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Several electrostatic force microscopy (EFM) — based methods have been recently developed to study the nanoscale
dielectric properties of thin insulating layers. Some methods allow measuring quantitatively the static dielectric
permittivity whereas some others provide qualitative information about the temperature-frequency dependence of
dielectric properties. In this chapter, all these methods are described and illustrated by experiments on pure and
nanostructured polymer films. A section is dedicated to EFM probe — sample models and especially to the Equivalent
Charge Method (ECM).
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1. Introduction

Broadband Dielectric Spectroscopy (BDS) has shown to be a very useful, extended and versatile technique to study
dielectric materials and in particular polymers and other glass formers. Recent advances have made it possible to probe
the dynamics of thin polymer films (with a thickness as low as 5nm), opening the area of interfaces studies [1], [2].
However, BDS has a fundamental limitation: it has no spatial resolution. This is usually not a problem when
homogeneous and non-structured systems are analyzed but it becomes an important limitation for studying the local
properties of heterogeneous and/or nano-structured materials. To overcome this constrain different methods have been
recently developed to measure the nanoscale dielectric properties of thin films by means of Electrostatic Force
Microscopy (EFM). Some methods allow studying quantitatively the static dielectric properties whereas some others
permit to obtain qualitative information on the temperature-frequency dependent dielectric properties. All these
methods were first adapted for measurements in one point. The passage from single point to the mapping of a
heterogeneous material has been possible thanks to both numerical and experimental advances. Some previous related
works have been published during the last years. We can mention for instance the works of Krayev ef al [3], [4] related
to the study of polymers blend in the form of layer of several microns thickness. These authors showed that an electric
contrast could be obtained on EFM images and that such a contrast is related to the variations of the relative dielectric
permittivity &. They also quantified the value of & in the frame of a simple spherical capacitor model. Unfortunately,
this model is appropriate only under certain conditions because it makes the approximation that the thickness of the
sample is very large compared with the tip radius and the tip-sample distance. Moreover, dielectric constants of two
reference polymers are required to measure a third unknown one. On the other hand, Fumagalli et a/ have developed
the so-called “Nanoscale Capacitance Microscopy” [5], where the microscope is equipped with a sub-attofarad low-
frequency capacitance detector. The same group also proposed a method based on the detection of the DC electrostatic
force to image the dielectric constant of a purple membrane patch [6]. In this chapter, we present the specificities of
some EFM based methods, which can be operated either by detecting the force or the force gradient between the probe
and the sample, and by applying either DC or AC voltages. A section is dedicated to probe-sample electrostatic
interaction modeling using the Equivalent Charge Method (ECM). Compared to existing analytical models, this
numerical method allows calculating the probe-sample capacitance without any geometrical restrictions on the probe
shape and dielectric film thickness. We also present recent results, illustrating the multiple potential applications of
these different methods. Among these applications we focus on the quantitative determination of the nanoscale static
dielectric permittivity of polymer films at different temperature [7] and the quantitative mapping of the dielectric
constant of a phase separated polymer blend [8]. Finally, we show how it is possible to extend the measurement of the
frequency dependence of the dielectric response in one single point [9], [10] to image the dynamics of a heterogeneous
polymer blend [11].



2. Modeling of the probe-sample interaction in electrostatic force microscopy

2.1 Brief historical review of existing models

A number of models describing probe-sample interactions have been proposed in the two last decades. Earlier models
treated the probe surface as an equipotential with an assumed distribution of charges, such as a single point charge [12]
or a uniformly charged line [13], and the probe-sample interaction was approximated as the interaction between the
assumed charge distribution and its image with respect to the sample surface. Another group of models introduced
geometric approximations to the probe shape and solved the probe-sample capacitance problem either by exactly
solving the boundary value problem, e.g., the sphere model [14] and the hyperboloid model [15], or by introducing
further approximations to the electric field between the probe and the sample [16-18]. These models provide convenient
analytic expressions of the probe-sample interaction; however, more sophisticated models are demanded for studying
the lateral variation of the sample surface properties (e.g., topography and trapped charges distribution) or to take into

account the presence of a dielectric film of variable thickness. Let us consider the AFM tip as a cone of half angle &,

with a spherical apex of radius R , attached to the extremity of a cantilever, the total capacitance C (Z ) versus the tip-

sample distance z is the sum of the apex capacitance Capex (Z), i.e the local capacitance, and the stray

capacitance C stray (Z) , associated with the tip cone and the cantilever contributions. For films thicknesses less than 100

nm we can refer to the model proposed by Fumagalli ef a/ [19]. It can be expressed as:

R(1—siné,

where /& and &, are the thickness and the relative dielectric constant of the layer, respectively. By fitting the region
where the effect of the local capacitance is negligible, they found a stray capacitance of the linear form
Cstmy (Z) =—b.Az . A second family of models, also called Equivalent Charge Method (ECM), replaced the probe and

the sample by a series of point charges and/or line charges and their image charges [20-23]. Based on this method,
interactions between the probe and a conductive or dielectric sample with topographic and/or dielectric inhomogeneities
[24-26] have been studied. This approach was capable of accommodating different scenarios. The third family of
approaches used numerical methods such as the finite element method [27], the self-consistent integral equation method
[28], and the boundary element method [29]. The main advantage of these models is their ability to take into account
the exact geometry of the EFM probe, which permits comparison of different probe tip shapes.

