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1. INTRODUCTION

In recent years, the understanding of confinement effects in
dielectric relaxation studies of ultrathin polymer films can benefit
from the removal of the upper metal electrode, which is
customarily used for characterization by broadband dielectric
spectroscopy (BDS), a technique of choice for the study of
relaxation dynamics in polymers and glass-former materials. An
example of drawbacks, eliminated thanks to the free upper
surface, is represented by the interfacial effect due to penetration
of metal atoms into the polymer film during the process of
evaporation on the upper surface electrode that could affect
dynamic behavior.1,2 In order to determine how electrode
deposition may affect BDS results, the so-called air-gap capacitor
approach has been devised, consisting in a setup based on a
partially filled capacitor, and has been used in previous studies,3�5

where no change of dynamics in a variety of ultrathin polymer films
with decreasing film thickness was detected. This appears in open
contradiction with most of the evidence obtained on films capped
on both sides6�9 or even compared to the results by different
techniques applicable to free-standing polymer films and with
various geometrical arrangements.10 Several other factors have
been proposed to explain the observed discrepancy, such as the
different physical quantities addressed by different techniques,4 or
the differences in preparative and experimental conditions.5

However, alternate strategies to ascertain the role of interfacial
interactions due to the deposited electrodes are demanded.

Electrostatic force microscopy (EFM)11 and its numerous
variants, which are based on the electrostatic interaction between
a biased atomic force microscope (AFM) probe and a sample,
have demonstrated their capability to study dielectric properties
of materials with nanometer scale resolution.12�21 In these

techniques, one electrode is represented by the conductive
substrate where the sample is deposited, and the second elec-
trode is the conductive probe tip of the AFM itself. Most
implementations until now have been exploited to measure
dielectric constant of thin insulator films.12�18 With a lateral
resolution of tens of nanometers, obtained by using sharp tips,
these techniques have been also applied to characterize dielectric
properties of nanostructured materials where high spatial resolu-
tion is desired, such as polymer blends.19

More recently, local dielectric spectroscopy (LDS)20,21 has
been implemented to measure dynamic relaxation in insulator
films with a free surface. LDS could therefore be proposed to
investigate confinement effects in ultrathin polymer films having
a free upper surface. A further advantage of this technique is the
possibility to measure dielectric behavior of a small volume of
material, releasing the need of continuous and uniform ultrathin
polymer films to avoid short circuits between the substrate and
the upper electrode.

LDS was first applied to characterize the complex dielectric
permittivity of poly(vinyl acetate) (PVAc) films of thickness
∼1 μm under ultrahigh-vacuum conditions.20 The results showed
a reduction inTg of 4 K, and a narrowed distribution of relaxation
times, attributed to the predominant contribution to the EFM
signal of a thin free-surface layer (about 20 nm) of the film. In a
previous work, we used this technique to study the influence of
inorganic nanometric inclusions on relaxation dynamics of
ultrathin PVAc films at ambient pressure. A slowing down of
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ABSTRACT:The effect of confinement on structural relaxation in ultrathin
poly(vinyl acetate) films has been studied by local dielectric spectroscopy.
This scanning probe method allows the investigation of dielectric relaxa-
tion at nanometer scale of supported ultrathin films having a free surface.
Measurements have been performed at ambient pressure and controlled
atmosphere on films with decreasing thickness. A deviation of dynamic
properties from the bulk behavior, showing up as an increase of the
relaxation rate, was observed starting from film thickness of 35 nm, which
corresponds to about 3 times the gyration radius of polymer chains. A
2-fold increase of relaxation rate was measured for the thinnest investigated film of 18 nm. Local dielectric spectroscopy is
therefore an effective method to elucidate confinement effects on relaxation dynamics in ultrathin polymer films with a free
upper surface.
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structural dynamics at the interfacial regions between PVAc and
silicate nanoparticles was detected.21 In the present study, we
apply LDS at ambient pressure and controlled humidity to
address the effect of confinement on dynamic relaxation of
ultrathin PVAc films. By choosing the latter material, we are able
to compare our results with previous investigations performed
using a number of different techniques and geometries.

2. EXPERIMENTAL METHODS

2.1. Sample Preparation. Poly(vinyl acetate) (PVAc) with
molecular weight Mw = 167 000 g/mol and gyration radius Rg
∼12 nm was purchased from Sigma-Aldrich. Ultrathin PVAc films were
prepared by spin-coating solutions of PVAc in toluene onto gold
substrates. Gold layers of 30 nm thickness were obtained by thermal
evaporation on a glass disk previously evaporated with a ∼5 nm
adhesion layer of chromium. The PVAc thickness was controlled by
changing the concentration of polymer solutions as well as spinning
speed. PVAc films with thickness ranging from 18 to 140 nm were
prepared and characterized in this study.

