hydrocarbon-
argon process gas mixtures used as pre-cursers. The pressure of these

Fig. 1. Schematics of the applied finite element model: explanation of the loading
conditions and the contact pressure–contact radius dependency, leading to a critical
contact radius where yielding of the films starts to be accompanied by yielding of the
substrate.

Fig. 2. Dependency of the critical contact radius as a measure for the load bearing capacity on the coating thickness obtained by the FE modelling of diamond cone indentation into
single and bi-layer coatings on a soft substrate material with given mechanical properties.
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either argon-butane (C4H10) or argon-acetylene (C2H2) gas mixtures
was kept by mass flow meters at 1, 2, and 4 Pa pressure and specified
gas flow ratios (=hydrocarbon gas flow : total (hydrocarbon+argon)
flow).

2.3. Characterization

The thickness of the coating, leading to the deposition rate, was
measured at steps by a Veeco Dektak 150 stylus surface profiler in the
low-force mode. To analyze the coating adhesion, we applied tape
testing with 3 M 2525 scotch tape. Reflected-light microscopy was
used to check the surfaces on macro-sized defects. Nanoindentation
(UMIS, low indentation depth range up to 2 µm, 2 mN applied normal
force, ~0.02 nm depth resolution) was applied on silicon wafer
substrates for determining the mechanical properties (hardness and
elastic modulus) using a Berkovich intender. The mechanical proper-
ties hardness and elastic modulus were extracted from the unloading
part of the load-displacement curves. Raman spectroscopy was
performed at a LABRAM system (532.2 nm laser with 100 mW,
Peltier-cooled CCD matrix detector). Atomic force microscopy (AFM,
DI Dimension 3100) in the contact mode allowed us to determine the
growth structure and topography of the deposits on the siliconwafers.
High-resolution transmission electron microscopy (HR-TEM, Tecnai
G2 F20-TWIN) finally was used to characterize the growth and atom
arrangement in the films. The thin foils were prepared using focus ion
beam cutting (FEI Dual Beam).

3. Results and discussion

3.1. Mechanical simulation of the contact problem for soft substrate
materials

Themain goal of the work is the development of soft, highly elastic
adhesive interface layers for the coating of soft polymer materials.
Thus, our work is based on FE models of these interface materials
between the soft substrate and a hard top coating. As explained above,
our models are based on the calculation of a critical contact radius
describing the load-carrying behaviour of a surface: Higher critical
contact radius is in close correlation to higher load-carrying capacity
of the compound. Fig. 2 shows such an Elastica® calculation for a
polymer substrate with 6 GPa elastic modulus and 10 MPa yield
strength and coatings of 20, 50 and 100 GPa elastic modulus thereon,
indented by a diamond cone. This diamond cone represents a particle
in practical use, which is pressed onto the surface and should not lead
to plastic deformation of the substrate. The continuous lines in Fig. 2
show the behaviour of single layer coatings with 20, 50 and 100 GPa
elastic modulus. As expected, the critical contact radius increases with
increasing elastic modulus and coating thickness. The linearity of the
increase is caused by the elastic assumptions made for the FE model,
but it is comparable to the practical behaviour of such a compound
[18]. Using a bi-layer model (same total coating thickness, but 2
equally-thick layers of different modulus) instead of the single layer
model, we found a quite interesting behaviour: If the difference
between the modulus in the 2 coatings on the soft substrate
(polymer) is rather small (e.g. 20 and 50 GPa), an increase of the
critical contact radius is found. However, large differences in the
elastic behaviour of the coatings (e.g. 20 and 100 GPa) leads to a
decrease of the critical contact radius. This behaviour is caused by the
sudden changes in the deformability of the materials, which could
lead at interfaces to yielding (and cracking) even at low loading levels,
if the differences in the properties are too high.

Thus, these calculations underline the need of soft coating
materials with tailor-able elasticity as interface layers. Although we
were not able to simulate coating composition with gradients in
elastic modulus, we expect further improvement of such material
combinations based on gradient layer theories.

3.2. Growth behaviour and mechanical properties of the coatings

Based on the FE models, carbon-based coating materials were
started to be developed utilizing the well-known tuneable properties
of carbon and the possibilities for high-rate deposition in an RF field.

The thickness measurements on the obtained films showed
generally, that deposition in C4H10 (butane) atmospheres leads to
about 2–3 times higher deposition rates than the deposition in C2H2

(acetylene). However, high C4H10 gas flow resulted in low adhesion of
the coatings on the substrates. Thus, we focussed on lower C4H10 flows
and on C2H2 precursor gas. The deposition rate in C2H2 containing
atmosphere was found to increase linearly with both gas flow ratio
(see Fig. 3, e.g. shown for 4 Pa total pressure) and total pressure in the
characterized range of deposition parameters. This behaviour is based
on the increased amount of available C2H2 molecules for plasma
formation and decomposition [19].

