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Abstract

Electrostatic Force Microscopy has been proven to be a precise and versatile tool to
perform quantitative measurements of the dielectric constants of nanoparticles and thin
film structures. In this work, an alternative approach based on direct current (DC) linear
lift mode is presented. The difference to conventional lift mode measurements is based
on the elimination of topographical influences in electrostatic field measurements.
Thus, the electrostatic potential penetrating the dielectric material remains constant to

accurately predict field changes based solely on the dielectric properties.
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Measurements of polystyrene (PS), polylactide (PLA) and polymethyl methacrylate
(PMMA) nanoparticles show that the presented technique can detect differences in

dielectric constants based on material properties.

Keywords

atomic force microscopy; electrostatic force microscopy; polymer nanoparticles;

dielectric properties

Introduction

In recent years Electrostatic Force Microscopy (EFM) has attracted more and more
attention to determine dielectric constants of thin films [1-3] of interfaces [4,5]
nanostructured systems [6] and of nanoparticles [7]. The advantage of using EFM
instead of conventional methods such as ellipsometry is the increased lateral spatial
resolution, which opens the possibility to map dielectric constants in the nanometer
range. Nevertheless, it is limited to very smooth surfaces as the surface induces
topographic crosstalks falsifying the obtained dielectric constants [8]. The EFM (phase
or frequency) signal often resembles the topography as reported in various
publications [1,6,9]. This effect is also observed in Magnetic Force Microscopy (MFM)
[10,11]. In both methods, EFM and MFM, the cause for the topographic crosstalk is the
same namely capacitive coupling effects between tip and substrate due to the mode
of operation, the so-called lift mode. EFM and MFM measurements are based on
scanning a surface with a tip oscillating with a frequency near to its resonance
frequency in a two-pass technique [12]. In a first scan, the tapping mode, the tip
touches the surface in its lowest point thus the topography of the sample becomes

visible. In a second scan, EFM and MFM measurements usually are performed in the

2



lift mode in a certain distance from the surface, the so-called lift height, following the
topography profile from the first scan. Thus, short-range forces are no longer relevant
and the long-range forces such as magnetic and electrostatic forces can be
determined. Common to all methods is the fact that tip and substrate form a capacitor.
Thus, changes in distance between substrate and tip due to non-planar structures lead
to a decrease in the electrostatic force when the distance increases and an increase
in the electrostatic force when the distance decreases, resulting in a significant
contribution of topography to the EFM or MFM signal. For MFM measurements various
methods to reduce capacitive coupling contributions are discussed e.g., reducing the
tip size or including a dielectric layer between the substrate and the nanostructure to
be investigated or changing the tip magnetization [13-15]. In order to investigate the
magnetism of nanoparticles, it was shown that while embedding the nanoparticles, the
crosstalk due to capacitive coupling dissapears[16]. In earlier work [17], an algorithm
was developed to correct MFM lift mode data based on a correlation of the AFM signal
and the MFM signal. A similar method was developed by van der Hofstadt for lift mode
electrostatic force microscopy of non-planar samples [8]. Their algorithm subtracts the
contributions of topographic crosstalk from EFM signals. This method was successfully
applied to locally determine the dielectric constant of silicon dioxide pillars as well as
of single bacterial cells [8]. Many groups determined the dielectric constant of thin films
by EFM [1,5,18]. Gomila et al extracted the topographic crosstalk by subtracting the
signal beside the thin film from the signal above the thin film, thus determining the so-
called intrinsic capacitance [3]. Gramse et al reported the topographic crosstalk for
planar structures. In EFM exist three possibilities to determine the dielectric constant,
the use of the DC-signal and the use of two possible alternating current (AC) signals,
the A® (w) phase signal and the A® (2w) phase signal. In all methods the force is

proportional to the first derivative of the capacitance which is related to the dielectric
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constant. All methods have their advantages and disadvantages. Gramse et al further
reported the advantage of using the DC signal because of no need for additional
electronics. The use of the AC signals has the advantage to be independent of the
contact potential difference between tip and sample. Common to all three methods is
the topographic crosstalk initiated by the mode of operation, namely the lift mode.