2.2 The Equivalent Charge Method (ECM)

In this section, we show how the probe-sample force, force gradient and capacitance can be calculated using the
Equivalent Charge Method (ECM). The advantage of numerical simulation compared to other analytical expression is
that the calculated force is exact and allows to work without any restriction about the thickness of the insulating film,
the tip radius and the tip-sample distance. We will first consider the case of a tip in front of a metallic plate, and then we
will deduce the force and the force gradient for a system composed by a tip in front of a dielectric layer over a metallic
plate.

The case of a system composed by a tip in front of a conductive plane has been treated by Belaidi et al. [21]. The idea

of ECM is to find a discrete charge distribution ( /V. charge points g, at a distance z, on the axis x=0) that will create a
given potential } at the tip surface. The tip geometry is represented by a half of sphere of radius R surmounted on a
cone with a characteristic semi-angle 90 =15°. The conductive plane at a zero potential is created by the introduction

of an electrostatic image tip with — g, charges at a distance — z; on the z axis (Fig. 1a).

The value of the charges ¢, is fixed in such way that the M potential ¥, with n=1,..., M , calculated at test point n

1
at the tip surface are equal to V. If we introduce Di’n = ————— (where di,n and d:n are the distances between
di,n i,n
the point n and the effective and image charge i, respectively) we can express the potential V), as:
< D, .4,
V=2 @

— 4rg,



The best value of g, is obtained using the least mean square method:

0 < 2 3
a*q_ Z (Vn - V) =0 )
Expliciting the derivative of the potential, the system to solve becomes:
M [ N,
D, ,q, y D, —0
Z Z 4 - 4 = 4)

Then, knowing the charge and image charge distributions, the total electrostatic force acting on the tip and the tip-
sample capacitance can be calculated.
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Fig. 1: a) Representation of the charges (e z > 0), image charges (® z < 0), and test points (o) modeling the tip over a
metallic plate; b) potential, created in the air (z > 0) and in the dielectric (z < 0) by a tip (R = 130 nm, 8 = 15°) in
front of a dielectric layer of height % = 100 nm with a dielectric constant ¢, = 4. The potential is set to 1V at the
surface of the tip. The maximum error in one test point is of the order of 1/1000. Reproduced with permission from
C. Riedel et al.[7] © Copyright 2009 American Institute of Physics.

When the system is composed by a tip in front of a dielectric layer on a conductive substrate, simulations are more
complex. This problem has been treated by Sacha et al. [22] introducing the Green function formalism and also by
Durand [23]. We consider one charge ¢, in the air at a distance z; of a dielectric layer of thickness / and of dielectric
constant ¢, The insulating layer is placed over a conductive substrate. Voi and Vli are respectively the potentials
created by the charge g; in the air and in the dielectric. In order to satisfy the limit conditions (Voi =Vli and
v, oV
0z o bz
series of image charges, one created in the conductive substrate and one in the air.

The equivalent potential calculated by ECM in the air results from the source, its image in the dielectric and the infinite
series of image charges in the conductive substrate. One can introduce the “reciprocal distance”, D+, between a point of
1
coordinate (p,z) and the charge ¢; (id. its image (D-), D+ = > — > ), and the reciprocal distance 4
VP +(zF2)

at the air/dielectric interface, and, Vli =0 at the dielectric/substrate interface), we introduce two

&y

[ee) n
k
corresponding to the infinite series of image (A = E , where the constant

P+ (z+ 2+ Dh+z,)

e —1 ;
k=—— ). Then, the potential ¥ created in the air by one charge g; is expressed as:

I



vi=-4 (D, +kD - (1-Kk)A) 5)
4rs,

The potential Vli created in the dielectric is the sum of the two infinite series of images. Introducing the reciprocal

[e'e] k}’l
distance for the images in the conductive substrate, B (B = Z > >
n=0 \/p +(z=2nh-z,)

), we obtain:

v =2 (1-k)B - 4) ©)
4rs,

The value of each g; is then found by solving Eq. 3, inserting the potential Voi calculated after Eq. 5, at each test point

representing the tip surface. Knowing the charge and image charge distributions, the total electrostatic force acting on
the tip and the tip-sample capacitance can be calculated. In Fig. 1 b), we present the repartition of the equipotentials in
air and in a dielectric layer (g.=4) for 4~ = 100 nm.

3. Electrostatic force microscopy (EFM) experiments

3.1 EFM basic principles

Electrostatic force microscopy (EFM) is one of the Scanning Probe Microscopy families, first implemented by Martin et
al [30] in 1988, which is generally used to image localized charges on surfaces [31] and to measure the surface potential
on semiconducting materials [32].

Let us consider the case of a thin dielectric film sample deposited on a conductive substrate. When a voltage Vapp is

applied to the probe (with the sample holder grounded), the electrostatic force F, involved in EFM signals can be
written as:

10C >
Fel = EE(Vapp + VCP) (7)

Vep is the contact potential difference between the probe and the substrate, corresponding to the work function

difference of both materials. Cis the probe-sample-substrate capacitance. As shown in the previous section, it is a

function C (R, 490, £, h,z ) of many parameters: the probe geometry, described by the tip radius R and the cone semi-
angle 6, , the sample dielectric permittivity &, the sample thickness /2 and the probe-surface distance Z .