Based on the growth rates, coatings with ~1 µm thickness were
prepared on silicon wafers for mechanical characterization. The
results (Fig. 4) show both decreasing hardness and elastic modulus
at higher hydrocarbon gas flow ratios and higher total gas pressure. An
exemption is found for the coatings grown at 1 Pa total pressure. The
deposition in butane results generally in extremely low mechanical
property values. These achieved low levels in elastic modulus and
hardness are very promising for the application of the films as
adhesive load-supporting interface layers on soft polymers, prevent-
ing sudden elastic properties changes to e.g. hard, wear resistant top
coatings (e.g. TiN, CrN or DLC (elastic modulus ~200–300 GPa).

For carbon-based coatings (DLC and PLC), the mechanical proper-
ties are very dependent on the chemical binding of the carbon (sp2 or
sp3 hybridisation, H content, etc.) [1,2]. sp3-type C–C bonding leads to
a three-dimensional network of high stiffness and hardness, while
bonded H atoms loosen the network and, thus, the cohesion in films.
The low levels of elastic modulus (generallyb 35 GPa) as well as
hardness (b5.5 GPa) strongly refer to highly hydrogen containing a-C:
H or polyacetylene film compositions [20]. a-C:H (G peak) composi-
tion was found by Raman investigations with 532 nm. However, the
high laser wavelength prevented the search for polyacetylene
structure because of overshadowing the Raman signal by the back-
ground [25–27]. Nevertheless, the ratio of the slope of fitted linear
background and the intensity of the G peak allowed us a rough
estimation of the bonded H content around 40% [27]. The higher H
content was found for films deposited in butane atmospheres and
generally higher pressures and hydrocarbon gas flow ratios.

The reason for this specific behaviour is given by the deposition
arrangement: RF activation is carried out by the highly unbalanced
magnetron sputtering cathodewith amounted carbon target. Optically

Fig. 3. Growth rates of RF deposited a-C:H coatings under application of substrate
rotation in dependency on the C2H2/(C2H2+Ar) gas flow ratio at a total pressure of 4 Pa.
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analyzing the target surface after deposition showed a transition from
sputtering (PVDmode) to RF activated PECVD: while low hydrocarbon
pressures shows more preferred target sputtering by argon and
scarcely film deposition on the sputtering target surface from the
pre-cursor gas (dirtying of the surface by non-adhering carbon),
medium and high pressures (2 and 4 Pa) promote the latter.

This can be correlated to the growth rate of the films too: for a-C:H
sputterfilmdepositionwegenerallymeasuregrowth ratesof ~0.5–1Ås−1,

while for e.g. highC2H2 ratios in the total gasflow(Fig. 3) the rates increase
up to ~10 Å s−1. Physically, this can be easily explained by themechanism
of sputtering and gas dissociation: the sputter yield is lower for lower ion
mass of the ions accelerated towards the sputtering target: thus,
sputtering with argon is much easier than with any positively or
negatively charged hydrocarbon ion. The ionization of the hydrocarbon
pre-cursor gases is triggered by the alternating RF field and collision
cascades with ions vibrating in this field. Ionization of hydrocarbon

Fig. 4. (a) Elastic modulus and (b) hardness in dependency on the hydrocarbon gas flowcontent for 1, 2 and 4 Pa gas pressure and acetylene (C2H2) and butane (C4H10). The error bars
are below the size of the data points.

Fig. 5. HR-TEM images of the cross-section of a a-C:H film deposited in 17.5% C2H2 gas flow atmosphere and 1 Pa total pressure on a silicon wafer substrate. (a) Low magnification
showing coarsening growth structures in increasing distance to the interface. (b) Selected area diffraction pattern of the coating. (c) High-resolution, atomic scale image from the
centre of image (a).
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species lead allows to the dissociation to highly reactive CxHy fragments.
By comparing the binding energies of C–H (416 kJ mol−1 at 298 K) to C–C
(345 kJ mol−1), CfC (615 kJ mol−1) and C`C (811 kJ mol−1), we can
easily deduce tendencies for dissociation: For acetylene (C2H2), consisting
of C`C and C–Hbonds, the ionization by loosing hydrogen atoms is easier
than by breaking the triple bond [21]. Thus, structures withmixed double
and single bonds aswell as with cross-linking between chains couldmore
easily form in the growingfilms (polyacetylene type). The higherhardness
and lower elasticity is due to the double bonds; such double bonds are
missing in the butane hydrocarbon precursor (C4H10) and, thus, are more
difficult to be formed in the growing film.

