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Abstract

Coating of plastics by inorganic metal-based films requires profound knowledge about the phenomena occurring in connecting materials of
very high and very low (visco-)elastic properties. Buckling and delamination are unwanted, stress-release induced effects leading to severe failure.
To overcome the problem of delamination, higher energetic deposition conditions for strengthening the polymer surface by ion implantation are
seen as a chance, but bear the risk of high film stresses and, thus, an increase of buckling.

To understand these phenomena in pulsed laser deposition (PLD) the current work focuses on topographical, morphological and chemical
investigations of polymers coated with thin interface films between 5 and 100 nm thickness. Applying this approach in the room temperature PLD
(RT-PLD) enables the understanding of ion implantation during interface growth.

The results reveal a strong chemical binding between implanted atoms and polymer chains as well as a hardening of the soft polymer surface,
which increases the load capacity. Only very low changes of the surface topography after coating by wrinkling phenomena reveal scarce influence
of the ion bombardment and high adhesion of the films.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

One of the main goals in recent industrial developments is
reducing the production costs of components connected with
improving their functionality. A reduction of production costs is
often reached by the use of polymers instead of metals.
Advantageous for the use of polymer materials is their low
specific density, allowing a weight reduction. This approach can
easily be applied for components with low demands on hardness
and mechanical strength, which are extremely low for polymers
compared to all metals. Improving these properties at the surface
of component, and, thus, increasing the scratch resistance can be
reached by surface coating — e.g. by varnishing, vacuum or
plasma coating. In addition, this step of coating allows the
functionalization of the surface fitting them out with e. g. sensor,
optical, decorative, and biocompatible properties, improving
these coatings to functional nanomaterials.

The key factor in the coating of polymers is the adhesion of
the attached films. The coating with inorganic films leads to the
problem of very different mechanical properties (elasticity,
hardness, plasticity) of the two compound materials. Thus, an
advanced interface design is necessary to allow high adhesion
strength. In the field of vacuum coating techniques – mainly
physical vapour coating techniques are applied for thicker
coating of polymers – such advanced interface design can be
reached by a targeted use of high-energetic deposition
conditions to avoid the formation of either weak boundary
layers at the polymer surface in the case of too high-energetic
particles or only weak bonded physisorbed films known for low
energetic particles [1–5]. A technique which seems to allow
these necessary targeted deposition conditions is the pulsed
laser deposition (PLD) at room temperature (RT-PLD). The
pulsed intermittent high and low energetic plasma fluxes allow
the simultaneous implantation of particles in the polymer
surface (formation of pseudodiffusion interfaces) and the
growth of films [6].

The current work shows by the application of chemical,
mechanical and topographical characterization techniques the
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formation of high adhesive, very smooth, chemically bonded
PLD titanium and tungsten pseudodiffusion interfaces on
polyimide (PI) and polycarbonate (PC) surfaces.

2. Experimental

The RT-PLD technique was used to deposit thin interface Ti
and W films at room temperature on untreated polyurethane
(PU), polyimide (PI), and polycarbonate (PC) foil substrates of
1 mm thickness. Therefore, a 1064 nm Nd:YAG laser was
focussed on Ti and W targets in an industrially-scaled vacuum
chamber in the presence of inert Ar process gas in order to ablate
a high-energetic metal plasma [7]. Ti andWwere chosen as film
materials due to their very different chemical reactivity, physical
properties (mass of atoms and ions), and the very different
mechanical properties (Young's modulus, hardness). The
deposited metal film thicknesses were set to 5, 10, 20, 50, and
100 nm for both film materials in order to allow a comparative
study of the film properties. In all cases a layer-by-layer growth
of the films was found in preliminary investigations [7].

For the topographical, mechanical, and chemical character-
ization of the films atomic force microscopy (AFM, DI
Dimension 3100) in tappingmode, nanoindentation (Fisherscope,
Rockwell HRC indenter, load: 5 mN, loading/unloading rate:
0.25 mN s−1, time at maximum load: 30 s), and Fourier-
transformed infrared spectroscopy (FTIR, Perkin-Elmer Spec-
trumOne) in attenuated total reflection (ATR)modewere applied,
respectively.

3. Results and discussion

Before and after the deposition the PI and PC substrate
surfaces were inspected by AFM. These investigations showed
for both film materials a slight, nearly linear increase of the
substrate roughness from about 30 nm for the uncoated
substrates to about 50 nm for the substrates with about
100 nm film thickness. In the case of W a bit larger clusters
were visible on the PC surface than on the PI.