DC and AC voltages can be applied simultaneously or separately, in such way that V, =V,. +V . sin @, , where

app

o, is the angular frequency of the electrical excitation. Then, /7, exhibits a DC component and two oscillating AC

components at @,and 2@, :

18C V2
Fpe = Eg|:(VDC + VCP)2 + ?C}
F = aa_f(VDC + VWV osinat (8)

O

1
F,, = —%—SVAZC cos2a,t




The DC component is a static attractive force between the electrodes composing the capacitor, the @, component has a
single linear dependence on the capacitive coupling OC / 0z and the contact potential difference VC , and the 2606
component is a force induced to the capacitor only by the AC voltage. The @, component disappears when appropriate
bias voltage is applied to the probe to cancel V., ie., Vo +Vop =0. V, can be therefore quantitatively measured

by the feedback control of ¥}, to maintain the @, component to be zero. This protocol is known as Kelvin probe force
microscopy (KPFM) [32]

A similar reasoning can be made when detecting the electrostatic force gradient G, equal to the first derivative of the

force:

G, %2 v, +Ver) )

G, exhibits a DC component and two oscillating AC components at @, and 2@, :

10°C V:
Gpe = 2 8 (VDC + ch) —<
o*C
Ga)(, Py (VDC +Vep )VAC sin@,t (10)
0 ‘llaaCVACcosZa)t
¢ z

The main advantage in detecting electrostatic gradients instead of forces is to enhance by about 30% the spatial
resolution, as demonstrated in ref [33].

EFM operations are the most of time realized using dynamics AFM modes, i.e. modes where the cantilever vibrates
near or at its resonance frequency. Among them, amplitude-modulation-AFM (AM-AFM), well known as Tapping®
mode, is widely used in commercial instruments, under room conditions. While maintaining constant the excitation
pulsation @, the amplitude of vibration of the cantilever decreases when approaching the surface due to attractive
interactions. The amplitude of vibration serves as feedback parameter for topography acquisition. EFM operations with
AM-AFM can be associated with double-pass scans (lift-mode®) where the topographic information is obtained during
the first pass and the electrostatic signals are acquired during the second pass [7], [8]. This method has the key
advantage to avoid any coupling effects between structural and dielectric information, and to allow setting optimized
conditions for electric measurements (linear regime). The second dynamic mode, frequency-modulation-AFM (FM-
AFM), also called non-contact AFM, is generally used under vacuum where Q-factors of cantilevers are too high to
obtain a short transient regime of the vibration. In that case, the probe-sample distance is controlled by fixing a small
negative shift of the resonance frequency caused by attractive interactions with the surface. This frequency shift serves
as feedback parameter for the formation of topographic images.

Oscillation :;;*:I;'l‘e' Foe  For instance, FM-AFM is not associated with double-pass scans.
o ler amplitude == F,.. The electrostatic signal is acquired simultaneously with
T ™~ Static . topography [9]-[11]. EFM operations are in rare cases made using

. deflection
Photodiode

Laser

Foc  static AFM modes [6].

We will detail in the following sections all the different

Mechanical o . . .
’@/%_ excitation at o, possibilities for doing EFM measurements of dielectrics. For a
better classification, we will first separate EFM operations in 2

Dielecltt!g Dt O Ve categories: Force and Force gradient detection methods.

sample .

tl?— Force detection methods are relatively simple to be implemented.
E;if:;f:; Vicsinm,t A typical set-up is presented in Fig. 2. The DC component /),
Fig 2: Experimentzﬂ set-up for can be directly obtained from the static deflection signal.
electrostatic forces detection Fw and F, _ components  can be extracted analysing the



oscillation amplitude by a lock-in amplifier, with the electrical excitation as reference signal.

Concerning to the force gradient detection methods, if we consider that the cantilever-tip-sample system can be
approximated by a spring mass system having a resonance frequency fo, the relationships between frequency shifts
Afo or mechanical phase shifts A®  and electrostatic force gradientG, (assuming G, << kc and
tanAD = AD ) can be written as [34]:

A, . 1G,

T ay

o e

A(Dm = —k—Gel s (12)

c
where k, and Q are the stiffness of the cantilever and the
Lock'in
quality factor, respectively. gzmmner _ A amplifier | —— G
There are two possibilities to detect the local electrostatic T Abm  |ret @ Goue
force gradient. The first one is to measure directly the Lassr . |
. . . Photodiod
resonance frequency shift Af, keeping the phase shift elodloce Goc
constant. The second possibility is to measure the S g I Mec_:\etl_nicalt
= excliation at w,,
mechanical phase shift AD  at constant driving frequency. ) ®
We often prefer to measure frequency shifts because, relation ~ Dielectric @e O Vor
(12) is valid only at low voltages (and becomes non linear at ~ S*™Pl® = __
high voltages), whereas relation (11) is always valid. A |]:—
typical set-up is shown in Fig. 3. Af, and A®  signals are E;?:T:;T:L Vicsinm,t
at w, —_—

provided by most of commercial AFM controller electronics . =
Fig 3: Experimental set-up for electrostatic

and can be directly linked to Gp,.. To obtain force gradients detection

G, and G,, components, Af, or AD signals have to be

demodulated by means of a lock-in amplifier.

