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By means of electric force microscopy, composition depth profiles were measured with nanomet-
ric resolution for a series of fluorinated networks. By mapping the dielectric permittivity along a
line going from the surface to the bulk, we were able to experimentally access to the fluorine con-
centration profile. Obtained data show composition gradient lengths ranging from 30 nm to 80 nm
in the near surface area for samples containing from 0.5 to 5 wt. % F, respectively. In contrast, no
gradients of concentration were detected in bulk. This method has several advantages over other
techniques because it allows profiling directly on a sectional cut of the sample. By combining the
obtained results with x-ray photoelectron spectroscopy measurements, we were also able to quantify
F/C ratio as a function of depth with nanoscale resolution. © 2011 American Institute of Physics.
[doi:10.1063/1.3624574]

I. INTRODUCTION

Fluorinated polymers are extensively applied as high-
performance coatings to obtain water-/oil-repellent, antifoul-
ing, low-friction, and non-sticky surfaces.1, 2 Due to the
unique properties achieved, surface segregation of fluorinated
species has been used to obtain polymeric coatings with low
surface energy and interesting bulk properties.3, 4 Knowledge
of depth composition profile for this kind of materials is crit-
ical from a scientific as wells as technological point of view,
and thus, nanoscale depth profiling techniques are essential
in the characterization process. Moreover, composition pro-
files are valued in scaling theories or self-consistent field
calculations, for comparison and material characterization
purposes.5

Over the last few years, several techniques have been
extensively used for determining composition profiles in
polymers, including: angle-resolved x-ray photoelectron
spectroscopy (ARXPS), nuclear magnetic resonance (NMR),
energy-dispersive x-ray spectroscopy (EDXS), neutron reflec-
tometry (NR), and dynamic secondary ion mass spectrometry
(DSIMS). During the past two decades, ARXPS has been de-
veloped and applied to many practical problems;6 it can pro-
vide information up to 10 nm below the surface. On the other
hand, EDXS can be coupled with SEM for detecting species
with atomic numbers greater than 4; however, its minimum
penetration depth in polymers is in the range of thousands
of nm.7 NMR can be used for concentration depth profil-
ing of hydrogen and fluorine in polymer films at room tem-

a)Author to whom correspondence should be addressed. Electronic mail:
luisalejandro_miccio@ehu.es. Telephone: +34943018779.

perature, with a spatial resolution of approximately 5 μm.8

The DSIMS technique can also be used on polymeric sam-
ples to extract valuable information from the near-surface re-
gion, but only by applying a sacrificial layer on top of the
studied polymer.9, 10 NR is another interesting technique for
profiling polymers, but in this case, the required contrast be-
tween the matrix and the molecule of interest can be achieved
only by deuterating the latter.5 Furthermore, since all these
techniques lack nanometric spatial resolution, concentration
profiles in sectional cuts of samples cannot be obtained. On
the other hand, the depth profiles obtained during perpendic-
ular measurements can be strongly influenced by the irregular
topography of the sample.

AFM based techniques are in principle attractive look-
ing for nanoscale resolution. Particularly, a new technique
based on electric force microscopy (EFM) has been recently
developed;11–14 this technique can provide quantitative in-
formation about the local dielectric permittivity of the sam-
ple by combining the so-called double-pass method with a
numerical model.15–19 EFM is sensitive to dielectric per-
mittivity contrast and, therefore, can be used to determine
concentration profiles given a significant variation due to
compositional differences. Thus, in this work, we report a
method for obtaining concentration depth profiles in fluo-
rinated polymer networks by means of EFM. We take ad-
vantage of the high spatial resolution of the atomic force
microscopy and the high sensitivity of EFM to detect fluorine
moieties, through the low polarizability of the C–F bond. As
a result, by mapping the local variations of the dielectric per-
mittivity along a line going from the surface to the bulk, we
are able to experimentally access the fluorine concentration
profile with nanoscale resolution.

0021-9606/2011/135(6)/064704/5/$30.00 © 2011 American Institute of Physics135, 064704-1
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FIG. 1. Dielectric permittivity as a function of wt. % F measured at room
temperature for samples containing 0, 1, 3, and 5 wt. % F. The line is just a
guide for the eyes. The inset shows the area used to determine the dielectric
permittivity of the materials.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Polymer networks with different fluorine concentration
were synthesized by two steps, (1) reaction of a perfluorinated
epoxy with a known excess of a tetrafunctional amine and (2)
curing the product with a difunctional epoxy. Differences in
fluorine concentration between surface and bulk for this kind
of polymers have been previously studied.20, 21 Samples were
prepared by varying the weight percentage of F from zero to
five namely: 0.5, 1, 3, and 5 wt. % F.

