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Abstract — We report a study of viscoelastic properties of thin polymer films of 10—250 nm at
the MHz range. These thin films are confined between a quartz crystal resonator and a millimetric
bead layer, producing an increase of both resonance frequency and dissipation of the quartz
resonator. For the elastic film, both shear modulus and dynamic viscosity are extracted from these
ultrasonic measurements. For the liquid film, the ageing effects are observed on both elastic and
dissipative responses and the loss angle of the film is determined. This modified quartz resonator
thus provides an effective tool for probing the rheological properties of viscoelastic thin films at

ambient environment.
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Introduction. — Viscoelastic layers confined into
small volumes are ubiquitous in nature and are known to
alter friction and adhesion at a solid-solid interface [1-4].
However, conventional mechanical testing is not adapted
for thin-film investigation and specific metrology is
needed. Naturally occurring instabilities such as wrin-
kling or dewetting provides valuable information about
rheological and mechanical properties of thin polymer
films [5,6]. Oscillatory interfacial rheology conducted
with a tribometer [7], the Surface Force Apparatus [8,9]
and Atomic Force Microscopy [10], offers a complemen-
tary description of thin films over several decades of
frequency. Note that the rheological behavior at high
frequency cannot be investigated with these techniques,
yet it is important for applications such as hard-disk
drives. Moreover, for polymers the time-temperature
superposition principle cannot always be used to obtain
the high-frequency response because crystallization may
arise at low temperature.

Acoustic-wave devices have proven to be suitable for
the high-frequency investigation [11,12] of thin films of
thicknesses ranging from nanometers up to microns length
scales. For example, the mechanical properties of the nano-
metric films can be measured using ultrasound resonant
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spectroscopy via its resonant modes, excited directly by
the ultrafast pulsed-laser irradiation [13]. Alternatively
the film properties can be extracted from the interac-
tion with an acoustic sensor. Among others, quartz crystal
(AT-cut) resonators operating in shear mode at ultrasonic
frequency from 1-100 MHz have been the most widely
used to monitor the viscoelastic properties of thick films
of thickness h > 1 pum adsorbed on their surfaces [11]. In
this case the interaction between the resonator and the
film modifies the resonance of the quartz and the resulting
frequency shift provides some information about the film.
However for thin films, i.e. h <1 pm, no significant shear
strain is produced inside it because the film is located
at an antinode of the standing wave. In such a case,
the shift of resonance frequency is only a function of the
mass alone and the acoustic properties of the film may be
ignored (quartz crystal microbalance QCM). Nevertheless,
for mechanical probing it is still possible to use compos-
ite resonators. For example, coating the film of interest
with a second overlayer (sandwich configuration) allows
enhancing the shear stress and characterizing its rheolog-
ical properties down to nanometric thicknesses [14].

In this letter, we describe another approach to probe
the viscoelastic properties of thin polymer films, elastic
(crosslinked) and liquid, by using a conventional QCM.
To this end, we deposit gently a layer of spherical beads
on the top of a film of thickness h ~ 10250 nm coated on
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Fig. 1: (Colour on-line) (a) Sketch of the experiment, (b)
coupling between a sphere and the quartz and (c) a viscoelastic
model of the coupled oscillators.

the surface of the ultrasonic resonator. The relative motion
(out-of-phase) between the quartz and the beads through
the film will modify the resonance response of the quartz
crystal. We show how the resulting shifts of frequency A f
and inverse quality factor AQ ! can be related directly to
the elastic and viscous moduli of a crosslinked film.

Experimental setup. — We study polydimethylsilox-
ane (PDMS) films of crosslinked Sylgard 184 and of liquid
polymer (M, ~ 90000, 170000) deposited on a quartz
resonator of fo(=wp/2m) ~5MHz (Maxtek) (fig. 1(a)).
The surface of the crystal is polished and gold-coated with
a roughness of about o ~ 2nm. This quartz is cleaned by
snow jet, and then by oxygen plasma during 10 minutes.
The film under study is deposited by spin coating directly
onto the quartz from a heptane solution. In the case
of Sylgard 184, the film is crosslinked at 60°C during
24 hours. Then, the film-coated quartz is placed in a
home-made cell and allowed to stabilize at 40 °C during
1 hour.

We use an impedance analyzer (Solartron 1260A) to
measure the admittance spectrum of the quartz resonator
at different stages of the sample preparation. As shown
in fig. 2(a), the resonance frequency fy is determined by
curve fitting with a precision of Af,,;» = +1Hz and the
quality factor is obtained from Q = fo/Af(~10°) where
Af is the width of the resonance peak. The deposition
of the film lowers the resonance frequency of the crystal;
the measurement of such a frequency shift allows deter-
mining the thickness of the film [11]. When mounting
the quartz into the measurement cell, slight fluctuations
of the resonance peak amplitude are observed from one
experimental run to another. However, the downward
shifts of the resonance frequency are very reproducible.