The occurrence of stress-induced wrinkling phenomena in
these films was revealed in preliminary investigations [7],
showing no influence to film adhesion. Higher energetic
vaporized W particles (higher kinetic and ionic energies)

caused a slightly increased wrinkling tendency, which can result
in additionally both deeper implantation and higher lattice
mismatch. In all investigations, no buckling and film delami-
nation of the RT-PLD metal films was found.

Even after the nanoindentation experiments no delamination
in and in the surrounding of the indents was found [8]. These
mechanical investigations were aimed to clarify the questions
connected to particle implantation and surface hardening
(decreasing of the compliance). In preliminary X-ray photo-
electron spectroscopy investigations (XPS) of RT-PLD depos-
ited Ti films on PU up to 100–200 nm atom implantation was
found [6]. The relative hardness results shown in Fig. 1 reveal
now the mechanical changes which are connected to the
formation of the implantation (or pseudodiffusion) layer. All
results were normalized to the polymer substrate hardness.

First of all, a strong 12–20% increase of the hardness is
found in film thicknesses up to 10–20 nm. 5% hardness increase
is found in 5–12 nm thick films, which are much thicker than
necessary for the full covering of (smooth silicon wafer)
surfaces in the RT-PLD of Ti and W [7]. Due to the indentation
depth of about 1.4 μm, which is caused by the very different
elastic moduli of the two material classes (metals: 105 MPa,
polymers: 101 MPa), this strong hardness increase cannot be
caused only by the film growth on the surface. Revealed by
finite element modelling (FEM), also a hardening of the surface
(increase of the elastic modulus) by the implantation of particles
is important. The normalized hardness increase in these films
(thickness b10–20 nm) seems to be higher due to the higher
tendency to the incorporation of Ti species in the polymer
chains (as shown later in the FTIR-ATR results).

Fig. 1. Normalized hardness in dependency on the film thickness for RT-PLD Ti
and W films on PC and PI substrates.

Fig. 2. FTIR-ATR reflection spectra (uncoated polymer spectra and difference
spectra between the coating and the standards) of (a) PI and (b) PC substrates
RT-PLD coated with Ti and W.
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In thicker films (20–100 nm) the rate of hardness increase is
decreased. Revealed by FEM the nearly linear dependency of
the normalized hardness on the film thickness is only due to the
load capacity increase of the film. Only low influences are
found for the two film materials Ti and W in this regime: For Ti
films the hardness is slightly higher due to the higher loading
capacity of the implanted polymer surface (best visible in the
case of PI substrates). The increase of the load capacity of the
growing film is comparable for both Ti and W films.

The FTIR-ATR method allows a very surface sensitive
evaluation (up to 0.5–1 μm depth) of the chemical binding at
polymer surfaces. Assigning the FTIR peaks to the distinct
changes in the polymer chains enables the detection of stretching
and bending of organic (and inorganic) bonds. As mentioned
above, the increased reactivity for deposited and implanted Ti on
PI substrates was revealed by FTIR-ATR investigations, shown
by the higher peaks in the difference spectra between the coated
and uncoated polymers in Fig. 2a. Compared to the uncoated
samples the range ofwave numbers between 2000 and 4000 cm−1

is activated in all the RT-PLD coated polymers (Fig. 2a,b) due to
the presence of new peaks, e.g. C–H stretches in alkanes
(∼2800–3000 cm−1) and aromatic rings (∼3100–3300 cm−1),
phenyl ring substitution overtones (fingerprint region between
1900–2250 cm−1), and O–H stretches (3250–3550 cm−1). All
the other peaks are also present in the spectra of the uncoated
polymers, but their average intensity is decreased due to coating
(visible by the negative reflection values in the difference spectra).
Correlating these results with XPS results it seems that Ti and W
atoms are substituting C atoms in phenyl rings (due to the phenyl
ring fingerprint region) and are forming compounds with O atoms
(due to O–H and C–H stretches). A more detailed analysis of the
data (bonding between metals and C, O, N, H atoms) is scarcely
possible at the moment due to the missing of standardized data of
comparable metal-organic compounds. In spite of this fact, these
preliminary FTIR-ATR results reveal the formation of chemical
binding at the interface of the RT-PLD film to the polymer
substrate.

4. Conclusions

The current work reveals the ion and atom implantation and
chemical bonding by the pulsed laser deposition coating at room

temperature (RT-PLD) on PI and PC polymer substrates. Due to
the control of the deposition conditions a buckling of the Ti and
W films was prevented, and no cracks in the films were
detected. Advantages of the applied coating technique are the
missing of any film delaminations (buckling) by implantation,
chemical binding of the deposited atoms as well as the
hardening of the polymer surface region by the formation of a
pseudodiffusion layer (implantation layer).
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