B. Macroscopic permittivity

In order to confirm a significant dielectric contrast be-
tween the polymeric matrix and the fluorinated species, the
macroscopic permittivity of fluorinated samples was mea-
sured by standard broadband dielectric spectroscopy (BDS).
Disk shaped samples (containing 0 to 5 wt. % F) with 20 mm
diameter and 0.5 mm thickness were measured at several
temperatures in the range 10−1–107 Hz (Novocontrol Al-
pha A impedance analyzer). The dielectric permittivity was
then determined at room temperature at the low frequency
limit, where the response was found to be nearly frequency
independent.

As shown in Fig. 1, the dielectric permittivity decreases
almost linearly with increasing fluorine concentration, in
agreement with previous studies.22 These results indicate that
we should detect a clear dielectric contrast between the bulk
and the surface, where the difference of fluorine concentration
is even larger.

C. EFM experimental setup

Polymer sheets having a thickness of about 200 μm
were obtained with a microtome (Leica RM2255). In order
to minimize the mechanical perturbations, the cutting direc-
tion was rigorously perpendicular to the surface of the sample
(Fig. 2(a)). Finally, to ensure good electrical contact between

FIG. 2. Scheme of the sample preparation procedure. (a) Sheets of 200 μm
were cut with a microtome in perpendicular direction to the fluorine gradient
(fluorine rich surface in blue and bulk in grey). A and B are the analyzed areas
of each sample. (b) The sample was scanned with an aspect ratio of 1:10 (the
bottom surface was gold sputtered).

the polymeric material and the sample-holder, the bottom sur-
face of the sample was gold sputtered (Fig. 2(b)).

The topographic profile and the electrical interaction pro-
file were recorded simultaneously with an atomic force micro-
scope multimode V (Veeco) operating in EFM mode. Near
surface (region A) and bulk (region B) areas (Fig. 2(a)) on
each sample were scanned several times. For each line of the
image, we perform two scans (double pass method); during
the first scan, tapping mode provides the topography of the
sample, whereas during the second scan the tip follows the
recorded topography, at a lift height of 10 nm, (lift mode). At
this point, a bias voltage is applied to the tip and the resonance
frequency shift induced by the electrical force gradient is then
measured.17

In order to emphasize the concentration depth profiles,
we have chosen an aspect ratio of 1:10 for the scanned
area. The cantilevers (SCM–PIT tips from Bruker) used dur-
ing the measurements were made of antimony (n) doped Si,
coated with Pt/Ir. The natural frequencies were in the range of
70–80 kHz and their stiffness were found to be in the range
1.5–3 N/m.

III. DATA TREATMENT

The voltage applied to the tip during the lift mode in the
double pass method (Vdc) causes a force gradient according to

∇F = 1

2

∂2C(z, ε)

∂z2
(Vdc)2. (1)

As a result, this force gradient produces in turn a shift in the
resonance frequency of the cantilever (�f ) according to

�f = − 1
2 · f0 · ∇F · k−1

c , (2)

where kc and fo are the stiffness and the natural resonance
frequency of the cantilever, respectively. Therefore, �f can
be related to the dielectric permittivity of the sample through
the tip-sample capacitance (C).17 Moreover, the detected fre-
quency shift depends on the square of the applied volt-
age. Thus, for a small tip-sample distance and fixed Vdc,
the dielectric permittivity of the sample is nearly propor-
tional to the detected frequency shift.23 Therefore, we as-
sumed that ∂2C(z, ε)/∂2z is approximately proportional to
an effective permittivity εeff. In this approximation, for EFM
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FIG. 3. (a) Height image and profile of interior area (region B in Fig. 2(a)) for a sample containing 1 wt. % F. (b) Corresponding phase image and profile.
(c) Corresponding frequency shift image and profile.

experiments on bulk we assign εeff
∼= εBulk , where εBulk is

the macroscopic dielectric permittivity. In this way, in the near
surface area we can relate the variation of εeff with the varia-
tion of �f as εeff = �f/�fBulk εBulk .