One possibility to avoid topographic crosstalk is the use of the linear mode instead of
the lift mode. In this paper we compare linear and lift mode measurements in EFM
theoretically as well as in experiments on various structures. EFM phase signals of
dielectric layers with trench-structures reveal that lift mode measurements reduce the
sensitivity to measure the dielectric constant significantly, whereas linear mode
measurements allow the determination of the dielectric constant of the layer. In
principle, the determination of the dielectric constant of hanopatrticles is not possible in
lift mode measurements, because the change in distance between tip and substrate
changes the effective area of the capacitor as proven in [15], so that the contribution
of the nanoparticle to the dielectric contrast becomes too small to be detected. In this
paper we determined the dielectric constant of polystyrene (PS), polylactide (PLA) and
polymethyl methacrylate (PMMA) nanoparticles with linear mode measurements. It is
shown that the contrast in linear mode is independent of the tip form and tip size. In
general, it is experimentally proven that the topographic crosstalk often seen in EFM
measurements on non-planar nanoscale structures can be avoided by using the linear
mode instead of the lift mode, thus allowing the determination of the dielectric constant

of nanoscale structures.



Results and Discussion

EFM includes different methods to determine the electrical properties such as the
dielectric constant via electrical excitation of the tip by DC or AC voltage. For both the
DC or AC voltage, the force acting on the tip is proportional to the first derivative of the
capacitance between tip and sample. Accordingly, all methods are sensitive to
changes in capacitance due to changes of the dielectric constant. As mentioned above
EFM measurements can be performed in two modes: the so-called lift mode following
the topography of the first topographic scan in a defined distance as a second scan
trace and the so-called linear mode with a fixed distance between tip and substrate. In
this paper we focus on theory and measurements using DC voltage, but the
comparison of lift and linear modes is valid for AC signals as well and can be easily

transferred to these methods.

Dielectric contrast of non-planar surface structures in lift- and linear

mode measurements

Non-planar dielectric surface structures contribute to the EFM-phase signal in lift mode
measurements twice: a first contribution is induced by a change of the volume fraction
of the dielectric material in the tip-sample capacitor forming a dielectric contrast. A
second contribution derives from the distance change between tip and substrate
following the topography of the sample, as indicated in Figure 1. This leads to an
additional force on the tip as well as to a change of the effective area Aett Of the tip-
sample capacitor. Increasing the distance between tip and substrate leads to a positive
phase shift, whereas decreasing the distance leads to a negative phase shift [19].
Additionally, Aerf has to be adapted as a function of the distance between tip and

substrate as described in [19].



Increasing the distance between tip and substrate increases Aeff as reported in [14,19].
Both contributions are taken into account in equation (1) in Table 1 which gives the
phase signal as a function of the topographic parameter and the dielectric constant. In
this paper we use a parabolic tip model as described in our previous works in order to
calculate Aerf[17,19]. Measurements in lift mode always include contributions from the
topography reducing the sensitivity to determine the dielectric contrast. The influence
of the topography decreases for films with non-planar nanostructures with heights
small compared to the total thickness of the dielectric layer as shown in Figure 1 and
discussed in [15]. Figure 1 depicts the dependence of the phase signal for a
nanostructure with 50 nm height as a function of the thickness of the dielectric layer

beneath the nanostructure. A layer thickness of 300 nm can reduce topographic
crosstalk in lift mode measurements by a factor of ten.
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Figure 1: Absolute value of phase shift as a function of dielectric layer thickness

In contrast to the lift mode, linear mode measurements keep the distance between tip
and substrate constant during the measurement, removing the influence of the
topography on the phase signal. Therefore, the phase shift resulting from the

electrostatic coupling between tip and substrate is only dependent on the amount of
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dielectric material within the capacitor. Thus, in linear mode measurement the only
contrast is a dielectric contrast, whereas in lift mode measurements the contrast has
two overlapping contributions, from topography and from the dielectric material, in the
capacitor reducing the sensitivity for the determination of the dielectric constant. Table
1 shows the differences in the measurement methods and how they affect the

calculations.