3.2 DC experiments

Let us now consider experiments where only DC voltages are applied. As expected from relations (11) the curves
Afo (VDC) have the parabolic shape —a Ay (Z )V;C, where a Ay (Z) is related to the tip-sample capacitance by the

expression:

ay (s)= Lo &€

= 13
4k, oz’ (4

The experimental protocol was performed on one single surface position on the basis of a “double pass method” and the
measurement of @, (Z ) parabolic coefficient from the experimental curves Af,, (VDC ) .

During the first scan the topography is acquired in the AM-AFM mode. The tip is then retracted from the surface
morphology by a constant height H lift > also called “lift height”, and the amplitude of the tip vibration ¢z is reduced in

order to stay in the linear regime (amplitude << tip-sample distance). During the second scan, while a potential V), is
applied to the tip (with the sample holder grounded) the electric force gradient G, is detected. As shown in Fig. 4
during the first scan, the average tip-sample distance z, is approximately equal to the oscillation amplitude (z, = 521 ).
During the second scan, the distance is the sum of the first scan amplitude 521 and the lift height H lif

(z, = 521 +H lif ) while the cantilever oscillates with an amplitude of 522 .



1%t scan 2M scan The EFM .experiments are performed in .three steps: first, in order

) to determine the actual value of the tip radius R, we measure

G223 s Af, (VDC) curves at several lift height H,, over a conductive

1 \Voc  sample. The parabolic fit gives the experimental coefficients

> Hjig T Ay (Z) according to the real tip-sample distance. The value of

o, > o, E;;Tjg'c the tip radius R is then obtained by fitting the a Ay (Z ) curve with
A < "':h expression (13) in which the tip-sample capacitance is calculated

using the Equivalent Charge Model (ECM) (see the previous
Sample = section). Second, the experiment is performed with a thin
holder insulating layer of the material under study deposited on the

Fig. 4: Principle of the double pass method. conductive substrate. Af, (VDC) curves are recorded at different
During the first scan topography is acquired. The ) ] i

tip is then retracted by a constant height H,; and lift heights H lif and are analysed in order to extract experimental
amplitude is reduced by a factor of about 3. During

fficients a,. \z) fi h lift height. O R and / (th
the second scan, a potential V¢ is applied to the cocttieients Afo( ) ot cach T helg nee & an (the

tip and G, is detected. Reproduced with thickness of the sample measured by AFM) are known from

permission from C. Riedel et al.[7] © Copyright previous experiments, we can fit the a Ay (Z) curve using

2009 American Institute of Physics. expression (13) in which the capacitance is calculated by ECM,
and thereby we obtain the value of the dielectric permittivity &,.

Finally, in a third step, we record an amplitude-distance curve to quantify the actual values of 521 and z, in the

previous force gradient experiments. It is worth to mention that the measurement of an amplitude-distance curve can
damage the tip and should be done at the end. The slope of this curve gives the correspondence between the
photodetector rms voltage and the real oscillation amplitude. Indeed, if there is no indentation of the tip into the sample,
we can consider that amplitude is coarsely equivalent to the distance. The zero distance corresponds to the point where
amplitude becomes null. The tip-sample distance is calculated as the difference between the z-position of the actuator
corresponding to the amplitude set point and the z-position corresponding to the zero distance.

Nota bene: During the record of the amplitude-distance curve, the tip can be destroyed. It is thus recommend doing it at
the end of the experiments. Consequently, the adjustable parameter is the lift height. It can vary from positive to
negative values, the minimum value corresponding to the height where the tip is in the contact with the sample. In order
to maintain the oscillation of the cantilever in a linear regime, it is convenient to choose a second scan amplitude of
approximately 3 or 4 times smaller than 6z, so 8z, = 6nm.

3.2.1 Measurement of the nanoscale dielectric permittivity of polymer films at different temperatures

We turn now to EFM experiments performed on two ultra-thin polymer films at different temperatures [7]. PS (weight
average molecular weight M,, = 70950 g/mol) and PVAc (M,, = 83000 g/mol) were chosen because both the dielectric
strength and its temperature dependence are very different for these two polymers. Additionally, the dielectric responses
of both polymers have been previously well characterized in the literature [35]-[39]. Samples were prepared by spin
coating starting from solutions at 1% (w/w) in toluene. The substrate was composed of a fine gold layer deposited on a
glass plate. The percentage of polymer in solution was selected in order to obtain films with a thickness of about 50 nm
according to ref [40]. In this case standard EFM cantilevers were used having a free oscillating frequency f, = 71.42
kHz and a stiffness k. = 4.4 N.m™. The experiments were performed on neat PS and PVAc films at room temperature
and at 70°C (Fig. 5a and 5b). The measured thicknesses of the films were 50 + 2 nm for PS and 50 + 3 nm for PVAc at
both room temperature and 70°C. The thicknesses were determined by AFM, measuring the height difference between
the polymer surface and the gold substrate after the films were cut using a sharp steel knife. The accuracy of these

measurements does not allow detecting any thermal expansion. The experimental parabolic coefficients a Ay (Z)
obtained for PS are shown in Fig. 5a. Measurements at room temperature and at 70°C are very close indicating a weak
temperature dependence of the dielectric permittivity as expected for this polymer. In addition, there is a big difference