In order to study the viscoelastic properties of a spin-
cast thin film beyond the QCM application, we cover
the film-quartz system with two kinds of glass beads
(fig. 1(a)): one is smooth with an rms roughness o ~ 10 nm

and of diameter 2R =~ 650 yum (Duke Scientific) used for
studying the cross-linked films; the other is rough with o ~
100 nm and of diameter 2R = 400 ym (Centraver) used for
liquid films. Rough beads allow trapping the liquid film at
the contact and limiting the squeeze flow. The roughness
of the bead was measured with an AFM in contact mode.
As shown fig. 2(a), covering the film with glass beads
results in a totally different behavior than usual mass
loading. We observe an increase of the resonance frequency
AfT after the deposition of beads, and a decrease of the
resonance amplitude together with a peak broadening.
These results clearly indicate elastic enhancement and
dissipation increase of the quartz resonator.

Viscoelasticity of crosslinked films. — To gain
physical insight into our resonance measurements, we
model the quartz/film/smooth beads assembly as a pair
of coupled oscillators (figs. 1(b), (c)). As in a previous
work [14], the quartz resonator can be viewed as an
effective masse M attached to a spring of shear stiffness
K, determined from the fundamental resonance frequency
K = Mw3. The glass bead of mass m is attached to the
resonator M via the adsorbed film of thickness A. This film
is modeled by a Kelvin-Voigt element involving a spring of
shear stiffness k and a damping constant G” (see fig. 1(c)
and discussions below). No-slip boundary conditions are
assumed here between both the film-bead and quartz-film
interfaces, which are ensured by the strong adsorption of
polymer films considered here.

Two eigenmodes exist for such coupled oscillators
system with a natural frequency either superior (w®) or
inferior (w™) to the quartz frequency wy. The w™-mode
corresponds to an in-phase motion between m and M
giving access to the mass deposition by beads (not
discussed here), while the w'-mode corresponds to an
out-of-phase motion. The wT-mode is detected by the
quartz crystal (fig. 2 (inset)) and to first-order approxima-
tion in k, the associated frequency shift Aw™(=w™ —wy)
induced by the layer of beads reads:

Awt =~ Nyk/2\/(MK), (1)
where K =3.6 x 10°N/m and M =3 x10~°kg and N,
is the number of beads effectively covering the quartz
electrode. The order of the minimum shear stiffness
kmmin that can be measured with this experiment is then
a function of the beads number. Assuming that the
oscillation of each bead is identical, the determination of
Aw™ enables us to characterize the elastic enhancement
(stiffening) and properties of the adsorbed or bonded films.
Indeed, if L is the lateral extent of the contact area
(fig. 1(b)), we can estimate the elastic modulus of the
film by G'kh/(wL?) where h corresponds to the sheared
thickness at the contact zone.

Figure 2(b) shows clearly a linear dependence of Af™
as a function of Ny, obtained with a crosslinked Sylgard
film of 265nm and the smooth beads. The beads were
placed on the spin-coated quartz by two different ways.
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Fig. 2: (a) Negative frequency shift due to the mass deposition of a 265 nm crosslinked Sylgard film and positive frequency shift
after deposition of the beads (2R~ 650 um). (b) Evolution of resonance frequency and dissipation factor after deposition of a
growing number of beads Np. The value for N, 40 is evaluated using the effective surface area of the electrode (see text).

i) For a small number of beads N, =1, 3, 6, we used
a perforated metallic disk mounted above the quartz.
The disk was then approached by a microcontrol up to
~50 pm from the quartz and the beads were placed on the
surface through the holes. ii) For a large number of Ny, a
monolayer of beads was gently poured on the spin-coated
quartz, resulting in a regular hexagonal packing such that
Ny ~ (2/3'/2/4R?)S ~ 40, where S is the electrode surface
area. Note that in the case of the monolayer, possible
contacts between the beads do not alter the expected
frequency shift.