Table 1: Comparison of lift mode and linear mode for non-planar dielectric (nano)-

structures and the corresponding equations for the phase shift.
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Measurements of thin film structures of 60 nm spin coated ARP-5910 positive-
photoresist demonstrate the difference of lift mode and linear mode measurements on
non-planar nanostructures. All measurements are performed with a lift height of 20 nm
to avoid distortions of short-range forces while still being close enough to detect phase
shifts due to material changes.

Table 2 compares lift mode and linear mode measurements of a trench structure with
a width of 1.2 um. In lift mode measurements (Table 2 left) we observe a negative
phase signal. According to equation 1 this phase signal consists of a negative
contribution due to the decreasing distance between the tip and substrate and a
positive contribution due to less dielectric material in the tip-substrate capacitor while
measuring above the trench. Considering a trench, the tip is getting closer to its counter
plate and, therefore, has a stronger attraction towards the substrate and a respective
negative phase. This negative phase signal overlaps the positive phase signal based
on the dielectric contrast lowering the resolution.

Instead, in linear mode, only the dielectric contrast contributes to the phase signal
(Table 2 right). Due to less dielectric material in the capacitor the phase signal is
positive and larger than the phase signal in lift mode measurements as there is no
contravise contribution of the topography. Fitting the measured cross-section in the
linear mode by using equation 2. In Table 1 we obtained a dielectric constant in the
range 2.9 — 3.1 for the ARP-5910 resist. This is in accordance with the original value

provided by Allresist GmbH.

Table 2: Comparison of lift mode (left) and linear mode (right) phase shift data for non-

planar dielectric (nano)-structures
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These measurements demonstrate the advantage of using the linear mode to

determine dielectric properties of non-planar nanostructures.

Dielectric contrast of single nanoparticles in lift- and linear mode
measurements

As described above, in lift mode the distance between tip and sample is kept constant
during the measurement following the topography of the sample. Thus, nanopatrticles
on the surface of the substrate lead to an increasing distance between tip and
substrate, resulting in a positive phase shift calculated by equation 6 (Table 3), which
induces a topographic contrast in the EFM signal. Note that the sign of the phase shift
is always relative to the starting height z of the second trace. Investigations on the
influence of the dielectric constant on the topographic crosstalk showed that the
dielectric constant of the nanoparticle has no significant influence on the topographic
crosstalk [19]. The reason for this is the fact that with increasing particle diameter the

effective area of the tip-substrate capacitor increases as well due to the increasing
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distance between tip and substrate. Thus, the volume fraction of the nanoparticle in
the capacitor stays constant and small compared to the volume of the total capacitor.
This effect hinders in principle the determination of the dielectric constant of
nanoparticles in lift mode measurements. Applying an additional external voltage leads
to an increase of the phase signal resulting in an upward opened parabola (Table 4)
initiated by the topographic contrast. The contact potential voltage Vcep is given by the
vertex of the parabola.

Considering the electrostatic forces for single nanoparticles measured in linear mode,
the signal is only due to the contribution of the dielectric constant of the nanoparticle
in the tip-sample capacitor, equation 7 in Table 3: In this case the dielectric contrast of
the nanoparticle leads to a negative phase shift. Therefore, linear mode measurements
enable the determination of the dielectric constant of single nanoparticles based on

these capacitive effects mentioned above.