Prior to dielectric measurements, polymer films were annealed at about
10 K above the glass transition temperature under vacuum for at least 2
days. The measurement and annealing procedure was repeated several
times to verify that the solvent was completely removed from the sample
by checking the reproducibility of measured spectra. Before measure-
ments, a scratchwasmade on the films by a steel cutter in order to uncover
part of the metal electrode beneath. AFM profiling of the scratch was also
used to determine the film thickness of our samples, as shown in Figure 1.
2.2. LDS Method and Data Analysis. In LDS operation, an

excitation voltage, V(t), is applied to the conductive tip of an AFM,
which is positioned at a nanometric distance from the sample surface.
The originating electric field induces a polarization in the sample region
close to the probe. The force field due to interaction of the charged
probe with the polarized sample induces a variation of the cantilever
resonant frequency,Δf, which at the first order is due to the z-gradient of
the electrostatic force Fel, between the tip apex and the sample:

Δf
fres

¼ � 1
2k

∂Fel
∂z

ð1Þ

where k and fres are the spring constant and the free resonant frequency
of the AFM probe, respectively, and z is the tip�sample distance. The
resonant frequency shift can be measured by operating the EFM in
frequency-modulation (FM) mode.22

To describe Fel, the expression used in most of the EFM literature is

Fel ¼ 1
2
∂C
∂z

ΔV 2 ð2Þ

with C the capacitance of the tip/sample system and ΔV their potential
difference. It should be pointed out that eq 2 holds only for cases in
which the tip apex�sample distance is smaller than the characteristic
sizes of the probe, as in our investigation, and when one of the electrodes

is grounded. The tip/sample capacitance can be expressed by an
approximated relation working adequately in the distance range
(of the order of the radius of the probe apex, R) where the present
measurements have been performed16

CðzÞ ¼ 2πε0R ln 1 þ Rð1� sin θÞ
z þ h=ε

� �
ð3Þ

where h and ε are the thickness and the relative dielectric permittivity of the
sample, respectively, θ is a parameter describing the aperture half-angle of the
probe shaft, assumed of conical shape, and ε0 is the permittivity of vacuum.

The variationΔf(t) induced by the applied harmonic voltage V(t) = V0
cos(ωt) and the contact potential difference presents three main terms: a
dc shift, a term at the same frequency of themodulation bias,Δfω(t), and a
term at its second harmonic,Δf2ω(t).

23Tomeasure dielectric permittivity,
the latter term is used since it is only influenced by capacitive interactions,
while both the dc and first harmonic ones are also affected by the contact
potentials between the tip and the sample.24 To describe the dielectric
relaxation of polymer films, the complex dielectric function ε(ω) =
ε0(ω)� iε00(ω) can be used. Then, the capacitance is also described itself
as a complex function: C(ω) = C0(ω)� iC00(ω). By combining eqs 1 and
2, Δf2ω(t) can be expressed as a function of the complex capacitance as

Δf2ωðtÞ ¼ Re �fres
4k

V0
2 ∂

2C
∂z2

ei2ωt
" #

ð4Þ

The presence of an imaginary part of the system capacitance reflects
the existence of a phase lag, in the following also called loss angle, δv, of
Δf2ω(t) with respect to the excitation voltage, originating from the
dielectric loss mechanism. Equation 4 can be rewritten as

Δf2ωðtÞ ¼ Δf 02ωcosð2ωt � δvÞ ð5Þ
with

tan δv ¼ ∂
2C00=∂z2

∂
2C0=∂z2

ð6Þ

Δf 02ω ¼ � fres
4k
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2
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A detailed description of the LDS method can be found in the
literature.20,21 A brief sketch of our experimental implementation is
given in the following. In order to perform dielectric measurements, we
used a double-pass technique, in which we disable the lateral scanning
and the tip is maintained at a fixed location. During the first pass, the
sample is approached with the usual tapping-mode operation. During
the second pass, the tip is lifted by a constant height, and at the same
time, the excitation bias is applied by using an automatic switch. The
variation of Δf2ω(t) is detected in both amplitude and phase shift, δv,
using a dual-phase lock-in amplifier. Measurements within a range of
frequencies (in our study, between 1 and 100 Hz) form a local dielectric
spectrum.