between the curve obtained on gold and those obtained on PS. That means that the permittivity of the polymer is rather
low. Using the same protocol, it is possible to obtain the value of the tip radius (R = 32+2 nm) and the dielectric

permittivity of PS at 22°C and 70°C: &, (ZZOC ) =2.240.2 and ¢, (70°C ) = 2.620.3. The experimental parabolic

coefficients obtained for PVAc are shown in Fig. 5b. We can note a significant difference between measurements
realized at room temperature and at 70°C, i.e. below and above the glass transition temperature, 7g. At 70°C, the PVAc

curve approaches the gold curve indicating an important increase of &,.. By applying ECM, values of



g, (22°C ) =2.940.3 and ¢, (70°C ) =8.241.0 were obtained for PVAc. The estimated values for PS and PVAc

are in good agreement with the macroscopic ones [35]-[39]. The variation observed in the dielectric permittivity of
PVAc is related with its strong dipole moment and the fact that PVAc crossed the glass transition temperature at around
38°C increasing the chain mobility and therefore the dielectric permittivity. Opposite, PS has a weak dipole moment
and its Tg is around 105°C; therefore, a little or negligible variation of the dielectric permittivity is expected in this case.

35 35
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Fig. 5: a) aap(z) curves obtained on a 5043 nm PS thin film at 22°C (diamond) and 70°C (squares) in comparison with
the curve obtained on a gold sample (circles). The tip radius R = 3242 nm is obtained from experiments on gold using
ECM. By fitting PS parabolic coefficients using ECM, values of g. =2.2 + 0.2 at 22°C, and ¢. = 2.6 £ 0.3 at 70°C are
obtained. b) axp(z) curves measured on a 50+2 nm PVAc thin film at 22°C (diamond) and 70°C (squares) in
comparison with the curve obtained on a gold sample (circles). By fitting PVAc parabolic coefficients using ECM,
values of ;= 2.9 + 0.3 at 22°C and ¢, = 8.2 £ 1.0 at 70°C are obtained. Reproduced with permission from C. Riedel et
al.[7] © Copyright 2009 American Institute of Physics.

3.2.2 Constant dieletric mapping of a nanostructured PVAc/PS polymer blend

Morphology and dielectric properties have been studied [8] on a model nanostructured soft material constituted by an
immiscible blend of polystyrene (PS) and of poly(vinyl acetate) (PVAc) (PS: M,=66900 g/mol and M,=71000 g/mol ;
PVAc: M,=33200 g/mol and M,=93100 g/mol). The sample film was prepared from a solution of the two polymers (1%
w/w in toluene with 75% PS w/w and 25% w/w PVAc). The volume fraction of PVAc is ® =16.4% . The solution
was subsequently spin-coated [40] on a conductive gold substrate at 3000 rpm. The film exhibits a nodular morphology
of PVAc in a continuum phase of PS (Fig. 6a). The nodules of PVAc have a mean height measured by AFM around 50
nm and the PS a homogeneous thickness around 27 nm. Standard Pt-Ir coated tip were used for these measurements.
The cantilever free resonance frequency was f;=70.13 kHz and the stiffness k.=4.5 N.m™'. The tip radius was R=19+2
nm. Frequency shifts were measured by means of the succession of two double pass scans at a fixed value of the tip-
sample distance, z,=18+2 nm, and applying two different voltages of +5V and -5V. When the surface is characterized
by a zero potential, only a single double pass scan is necessary to implement this method. However, it is recommended
doing two double pass scans in order to verify the good accuracy of the measurements and to check the symmetry of the
parabola with respect to the 0 V axis.

2000 2000
x (nm) x{nm)

Fig 6: (a) Topography of the PVAc/PS film. (b) Corresponding map of the coefficient a e Values of # and
ay at points M(PS) matrix and N(PVAc) nodule have been interpolated with ECM simulated curves in order

to extract the corresponding value of &,. Reproduced with permission from C. Riedel et al.[§] © Copyright
2010 American Physical Society.



In the present study, the frequency shift at zero voltage was found to be nearly null in the scanned area. In order to
ensure that the two frequency shifts correspond to the same sample point, the topography of the two images at different
biases should be as similar as possible. However, working at 70 °C a non-negligible drift is observed. Translation
effects have been numerically corrected by the introduction of a correlation function. Using these two measurements

and assuming a zero frequency shift for zero voltage, the coefficient a Af, CAN be calculated at each point of the image.

Fig. 6b presents the corresponding map of the coefficient a Ay - In the general case, in order to take into account the

nonzero contact potential V¢p, a third image has to be recorded at another applied voltage for example, at 0 V. A map of
the parabolic coefficient a Ay could be obtained from the frequency shift images using the equation

Af =a,, (VDC ~Vep )2 . From EFM results and ECM numerical simulations a,,. (h,é‘r) curves were calculated at

each point of the image whereas the sample thickness # was determined by AFM (measuring the height difference
between the polymer surface and the gold substrate). As an example, points M(PS) and N(PVAc) in Fig. 6a and 6b are

characterized by A(M)=27+2 nm, a Ny (M)=5.2+0.3 Hz/V? and A(N)=50+2 nm, a Ny (N)=7.8+0.7 Hz/V?, respectively.

After successive interpolations between different @ A, (h, Er) curves, values of ¢,=2.3+0.3 for PS and ¢=7.5 £1 were

found for PVAc, values in agreement with the macroscopic ones [41]-[43].