Table 3: Comparison of Lift mode and linear mode for a single polymer nanoparticle

and corresponding equations for the phase shift.
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In linear mode measurements tip form and size are less important than in the lift mode
as the distance between tip and substrate stays constant. Therefore, Aeff is a constant
pre-factor in equation 7. Aeif can be calculated by the parabolic tip model in equation 3
used for the calculation of the phase signal in the lift mode. But this equation requires
knowledge of the exact value of the tip radius. In order to determine Aeff without
knowing the exact value of the tip radius the following method of analysis can also be
used. Tip size and form are taken into account by using the half-width of the measured
topographic cross-section of the nanoparticles. The half-width includes the convolution
of the tip and the nanopatrticle. This method allows to gain reft without knowing the
actual tip form and radius. The values obtained are in accordance with the parabolic
tip model. According to Markiewiecz, assuming spherical geometries for tip and

sample, the half-width wn can be calculated as [20]:

wy? = Trip4d (12)
with
rip: radius of the tip

d: measured height (= diameter of the nanoparticle)
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Wy = Zreff (12)

ref. measured half-width of the nanoparticle

In order to demonstrate the independence of this method from tip size and form and
from particle size and material we compared three particle groups (PS, PMMA and
PLA) with different particle diameter in the range from 80 nm to 200 nm measured with
three different tips (Table 3). Figure 2 shows the measured half-width of the
nanoparticles as a function of the diameter of the nanoparticle. The calculated line is
based on the Markiewiecz formula (equation 11), and the tip radius was determined by
SEM. All measurements were within a 10% tolerance band within the Markiewiecz

calculation.
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Figure 2: Half-width of PS, PLA and PMMA patrticles with different tips (Radius: SSS-

MFMR — 15 nm; MFMV - 40 nm; MESP-HM-V2 — 80 nm)

Table 4 compares lift and linear mode measurements for PS particles.
While the phase signal clearly shows the influence of capacitive coupling due to

distance changes, linear mode measurements proof that measuring nanoparticles at a
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lift height of 20 nm above the sample only show a small negative phase shift for V =0

based on the dielectric contrast. In order to enhance the dielectric contrast, an

electrostatic field is applied between tip and substrate in the range of -2V and +2V. As

this dielectric contrast is directly proportional to the voltage between tip and substrate,

an additional external voltage leads to an increase of the phase signal resulting in a

downwards opened parabola as shown in Table 4.

Table 4: Comparison of Lift-Mode and Linear-Mode phase shift data for a single

polymer nanopatrticle
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Determination of dielectric constant based on linear mode

measurements

Analysis of the parabola in Table 4 measured in linear mode now allows to determine

the dielectric constant of single nanoparticles. In this paper we investigated different

polymer nanoparticles made of PS, PMMA or PLA with a size in the range of 80 nm —

200 nm investigated with three different tips (Table 5). The dielectric constant is the

only fit parameter in equation 7, Vceo is determined by the vertex of the parabola, the

diameter of the particle by the topographic height and Aert determined by the half-width

of the topographic cross-section, rei. Figure 3 summarizes the results of these

measurements:
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Figure 3: Evaluation of the dielectric constant of nanopatrticles of different material

and size and of different measuring tips based on voltage profile measurements.

The average values of the three materials investigated are €=2.4+0.19 for
polystyrene, € = 3 + 0.24 for polylactide and € = 3.3 £ 0.26 for polymethyl methacrylate.

These values are in accordance with the literature [21] and [22].

Conclusion

In summary we could demonstrate the influence of topographic crosstalk on lift mode
EFM measurements of thin films with non-planar nanostructures. The topographic
crosstalk vanishes with increasing dielectric layer thickness between nanostructure
and substrate. Topographic contrast can completely be avoided by using the linear
mode instead of lift mode for the determination of dielectric properties. It was shown

that the dielectric constant of nanoparticles cannot be determined in lift mode
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measurements, since the change in distance between the tip and substrate has so
much greater effect on the signal that the dielectric contrast cannot be measured.
Linear mode measurements allow the determination of the dielectric constant of
nanoparticles independent of tip form and size. To enhance the contrast, it is necessary

to apply a voltage between tip and substrate.