IV. RESULTS AND DISCUSSION

Rather flat �f profiles were observed when scanning on
bulk areas (region B in Fig. 2(a)). Figure 3 shows height,
phase, and frequency shift images for a sample containing 1
wt. % F scanned in area B with a tip bias of 2 V. Figure 3(c),
shows a constant shift in frequency implying that the electri-
cal interaction between the tip and the sample remains con-
stant throughout the whole region. On the other hand, Fig. 4
shows height, phase, and frequency shift images of the near
surface area (region A in Fig. 2(a)) of a sample containing 5
wt. % F for a tip bias of 2 V. The �f increases continuously

(higher negative values) with increasing depth up to a few tens
of nm away from the surface, indicating the beginning of the
bulk.

Figure 5 shows the obtained profiles for samples contain-
ing 1 wt. % F (Fig. 5(a)) and 5 wt. % F (Fig. 5(b)) for tip
bias 0, 0.5, 1, and 2 V (from top down). On the right, the
frequency shift is plotted as a function of bias voltage for sur-
face (black) and bulk (red) areas of both samples. As the bias
voltage increases the detected �f, signal increases paraboli-
cally as predicted by Eq. (1). Measurements were performed
for higher values of tip bias as well. However, the best sig-
nal/noise ratio for the analyzed materials was found to be at 2
V. This might be because higher voltages affect the tip-sample
distance during the lift mode. Furthermore, for neat samples
(0 wt. % F), no such gradients were detected either in A or B
areas, all confirming that the detected changes of �f must be
attributed to local variations in the fluorine content.

FIG. 4. (a) Height image and profile of near surface area (region A in Fig. 2(a)) for a sample containing 5 wt. % F. (b) Corresponding phase image and profile.
(c) Corresponding frequency shift image and profile (tip bias 2 V).
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FIG. 5. Frequency shift profiles obtained at 0, 1, 1.5, and 2 V (seen from top down). (a) Sample containing 1 wt. % F. (b) Sample containing 5 wt. % F. On the
right, the frequency shift is plotted as a function of bias voltage for surface (black) and bulk (red) areas of both samples.

According to Fig. 1, higher dielectric permittivity means
lower fluorine content. Hence, the fluorine-rich surface has
lower �f values compared to bulk values (as is clear from
Fig. 5). Moreover, the constant �f value observed for bulk (in
A region) shows that the fluorine concentration is also con-
stantly a few tens of nanometers below the surface.

In order to quantify the F/C ratio, the �f variations
were scaled using XPS data previously obtained for the same
samples.21 Figure 6(a) shows the corresponding values of the
εeff for the samples here analyzed. At this point, we scaled εeff

to the F/C ratio measured by XPS for each sample by fitting
with an exponential decay function (y = a · eb·x),21 as shown
in Fig. 6(b). Finally, the F/C concentration profile as a func-
tion of depth can be obtained by combining Figs. 6(a) and
6(b), as shown in Fig. 6(c).

The gradient length decreases when fluorine content de-
creases. F/C gradients of about 25, 30, 60, and 80 nm were ob-

FIG. 6. (a) Normalized profiles (εeff vs depth) for samples containing 0.5, 1,
3, and 5 wt. % F at a constant tip bias (2 V). These results were obtained by
assuming εeff = �f/�fBulk εBulk , where εBulk is the macroscopic dielectric
permittivity and �fBulk is the frequency shift at bulk area (A) in Fig. 2(a).
(b) Scaling curve εeff to F/C ratio (obtained through XPS). (c) F/C vs depth
profiles, obtained after combining normalized and scaling curves.

served for samples with 0.5, 1, 3, and 5 wt. % F, respectively.
These results can be rationalized by considering two opposite
thermodynamic effects. On the one hand, there is an entropic
penalty which arises from the restriction of chain configura-
tions in the gradient. On the other hand, there is a lowering of
free energy by enriching the surface with fluorine. A balance
of both these define the shape of the concentration profile.
Therefore, as concentrated samples have higher surface en-
richment, the profile depths are also higher in order to reach
bulk composition minimizing entropy penalties, resulting in a
rather similar slope of the concentration profile.

V. CONCLUSIONS

Concentration depth profiles for different fluorinated
samples were mapped using EFM. This procedure allows de-
tecting profiles directly on a sectional cut due to the high spa-
tial resolution of the AFM and it can be applied successfully
to any material having dielectric contrast between the con-
stituent species. This procedure is less sensitive to perturba-
tions produced by sample preparation because it measures the
electrical interactions in a volumetric spot of sample. Conse-
quently, it has great advantages over mechanical AFM mea-
surements that preferentially probe the first layers on the sur-
face of the specimen. This method clearly paves the way for
a complete polymer modeling and characterization and opens
an interesting new use for electric force microscopy.
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