In addition, the relative motion between the beads and
the quartz resonator, inherent to the w™-mode, enhances
strongly the shear strain in the adsorbed film and induces
an interfacial dissipation which shall be detectable with
the quartz resonator. It has been shown previously that
the interfacial dissipation between two dry rough solid
surfaces is governed by the interplay of a frictional loss
and an interfacial viscoelastic one [4]. However, in the
presence of a viscoelastic film as the case here, the viscous
loss appears predominant over the other contributions to
the energy dissipation. To characterize such a loss, we
estimate the energy dissipated per cycle of oscillation by
shearing a thin film between a sphere and a flat surface
(fig. 1(b)) is AWpym ~m(w'n)(xL?/h)U, where L is
the lateral extent of the contact, 7 is the film viscosity,
U(~1nm) is the vibration amplitude of the quartz. In
terms of the inverse of quality factor AQ!'=
2m) " (AW pim /W,)  where W, =(1/2)KU? is the
stored energy in the quartz, the additional dissipated

energy is written as (w' ~wyp),
AQ ™' = Ny(nL?/h)KG", (2)

where G” = w™n. Measurements of such AQ~! allow us
to determine the dynamic viscosity of a thin polymer

film. Figure 2(b) shows the experimental results of AQ !
measured as a function of N,. The linear dependence
between AQ~! and Ny confirms again the prediction by
our model. Note that when the quantitative determination
of G’ and G” are conditioned by the uncertainty on the
measurement of K, L and N, (see the section below),
the loss angle defined as tand =G"/G may provide a
very useful parameter for the material characterization.
Combining egs. (1) and (2) yields readily:

tand ~ AQ ' /2(AfT/ fo). (3)

Let us now examine the viscoelastic properties of the
elastic film. From eqs. (1) and (2), we can respectively
infer G’ and G” of the polymeric film if the radius of the
contact area L is known. We measure the contact radius
L~46+7pm in a separate experiment with an optical
microscope, by imaging the contour of the circular contact
area through the glass bead. To determine the size of
the contact area, we have first calibrated the additional
magnification of the spherical lens (bead), by imaging a
known periodically structured silica wafer achieved by
optical lithography. From the data of fig. 2(b) we obtain
the stiffness and the dissipation of a single bead contact
Aft~3.1Hz(k~3x10*N/m) and AQ '~ 1.5x107°
and deduce consequently G’'~1.74+0.5MPa and
G" ~2.1+05MPa. Such values are close to those
obtained for bulk polydimethylsiloxane at same frequen-
cies [15,16]. From eq. (3) we obtain tan § ~ 1.2, again
corresponding to bulk PDMS.

Further measurements performed with the rougher
beads (0 ~100nm) of 2R~200um provide for one
bead contact Aft~0.6Hz(k=7.2x103N/m) and
AQ ' ~42x1077. With L~30+5um as measured
before we obtain G’ ~0.8+0.5MPa, G” ~1.44+0.5 MPa
and tand ~ 1.8. The order of magnitude of these values
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Fig. 3: Elasticity and dissipation as a function of time for crosslinked and liquid films of similar thicknesses.
(a) 45nm Sylgard film; plain lines represent a fit to a power law Af"T ~t%!? and AQ™' ~t>!. (b) 40nm liquid films;
the plain lines represent a fit to a power law Aft ~t%2 and AQ ' ~t%2?3 for the 90k film, and Af* ~t>3° and

AQ ™! ~ %28 for the 170k film.

is in agreement with the above results. The concordance
with bulk properties was expected due to the very local
probe provided by the present method. At such high
frequency, only Rouse modes are relevant (size < nm) and
no confinement effect may arise until the thickness of
the film reaches the characteristic size of those modes.
The above results confirm thus the validity of the present
method for characterizing the viscoelastic properties of
elastic films.

Aging and wetting phenomena. — Figure 3(a)
shows Af*/N, and AQ™!/N, for a 45nm Sylgard film
crosslinked in the same conditions, using the smooth
beads. Unlike the response for the 265 nm film which was
stable, the frequency shift and the dissipation factor evolve
in time like Aft ~AQ ™! ~ 9127015 This ageing effect
is not related to an ultrasonic excitation. Indeed, as shown
fig. 3(a), the acoustic responses acquired at different time
intervals of ultrasonic measurements are similar. However,
the mechanism of this ageing or creep is still unclear. The
crosslinking of the Sylgard 184 could be different from
the bulk and the thin film might be poorly cured, thus
exhibiting a liquid-like behavior. In such a case L and h
could vary with time, causing in turn the evolution of A f*
and AQ~!. Instead of determining the dynamic moduli
from egs. (1) and (2) which requires the time dependence
of L and h not available in the present study, we seek to
estimate the loss angle of the film, tan §, from eq. (3) since
AfT and AQ™' undergo a similar temporal evolution.
Figure 4(a) provides an effective tan é ~ 0.5, slightly lower
than that for a thicker film.