Figure 1. AFM topography map (left) of a thin polymer film with a scratch and line profile (right) that allows to measure film thickness.
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Each of our loss-tangent spectra must be referred to a calibration
(baseline) measurement obtained on the bare-metallic substrate to take
into account and subtract all instrumental contributions to the signal.
For calibration, the tip is positioned on the region of the scratch where
the metal electrode is uncovered and a dielectric spectrum similar to
the ones measured on the polymer film is recorded. This calibration is
repeated at each temperature and is performed by keeping the same
distance between the tip and the metal substrate as that while the tip was
located on the polymer region. This ensures to keep the same geometric
arrangement between film and calibration measurements.

In this work, a Veeco Multimode AFM was used (Nanoscope IIIa
with ADC5 extension) operated in lift mode. FM-EFM was implemen-
ted through an electronics extender module (Quadrex), while signal
access for external processing was obtained through a signal access
module (SAMIII). For electric excitation and acquisition of dielectric
spectra, an external dual-phase lock-in amplifier (SRS SR830DSP)
controlled through General Purpose Interface Bus (GPIB) by a home-
made LabView routine was used. Doped silicon (Nanosensors PPP-
FMR) AFM cantilevers were used, with spring constant k ∼ 3 N/m,
resonant frequency fres ∼ 70 kHz, and guaranteed tip radius of less than
30 nm. Oscillation amplitude was calibrated as customary by AFM
tapping mode amplitude/distance curves. By this way, the distance
between the AFM tip and the sample surface during the electric
measurements was calculated by summing the average tip�sample
distance on tapping mode with the set-lift height. For all dielectric
measurements, the tip/sample distance was estimated around 20 nm.

Our microscope was operated in controlled atmosphere within a home-
made enclosure that allows keeping relative humidity as small as 3% (typical
value less than 8% for all reportedmeasurements). The sample temperature
was controlled using a thermal application controller (TAC, Veeco). The
actual temperature on the sample surface was checked by a remote
thermometry method25 using a fluoroptic thermometer (Luxtron 710).

3. RESULTS AND DISCUSSION

Phase shift spectra δv were measured on each polymer film at
different temperatures. The tangent of δv for films with thickness

of 18 and 137 nm is shown in Figures 2a and 2b, respectively. A
measurement below Tg is reported in Figure 2a to show the
background of the instrument. Even at this low temperature and
low signal the measured spectrum is correctly reflecting the
presence of the high-frequency tail of the structural peak. The
measured spectra above the glass transition show the presence of
a relaxation peak that moves toward higher frequencies as the
temperature is increased. This behavior is qualitatively the same
as for dielectric spectra that can be obtained by standard di-
electric relaxation spectroscopy on PVAc films.6,7 In our analysis
we described the dielectric properties of the material by the
Havriliak�Negami relation:

εðωÞ ¼ ε∞ þ Δε

½1 þ ðiωτHNÞ1 � RHN �βHN
ð8Þ

where Δε, τHN, βHN, and RHN are the strength, characteristic
time, and shape parameters of the relaxation process. We
expressed tan δv in terms of eqs 3, 6, and 8 and performed best
fitting of our data to determine such characteristic parameters.
The fitting was performed with a Matlab program implemented
with a Levenberg�Marquardt minimization routine.

In the analysis we fixed ε∞ as constant as that known for bulk
sample (ε∞= 3.2), while the other parameters in eq 8 were
adjusted to get the best fits. As shown in Figure 2a and 2b, fitting

Figure 2. Phase shift tan δv spectra (symbols) with fitting lines
obtained by eqs 3, 6, and 8 on films of thickness 18 nm (a) and
137 nm (b). Dielectric tan δ = ε00/ε0 spectra obtained from the fitting
parameters (eq 8) as a function of frequency at different temperatures
(film thickness 137 nm) (c).

Figure 3. (a) Phase shift spectra on films with different thicknesses:
18 nm (stars), 35 nm (diamonds), 45 nm (down triangles), 55 nm
(up triangles), 63 nm (circles), and 137 nm (squares) at the temperature
of 324.6 K. Lines represent the fitting with eqs 3, 6, and 8. Dashed line
represents the spectrum of the 18 nm film calculated by eqs 3 and 6 with
the dielectric parameters obtained from the fit of the 137 thick film.
(b) Shape parameters obtained from the fitting data as a function of
film thickness: RHN (open squares) and βHN (full circles).
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curves interpolate well the experimental data. In addition, from the
fitting results the dielectric loss-tangent spectra, tanδ= ε00(ω)/ε0(ω),
can be carried out from eq 8 for each temperature (Figure 2c). It
can be seen that the dielectric peak due to the R-relaxation
process of the PVAc film shifts to higher frequency with increas-
ing temperature, as commonly observed.