Figure 7a shows a quantitative map of the dielectric permittivity of the PVAc/PS film at the nanoscale. The small
asymmetry observed on the islands of PVAc on the x axis is most likely attributed to the scanning process (only retrace
signal was recorded). An upper limit for the spatial resolution of around 30 nm has been estimated, which corresponds
to half the distance necessary to achieve the transition between the dielectric level of the island of PVAc and the matrix
of PS (Figure 7b). This value is in good agreement with the theoretical one calculated on the basis of the tip-sample
electrostatic interaction [33],[44]: Ax=(R z)"? ~ 20 nm. This result shows that PS and PVAc are immiscible at scale
equal or lower than 30 nm. From the morphology image, we found a surface fraction of PVAc close to 14%, a value
coherent with the polymer composition of the film. The direct confrontation of the topography with the dielectric map
(Figures 6a and 7a) points out that small satellite nodules around 20 nm are detected in the dielectric map and not in the
topography, thus showing the high sensitivity of this method.
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Fig 7: (a) Map of the dielectric permittivity of the PVAc/PS film obtained by processing images shown in Figures 6a
and 6b. (b) Typical profile of the dielectric permittivity across the PVAc/PS interface. Reproduced with permission
from C. Riedel et al.[8] © Copyright 2010 American Physical Society.

3.3 AC experiments

3.3.1 FM-EFM experiments

We turn now to EFM experiments where by applying AC excitation the temperature-frequency dependence of the
dielectric response can me measure and analyzed. Experiments were carried out by FM-EFM under Ultra High Vacuum
(UHV) with a variable temperature stage (RHK UHV 350). The temperature was measured with a small thermocouple
clamped to the sample surface. A classical EFM conducting cantilever with 25 nm tip radius was used. In FM-EFM, the
cantilever is oscillated at its resonance frequency, f; = 70 kHz, and the resonance frequency shift Af;, due to tip-sample
interaction forces, is detected with very high resolution using a Nanosurf Easy Phase Locked Loop (PLL) detector. This
parameter is used as a feedback for controlling the tip-sample distance z. Additional signals are those measured as a



result of the electrodynamics interaction between the conducting tip and the polymer sample. As the force 0F/0z is
proportional to the square of the voltage, a sinusoidal voltage Vac = V, sin(w.t) produces a 2o, component response.
This component can be detected via the frequency shift of the cantilever by using a lock-in amplifier (Stanford Research

: : : : A OF .
SR-830). The obtained signal Vz% is related to OF/0z (proportional to G2{u) Yby: V. — f, where 4 is the

2 4k oz
instrument gain [9]. The force gradient being a function of the dielectric permittivity, any measurable dielectric losses in
the material will be detected as a phase shift in the V,,, signal.

Two different experiments were performed to study successively the thin polymer blend presented in section 3.2.2 (1%
w/w in toluene with 75% PS w/w and 25% w/w PV Ac). The first is described in references [9] and [10] and consists in
recording the phase in one point at different frequencies and constant temperatures. During the acquisition of the
dielectric spectrum, the feedback of the PLL detector (typically Afy = 15 Hz) was turned off in order to avoid any
coupling with the corresponding electrical frequency. A Vac= V, sin(w.t) voltage at different frequencies varying from
0.1 to 120 Hz was applied between the tip and the sample. It is worth to mention the fact that the frequency range is
limited at low frequencies by the time of acquisition and at high frequencies by the bandwidth of the microscope’s
electronics. A preliminary step consists in measuring the reference phase of Vjge, @, at 19°C where both polymers are
in the glassy state and have no measurable dielectric relaxation. The difference between this reference situation and the
phase measured in the experiments, A® = ®.s — ©, is used to characterize the dielectric dissipation. During the
relaxation, due to the loss of energy to align the dipoles in the field, a peak is observed in A®(w.). Using BDS
experiments on bulk PVAc, the macroscopic phase of the dielectric permittivity, tan™ (¢”’/g”), peaks at about 16° for
frequencies between 0.1 and 100 Hz, very close to what was found for A®(w,) of thick films (1 pm) of PVAc using the
present FM-EFM technique [9]. For thinner films of PVAc, it was found that the peak in A®(®,) is considerably
reduced, to ~ 3° for 50 nm films. This can be understood by recognizing that the force gradient is a complex function of
the dielectric permittivity, film thickness, tip radius and tip height that requires numerical modeling [8]. Whereas the
macroscopic phase is proportional to fractional increase in permittivity, Ae/e, the AD(w,) measured here is proportional
to the fractional increase in force gradient, A(OF/0z)/(0F/0z). This fraction is found in simulations to be reduced with
reduced film thickness due to a larger constant background 0F/0z.