To further study the aging effect, we investigate as well
liquid —uncrosslinked— PDMS films of mass M,, ~ 90000
of thicknesses between 9 and 80 nm. The rough beads of

2R ~ 400 pm and o ~ 100nm were used to minimize the
squeezing effect. Some results are illustrated in fig. 3(b),
which show the ageing behavior for both Af+ and AQ ™!,
roughly varying as ~ t9-30%0-05 Here the error is calculated
from the standard deviation of four similar experiments
and is also representative of the data dispersion on the
other power law exponents discussed in this work. This
could be related to the wetting on the free surface of
the glass beads by the polydimethylsiloxane thin film
as indicated by egs. (1) and (2). Indeed, taking into
account the surface energies of the PDMS and glass, we
may expect a total wetting process, following a power
law L~ (yt/n)* where 7 is the surface tension of the
PDMS and « is an exponent characteristic of the details
of the wetting process [17]. This scenario is supported in
part by the observation of the contact radius evolution
L ~t016£0.04 with optical microscopy. Further evidence
arises from fig. 3(b) where we show the ageing of a
polymer of M,, ~ 170000 with a higher viscosity such that
n~ M3 [18], corresponding qualitatively to the wetting
law given above. The detailed study of these wetting-
related issues is however beyond the scope of this work
and will be treated in the future.

Before examining the viscoelastic properties of the
liquid films from Af* and AQ™!, we discuss some other
mechanisms which may be responsible for the stiffness
enhancement. In the case of liquid films, the beads make
direct contacts with the quartz surface which could induce
additional elastic enhancement and dissipation from solid-
solid contact. As shown in fig. 4(b), a characteristic
frequency shift for a 40 nm liquid film is about AfT /N, ~
0.1-1Hz which corresponds to a stiffness of the order
of k~103-10*N/m for one bead contact. Dybwad [19]
previously reported such a stiffness magnitude between
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Fig. 4: Measured AQ ™" plotted vs. AfT/fo. (a) Crosslinked elastomer. (b) Liquid PDMS. The plain lines show linear scaling

as predicted by eq. (3).

a smooth Au sphere and an Au-coated quartz resonator,
originating from van der Waals bonds. This cohesion is
not observed in our resonance measurements when the
glass beads are deposited on the bare quartz crystal. This
may be related to the roughness of the beads, which
provides a contact stiffness for the multicontact interface,
kyor = N/A~1N/m, with N the normal load and A the
elastic length of the order of microns [20]. Such a value
is too low to be detected with our present apparatus.
On the other hand, the presence of wetting films creates
a capillary interaction F. between the beads and the
resonator which could stiffen the above contact stiffness.
However, an estimation of the capillary force on a wet
rough surface yields at mazimum a capillary force about
F.=2myR, ~1075N [21], as in the case between smooth
spheres. However, the increase of the normal loading N
by this capillary force F. would give rise to a shear
contact stiffness of k ~ 10 N/m, much less than the elastic
enhancement observed in our experiments. This implies
that the capillary effect should not affect the shear contact
stiffness studied in our work, yet it can contribute to the
normal stiffness [22].

Note that only a part of the thin film located under the
bead is in true contact with the bead. However, the elastic
modulus G’ of the order of 1 MPa corresponds to a wave
speed of about 30m/s. At the frequency of the resonator
(5MHz), the wavelength is then A & 6 ym, which is larger
than the distance between asperities (~1 pm). Therefore,
all film located at the contact area within L is sheared
almost uniformly via the asperities, contributing to the
stiffness enhancement and the dissipation observed. Again,
evaluating G’ and G”, respectively, from egs. (1) and (2)
requires the details of the wetting dynamics L(t) from a
thin film onto a rough surface, which is not available at this
stage. However, the similar time dependencies of AfT and

AQ~1 suggests the use of eq. (3), providing tan ¢ ~ 0.4-0.7
(see fig. 4(b)). This is close to the Sylgard elastomer of
same thickness.

Conclusion. — In summary, we have developed an
ultrasonic method for measuring the high-frequency
viscoelastic properties of thin polymeric films. For the
crosslinked films of about 250nm, both shear modulus
G’ and viscous dissipation G” are determined. Our
results indicate that the viscoelastic properties of such
polymer films are not quantitatively different from those
of the bulk. For liquid films and thinner crosslinked films
(h <100 nm), wetting and ageing behavior render difficult
the direct determination of G’ and G” at this stage.
However, one can adequately estimate the loss angle tan o
of the films when the elastic stiffening and dissipation
arise from the same geometric structure. An effective
loss angle is obtained which is lower than that for the
thick crosslinked films. Further work is needed to perform
time-resolved measurements of thickness and contact area
in order to better appreciate the variation of tand with
film thickness.

We believe that by using beads of different surface
properties and controlling ambient conditions, this ultra-
sonic method provides a promising tool for exploiting the
confinement effects of nanometric films, the interfacial
dynamics and the wetting phenomena at various bound-
aries [2,23].
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