Confinement effects on dielectric relaxation were studied by
measuring phase shift spectra of PVAc films with different values
of thickness. Spectra measured at the temperature of 324.6 K on
PVAc films of thickness down to 18 nm are presented in
Figure 3a. No shift in the maximum frequency of structural
relaxation process can be observed down to film thickness of
45 nm, but a shift of the peak to higher frequency comparing to
the thicker films is observed at 35 nm, with a further increase for
thinner films. The expected tan δv signal at 18 nm has been
calculated according to eqs 3, 6 and 8 using the dielectric
permittivity estimated for the thickest film, and it is shown also
in Figure 3a. The comparison with the measured signal makes
clear the effect of confinement on dynamics.

A more quantitative investigation was performed by measur-
ing and analyzing phase shift spectra at different temperatures
and thickness values. Figure 4 shows the temperature depen-
dence of the logarithm of maximum frequency. Literature data
relative to a bulk sample with a similar molecular weight are also
reported for comparison.26 We found that the relaxation fre-
quency of thin films down to thickness of around 45 nmmatches
that of the 137 nm film and also the bulk sample, then becoming
faster for thinner films. The observed behavior here is supported
by theoretical models27,28 and many experimental results, re-
viewed elsewhere,10,29 in which a significant decrease of Tg or
increase of dynamic relaxation rate of thin polymer films can be
observed for film thickness of the order of 2Rg of the polymer
chains. In our measurement, for instance, we observed that the
relaxation rate of films thicker than 35 nm is similar to that of the
thickest film, becoming faster by about a factor of about 2 (for all
investigated temperatures) when film thickness is decreased
down to 18 nm, comparable to twice the gyration radius of our
polymer chains.

Furthermore, we found that the shape of the structural peak is
affected by confinement in ultrathin PVAc films in the same

range of thickness (Figure 3b). In fact, it is observed that βHN and
RHN both slightly increase with decreasing film thickness. This
means that relaxation spectra become broader and more sym-
metric when film thickness decreases. Previous investigations by
dielectric spectroscopy of PVAc of similar Mw than in our study
showed the same behavior on capped films,6 whereas broadness
changes were not observed with the air-gap capacitor.4 Instead in
ref 7 some of the authors of ref 4 reported that PVAc capped
between Al electrodes shows a variation of the relaxation time
distribution, i.e., a variation of the broadness of the structural
peak due to the asymmetric suppression of the slow modes. This
comparison can suggest that differences in the interactions with
the substrate and the “upper” electrode (if any) can be at the
origin of the different observation related with the variation of
broadness of the structural peak with thickness.

An enhancement of the relaxation frequency by almost 1
decade at about 20 K above Tg (which is in the range of
temperature here investigated), with decreasing film thickness
was found in capped films.6,7 Such difference is observed at larger
values of thicknesses in ref 6, but it is probably due to an incorrect
calculation of the thickness as pointed out in ref 7. On the
contrary, in the case of the free upper surface4 no shifts of
dielectric loss spectra were observed when the film thickness
decreased down to 9 nm. As shown in Figure 4, an increase of
relaxation rate with decreasing film thickness was observed in our
study, but the increase is much smaller (by a factor of about 2)
than that measured in ref 6. Since the molecular weights, and
consequently Rg values, of PVAc samples are similar, effects of
geometrical confinement on chain conformation cannot origi-
nate such differences. One possible explanation of the observed
differences is the influence of substrates due to different inter-
facial interaction of substrate material with PVAc. In capped
films,6 the significant increase of molecular mobility can be
caused by interfacial effects of two Al electrodes with the polymer
films. When the film is in contact with only one electrode, Au in
our measurements or Si in the air-gap case4 reduced interfacial
effects with the substrate on the dynamics of the thin film may be
present. Moreover, the different metals used in the three investiga-
tions can have different interfacial interactions with the polymer,
thus originating different effects. Another possible cause of the
discrepancy with ref 4 can be found in the different condition of
annealing used during film preparation (muchmore severe in ref 4).
An interplay of the effects of interfacial interactions and annealing
conditions has been recently evidenced in ref 32 where the authors
point out how the chain conformation of polymermacromolecules
at the interface with the substrate can assume metastable states
with a lifetimemuch longer than the reptation time of the polymer.
The lifetime and the possibility to change these metastable
conformations can be related with the interfacial interactions
and the temperature at which the sample is treated.