Experimental

Polystyrene (PS), polymethyl methacrylate (PMMA) and polylactide (PLA) particles in
a size-range of 80 nm — 200 nm were studied in regard to the dielectric constant. PS
and PMMA nanoparticles were synthesized by miniemulsion polymerization with the
non-ionic surfactant Lutensol AT50 to ensure a lower zeta potential [23]. Briefly, 3 g of
styrene or methyl methacrylate, 125 mg of hexadecane and 60 mg of the initiator 2,20-
azobis(2-methylbutyronitrile) (V59) were mixed together and added to 24 g of water
containing 200 mg of non-ionic surfactant Lutensol AT50, which is a poly(ethylene
oxide)-hexadecylether with an EO block length of 50 units (BASF). After stirring 1 h for
pre-emulsification at 900 rpm, the miniemulsion was prepared by ultrasonicating the
mixture for 120 s at 90% amplitude (Branson sonifier W450 Digital, ¥2". tip) in ice bath
to prevent the polymerization. The polymerization was carried out at 72 °C over night
under stirring at 400 rpm.

PLA nanoparticles were prepared by combination of miniemulsion and solvent
evaporation methods. Briefly, 0.3 g of PLA were dissolved in 10 g of chloroform and
added to 24 g of water containing 72 mg of sodium dodecyl sulfate. After stirring 1 h
for pre-emulsification at 900 rpm, the miniemulsion was prepared by ultrasonicating
the mixture for 180 s at 70% amplitude in a pulse regime (30 s sonication, 10 s pause)

using 1/4" tip. The obtained miniemulsion was transferred to the 50 ml round bottom

16



reaction flask and left overnight at 40 °C for complete evaporation of chloroform. The
obtained nanoparticles were purified by centrifugation to remove the excess of
surfactant and characterized in terms of particles size and zeta potential. Zeta
potentials were -1 mV, - 8 mV and -49 mV for PS, PMMA and PLA nanoparticles,
respectively. The nanoparticle dispersions were diluted with highly purified water (1 pl
dispersion with 10 ml water) to avoid aggregation and then dropped 30 pl on a freshly
cleaved siegert wafer for drying. Morphological verification of the nanoparticles with
regards to sphericity and deformation were performed by TEM and AFM
measurements.

All dielectric constant measurements were performed on a Dimension Icon AFM with
tips of different radii. The radii ranged from 15 nm up to 80 nm with quadrilateral
pyramidic shape, which were validated by scanning electroscope microscopy
measurements. Measurements to determine dielectric properties were performed in
EFM mode with a scan rate of 1 Hz. Imaging resolution was set to 512 samples per
line. The two-pass scan collects topography information using tapping mode and
electrostatic information in linear mode with a lift height of 20 nm above the particle.
For calculation and illustation purposes, topography data was extracted as X,Z-data
and evaluated by using the data analysis program OriginPro. As described above,
linear mode eliminates topographic crosstalk caused by capacitive coupling and allows
an estimation of the dielectric constant. In this mode, the tip scans the surface in two
steps. In a first trace the surface profile of a scan line is rastered by tapping mode. In
standard lift mode, this profile is used for the second trace to maintain a constant
distance between the tip and the surface. The linear mode used for the determination
of the dielectric properties, on the other hand, ignores the topography information. Only
a fixed distance is set, which is independent of the topography. It is therefore always

important to know the sample exactly in order to avoid tip crashes and the resulting
17



destruction of structures and measuring tips. To verify the acquired data, KPFM
measurements were performed to match the Vcrep values resulting from the linear
mode measurements with those of the conventional KPFM measurements.

Considering various tip radii, it is important to include the convolution error in the
calculations. Spring constant k of each tip type as well as its quality factor must be
matched for each individual measurement due to the determining pre-factor when
calculating then phase shift. The quality factor is determined during the Cantilever Tune
setup based on the characteristics of the resonance frequency. These essential
parameters for the calculation of the phase shift are summarized in Table 5.

Table 5: Parameters of commercial tips used for measurements: tip radius r,

resonance frequency fr, spring constant k and quality factor Q

Probe Company r/nm frlkHz k/Nm-1 Q-factor
SSS-MFMR Nanosensors 15 75 2,8 190-220
MFMV Bruker AFM Probes 40 75 2,8 240 - 260
MESP-HM-V2  Bruker AFM Probes 80 75 3 240 - 260
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