Fig. 8 shows A®(w.) over an island of PVAc at different temperatures. The fitting lines were obtained using a
Kohlrausch—Williams—Watts response function, exp(—t/r)ﬁ, [45],[46] as a convenient way to describe the experimental
result. Maximum value of A® and shape parameter (p=0.42) were fixed by fitting the data measured at 40°C. Keeping
these parameters constant and using only a free timescale
8 T T T 5 36°C parameter, a rather satisfactory description of the data was
46°C obtained: ie, the shape of the peak does not depend on
AT+ temperature within the involved uncertainties. The peak
frequencies and shape of these peaks are nearly identical to
A those found in pure PVAc films of similar thickness.
N x Measurements at the same temperatures have been performed
VA over the matrix of PS and the response (not presented in the
8 i e figure) is always flat (A® < 0.1°). Therefore, the frequency
L /1 sweep permits to characterize locally the properties of the
VL' sample, in good agreement with reference [9]: the matrix is
o /7 TN -l___ﬁ- 7 composed of PS whereas islands are domains of PVAc.
s The second experiment consists in scanning the sample
surface while a 50 Hz AC voltage is applied to the tip. In
s order to keep a constant tip-sample distance, the feedback of
50 100 the PLL is maintained on. Figures 9(a-f) present images of
Frequency [Hz] A® recorded at different temperatures. All images have been
rescaled to the same phase shift scale using the WSxM
software [47]. The phase recorded on the flat matrix areas is
always close to zero, as expected for PS. At 25°C, the image
is homogeneous: there is no detectable dielectric relaxation
occurring in the islands of PVAc. This demonstrates that this
method is not sensitive to topographic effects. When the
temperature is increased to 36°C a stronger contrast is
observed in the images as the high frequency wing of the
dielectric loss peak starts contributing at 50 Hz in the PVAc
regions. The maximum contrast is found at 42°C. Further
increasing the temperature reduces the contrast as the loss peak shifts to higher frequencies and only the low frequency

I, W

Fig. 8: Phase shift of G, signals measured in
FM-EFM as a function of the frequency over an
island of PVAc. Lines are simple description of
the data using a KWW like description (see text).
Amplitude and shape parameters of all fitting lines
were kept constant. The dashed line corresponds to
the imaging frequency of Fig. 9a. Reproduced with
permission from C. Riedel et al.[11] © Copyright
2009 American Institute of Physics.
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contributions are detected. As the shape of the relaxation does not depend significantly on temperature, the contrast
observed is attributed to the passage of dynamics associated with the alpha-relaxation through our measurement
window. Figure 9g shows the profile of the phase recorded at 42°C. The difference of phase is measured to 2.6°. This
value is very similar to that seen in pure PVAc films of similar thickness. All values measured on the maps using a
profile are, within experimental errors, the same as those measured using the frequency sweep in one single point at 50
Hz (Fig. 8). The estimated upper limit of the spatial resolution (corresponding to half of the distance necessary to
achieve the transition between the dielectric level of PVAc and PS) Ax is around ~40 nm. This value is close to the
theoretical resolution given in reference [33], [44] and corresponds to the state-of-the-art resolution in EFM when using
standard probes.

a) T=25°C b) T=36°C
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Fig. 9: a-f) FM-EFM images of A®(®,) (G, phase shifts)
recorded at 50 Hz on the thin PS / PVAc film at different
temperature. Brighter areas correspond to losses related
with the segmental relaxation of PVAc. g) Profile of the
phase shift recorded at 50 Hz and 42°. The difference of
230nm phase between the matrix of PS and the island of PVAc is
SRR of about 2.6°. The lateral resolution Ax is measured around
~ 40 nm. Reproduced with permission from C. Riedel et
al.[11] © Copyright 2009 American Institute of Physics.
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3.3.2 AM-EFM experiments

Finally we present in this section results obtained using AM-EFM. These observations are of great relevance because
they demonstrate that FM-EFM and vacuum are not necessary to measure the dynamic dielectric response. This is
particularly important to study bio-materials. Such studies can be implemented using standard commercial devices

under ambient conditions. Experiments consist in analysing [, component by a lock-in amplifier following the

procedure described in Fig. 2. Although amplitude and phase of F,, can be simultaneously recorded, only phase

signals are involved in the here presented experimental protocol. As for FM-EFM operations, it is first necessary to
measure a reference phase curve ®,.(®,), at temperatures where dielectric relaxation of polymers films is negligible.
Then, the phase signal ®(®,) is acquired at higher temperatures, the difference AD(w,) = Pf®.)— P(w,) being
representative of the loss tangent of the sample. As a demonstration, 250 nm thick pure PVAc films have been
investigated (alpha-relaxation). A®(w,) curves measured from 42°C to 55°C at a lift height of 5 nm (z ~ 25 nm) are
shown in Fig. 10a. Compared with FM-EFM experiments, similar peak shape (fitted by a KWW function) and height
(~ 3°) were observed, but in addition the frequency range has been increased by about 2 decades. Indeed, frequency
sweep has been increased up to 30 kHz corresponding to half the resonance frequency of the cantilever. Furthermore,
the dynamics (beta-relaxation) of thin films of poly(methyl methacrylate) (PMMA) (Fig. 10b) between 28°C and 69°C
has been also studied. 250 nm films were spin-coated starting from 4 % solution of PMMA in toluene. The maximum of
the peak in A®(w,) curves is observed to be higher and narrower when increasing the temperature, as observed when
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investigating the same material with standard BDS experiments. Concerning the comparison of relaxation time between
macro and nano experiments, Crider et al [9], [10] have pointed out the fact that the nanoscale relaxation time (i.e. the
inverse of the maximum frequency of A®(w,) curve ) is shifted to lower values with increasing temperature relative to
the bulk values. These results can be interpreted as a small decrease in the dynamical T¢ by a few °C or as a speeding up
of the alpha relaxation time at 7¢. A comparison of the dielectric spectra measured on the same thin sample by EFM and
classical BDS as reported in ref [1] and [2] is needed in order to differentiate changes coming from the experimental