In the growing film hydrogen atoms can only be etched by argon
atoms (and ions). Lower content of argon atoms in the process gas at
constant pressure leads to less intensive etching (desorption) of
hydrogen and, thus, higher hydrogen contents which is also found in
the background analysis of the Raman spectra. As well, the decreasing
hardness and elastic modulus at higher C2H2 gas flow contents indicate
this etching behaviour in 2 and 4 Pa total pressure atmosphere (Fig. 4).
Comparing the mechanical properties of the films deposited in 1 Pa, 2
and 4 Pa total pressures with e.g. 35% C2H2 flow content, the percentage
of argon atoms in the chamber is equal; however, the hardness and

elastic modulus is decreasing at the higher pressure, which is in close
correlation to increasing hydrogen content (less H etching) and less
cross-linking. Cross-linking occurs, if e.g. two hydrogen atoms are
etched from closely situated carbon atoms, forming a common chemical
bond. Based on literature [20,22–24], the hydrogen etching mechanism
by argon ions is also dependent on the self-bias of the substrates. Higher
negative self-bias (e.g. forming by deposition of negatively charged
hydrocarbon ions andmissingof chargeneutralizationbyelectrons from
the plasma) leads to higher attractive forces for positively charged Ar+

ions, decreasing the H content and enabling cross-linking between
chains. This could be a possible explanation for the slightly increasing
hardness and elastic modulus of the films deposited in 1 Pa at high
hydrocarbon gas flow ratios.

3.3. Structure and topography of the coatings

TEM characterization of a film grown in 17.5% C2H2 gas flow at 1 Pa
total pressure was performed to study the growth structure: as
expected, the film is fully amorphous without any nano-sized
precipitations (Fig. 5b). However, some features of the high-resolution
imaging of the cross-section are interesting (Fig. 5c): We found
polymeric chain-like features of ~0.3 nm width, which seems to be
partly cross-linked. They give further evidence for a polymer-like carbon
structure of the films. Observing the film cross-section under lower
magnification (Fig. 5a), specific growth structure with perpendicular
orientation to the substrate surface (silicon wafer) are visible. These
elongated structures are coarsening with increasing distance to the
substrate-film interface. Althoughnoevidenceof crystallinitywas found
in the films, we think on the basis of these results, that preferred growth
mechanisms are evident even for the amorphous films. Such preferred
growth could be initiated by advantageously orientated polymer chain
segments, leading to the pale-grey, less-denser regions in the bright-
field TEM cross-section image.

Additionally to the HRTEM imaging, growth structures are evident
on the surfaces, as shown for the same coating (1 Pa total pressure,
17.5% C2H2 gas flow) in Fig. 6. On the surface these structures are of
round, half-ball like shape with 5–15 nm height (comparable to the
cluster-like region in [28], although the total pressure during
deposition is fully different). As well as visible in the HRTEM cross-
section image, the balls are uniformly distributed on the surface. The
roughness calculated from the topography investigations is around
12–15 nm for the 1 µm thick films (deposited in C2H2 atmosphere) and
seems to be closely connected to the growth features, presented above.

Fig. 6. AFM topography image of the surface of a a-C:H coating deposited on silicon
wafer (deposition parameters: 1 Pa total pressure, 17.5% C2H2 gas flow content in the
C2H2–Ar mixture).

Fig. 7. Influence of the a-C:H coating on the surface topography of TPU polymers in dependency of the total gas pressure and the hydrocarbon gas flow content.
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3.4. Technological film properties

To finally reach the goal of this work, 2 µm thick polymer-like
carbon coatings were deposited on thermoplastic polyurethane
substrates of typically 75A Durometer (shore) hardness (ASTM D-
2240). The topography changes are shown in the reflected light
microscopy investigations (Fig. 7): The uncoated TPU is manufactured
with adjusted surface roughness and topography. Coating the polymer
decreases the visibility of these “knolls” of 10–20 µm diameter in the
case of the coatings with lower transparency, but does not change the
measurable roughness. No cracks and coating delaminations (tested
in adhesive tape test) are apparent on all the surfaces, coated in C2H2

containing atmospheres, while the application of C4H10 atmospheres
of the higher hydrocarbon gas flow (23.9%) results in first evidences
for delamination. These results prove the applicability of our coatings
even on one of the softest polymer materials.

4. Conclusions

The presented study showed the successful deposition of polymer-
like carbon coatings by a combined PVD/PACVD coating approach. The
a-C:H type coatings have tailorable mechanical properties comparable
to polymers and to compliant metals (elastic modulus between 2 and
35 GPa), which is extremely important for their application as
adhesive, load carrying interface layers for PVD deposited hard,
wear-resistant top-coatings. The expectable advantages in load-
carrying capacity of such gradient layer approaches were found in
simulations for single and bi-layer coating systems. Additionally, all
coatings deposited in acetylene-argon gas mixtures show very high
adhesion on soft polymers like thermoplastic polyurethane.
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