In recent publications, Serghei et al.2 and Kim et al.30 have
suggested that the annealing and measurement conditions could
be the main factor leading to the observation of altered glassy
dynamics in thin polymer films. In particular, PVAc could absorb
sufficient levels of water in ambient conditions, and in wet
ultrathin PVAc the confinement effects are reduced or even
eliminated, and wet ultrathin films showed a higher Tg in
comparison with dry ones.30 So the presence of humidity could
be in principle another reason at the basis of the found discrepancy.
However, we repute that humidity is not the principal cause of the
observed deviation of dynamics in ultrathin films. Several reasons
support this conclusion. In fact, all the samples are investigated in

Figure 4. Logarithm of maximum frequency of dielectric loss spectra of
thin films as a function of inverse temperature in comparison with data in
bulk (adapted from ref 26): 18 nm (stars), 35 nm (diamonds), 45 nm
(down triangles), 55 nm (up triangles), 63 nm (circles), 137 nm
(squares), bulk sample (pentagon lines).
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the same low humidity conditions (3�5%), and consequently the
relative amount of absorbed water should be the same in all the
films for all thicknesses. Moreover, previous investigations report
that in wet ultrathin PVAc the confinement effects are reduced or
even eliminated,30 which should lead to no change in Tg with
thickness reduction. Finally, the value of Tg estimated by the data
of Heinrich,26 which well compare with our data of thicker films, is
about 309 K, which is the value of Tg of dry PVAc.

31

It can be suggested that humidity influences more the
dynamics of a tiny layer of the film at the air interface, and this
effect is more evident for the thinner film with respect to the
thicker ones. However, we believe that such effect should be
present only if a force is sustaining at the equilibrium condition
(as in our experiment) a gradient of concentration of absorbed
water. To our knowledge, no reasons are supporting the ex-
istence of such force in our sample, at the interface with air.
Moreover, preliminary measurements at different values of
relative humidity from 3 to 40% evidence the same relative
variation of relaxation frequency in 21 and 128 nm thick films
(data not shown). In case the humidity effect is more effective in
thinner films also the effect of changing humidity should be larger
in those films. Finally, using LDS technique, the topography
image of the surface was always obtained before each dielectric
measurement, showing stable morphology of the surface, there-
fore excluding the occurrence of dewetting effects.

PVAc with the same molecular weight and the same substrate
material here considered was previously studied by LDS under
ultrahigh vacuumwith a film with thickness of 1 μm.20 Relaxation
dynamics at 320 K was observed to be about 1 decade faster
compared to the bulk, along with a 4 K reduction in Tg. These
results were explained by assuming that the thin layer of about
20 nm on the top of 1 μm thick polymer film is mainly probed
by LDS. However, our LDS measurements on the thickest film
(about 140 nm) show consistency with the data of the bulk. Such
result suggests that the LDS technique can be used to probe the
whole film thickness as thick as 140 nm. A deeper investigation of
this aspect is presently object of our activity.

4. CONCLUSIONS

Local dielectric relaxation spectroscopy on ultrathin PVAc
films with a free upper surface was performed in controlled
atmosphere as a function of temperature with an AFM operated
in FM-EFM mode. Phase shift spectra were measured to
investigate confinement effects due to reduced thickness on
the structural relaxation process. A faster relaxation was observed
starting from a film thickness of 35 nm that is about 3 times the
gyration radius of polymer chains, becoming even faster for
thinner films. On the thinnest film of 18 nm, an increase by a factor
of 2 in relaxation rate compared to the thickest ones was detected.
This conclusion is based on a relative comparison of dynamics
change from films with thicknesses from above to below 100 nm,
and it is not dependent on the model used to analyze LDS data.
The quantitative comparison with the bulk (measurements per-
formed with standard impedance techniques) can be slightly
affected by the model used in the analysis of LDS data. Such
increase is smaller than that observed for PVAc films measured by
previous dielectric measurements performed on capped films, but
larger than that observed with air-gap capacitor. Effects due to
sample preparation were avoided by careful annealing procedure.
The role of the metal substrate will be investigated in further detail
to rationalize the observed discrepancies.
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