|4 [7]
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Fig. 10: a) A®(w,) curves (Fy,. signals phase shifts) measured in AM-EFM as a function of the electrical

frequency on a 250 nm pure PVAc film between 42°C and 55°C. b) A®(w,) curves obtained on a 250 nm

pure PMMA film between 28°C and 69°C. For both measurements, a lift height of 5 nm has been set
during the second pass scan.
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Fig. 11: AM-EFM images of A®(®w.) (F., phase
shifts) recorded on a thin PS / PVAc blend sample. In
line, images at a fixed temperature and at different
-3.3° frequencies. In column, images at a fixed frequency
and different temperatures. Values of frequencies and
temperature are chosen according to single point
measurements on PVAc shown in the inset. A
maximum of contrast is obtained when crossing the
alpha-transition of PVAc.
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EFM based method from the physical ones coming from the dynamics.

A series of experiments have been carried out on the same PVAc/PS blend samples (4% w/w in toluene with 75% PS
w/w and 25% w/w PVAc) used in section 3.2.1 and aiming to image their local dynamics. Two kind of experiments
were carried out: the first one at a fixed frequency of 100 Hz and at different temperatures (42°C, 45°C and 48°C) are
presented in column in Fig. 11. Frequencies and temperatures were chosen in accordance with single point spectra
measured over a PVAc island (inset of Fig. 11). When scanning at 100 Hz over a 3umx3um area of the blend sample, a
maximum of contrast of PVAc island is clearly observed in A® images at 48°C, in good agreement with single point
spectra. Drifts of positioning due to thermal effects are noted on the images but does not affect the proposed
interpretation. The second kind of images were recorded at a fixed temperature (48°C) and variable frequency (100 Hz,
1 kHz and 10 kHz). They are presented in line in Fig. 11. As expected the constrast is maximum at 100 Hz and it
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deacreases with increasing frequency. In both cases the contrast evolution is always associated with the alpha-relaxation
of the PVAc whereas the PS matrix still remains in the glassy state. The obtained spatial resolution is about Ax = 150
nm, which is worse compared with force gradients images (Fig 7 and 9). This can be partly explained by the fact that

|
the resolution in force images is theoretically 30% lower. According to Girard e al. in reference [33], Ax = (ZRZ )A .

Nevertheless, we think that resolution in force images could be improved up to 40 nm by choosing lowest possible lift
heights and optimal tips. Thus, the main advantage in using AM-EFM with force detection is its easyness to be
implemented in standard devices and the possibility of measuring under different environments.

4. Conclusions

In this chapter, we have described several EFM methods allowing the determination of dielectric properties at the
nanoscale. These methods can be classified in different categories, following the excitation type (AC or DC) and
following the detection method (force or force gradient), as summarized in table 1. DC methods are well adapted to
determine quantitatively the dielectric permittivity & of insulating layers. We have presented a simple numerical
approach, called equivalent charge model (ECM). Some examples of polymer thin films studied at different
temperatures have been also presented. In particular, concerning PVAc films, we have shown evidence of a big
difference of & below and above T, . AC methods can provide qualitative informations on the temperature-frequency
dependence of dielectric properties. After having developed nanodielectric spectroscopy in one single point, we have
seen how to extend it to image the dynamics of nanostuctured polymers. As an example, the alpha-relaxation of PVAc
islands in a matrix of PS has been imaged. These experiments have been first achieved by FM-EFM under vacuum and
later on carried out using AM-EFM at room conditions. These last results are of first importance because they open the
way to experiments easier to implement with standard AFM. In the near future, studies of the local dielectric response
of biological materials or other soft matter materials should be thus possible. From the spatial resolution point of view,
force gradient detection methods have provided the best defined images (20 to 40 nm). We also think that a comparison
can be done on the adaptability level of the method to investigate one specific aspect. Nevertheless, we have shown in
this chapter that these methods could be adapted to multiple problems.

Excitation Type

DC AC
Fpc [6] Faee [C. Riedel et al to be published]
¢ Control of the probe-sample distance : ¢ Control of the probe-sample distance :
Static force mode, Constant height, Single pass AM-EFM, Double pass
Force ¢ Quantitative imaging of €. on Si0,/Au films ¢ Nanodielectric spectroscopy of PVAc and PMMA
S and purple membrane monolayers thin films
e .
= ¢ Imaging of the temperature-frequency dependence
€ of the dynamics of nano-structured PVAc/PS films
c
S Goc [71,[8] Goge [9]-[11]
§ ¢ Control of the probe-sample distance : ¢ Control of the probe-sample distance :
K . AM-EFM, Double pass FM-EFM, Single pass
Force gradient . . . . .
+ Single point measurement of & on polymers # Nanodielectric spectroscopy of PVAc thin films

films (PVAc, PS) at different temperatures ¢ Imaging of the temperature-frequency dependence

# Quantitative imaging of & on nano-structured of the dynamics of nano-structured PVAc/PS films

PVACc/PS films

Table 1: Different EFM methods to determine the dielectric properties at nanoscale, classified following the excitation type and the
detection method. Numbers in brackets indicate the corresponding references.
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