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Abstract
Electrostatic ForceMicroscopy has been proven to be a precise and versatile tool to perform
quantitativemeasurements of the dielectric constant of thinfilm domains in the nanometer range.
However, it is difficult tomeasure non-planar nanostructures because topographic crosstalk
significantly contributes to themeasured signal. This topographic crosstalk due to distance changes
between tip and substratemeasuring non-planar surface structures is still an ongoing issue in literature
and falsifiesmeasurements of the dielectric constant of nanostructures and nanoparticles. Tip and
substrate form a capacitor based on the contact potential difference between the tip and substrate
material. An increase of the distance between tip and substrate causes a repulsive forcewhile a decrease
causes an attractive force. Thus,measuring in the so-called liftmode scanning the surface in a second
scan following the topography determined by afirst scan leads to amirroring of the non-planar surface
structure in the electrostatic signal superimposing the signal fromdielectric contrast. In this workwe
demonstrate that the topographic crosstalk can be avoided by using the linearmode instead of the lift
mode. The use of the linearmode now allows the determination of the dielectric constant of single
nanoparticles.

1. Introduction

In recent years, Electrostatic ForceMicroscopy (EFM) has attractedmore andmore attention to determine
dielectric constants of thin films [1–3], nanodimensional interfaces [4, 5], nanostructured systems [6] and
nanoparticles [7]. The advantage of using EFM instead of conventionalmethods, such as ellipsometry, is the
increased lateral spatial resolution, which opens the possibility tomap 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, 9]. The EFM (phase or frequency) signal often resembles the topography, as
reported in various publications [1, 6, 10]. This effect is also observed inMagnetic ForceMicroscopy (MFM)
[11, 12]. In bothmethods, EFMandMFM, the cause for the topographic crosstalk is the same namely capacitive
coupling effects between tip and substrate due to themode of operation, the so-called liftmode. EFMandMFM
measurements are based on scanning a surface with a tip, oscillatingwith a frequency near to its resonance
frequency in a two-pass technique [13]. In a first scan, the tappingmode, the tip touches the surface in its lowest
point thus the topography of the sample becomes visible. In a second scan, EFMandMFMmeasurements
usually are performed in the liftmode at a certain distance from the local sample surface, the so-called lift height,
following the topography profile from thefirst scan. Thus, short-range forces are no longer relevant and the
long-range forces such asmagnetic and electrostatic forces can be determined. Common to allmethods is the
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fact that tip and substrate form a capacitor. Due towork function differences of the tip-substrate system, an
electrical potential called contact potential difference (VCPD) is present between differentmaterials, leading to
electrostatic forces evenwithout an applied tip bias. 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 forcewhen the distance decreases, resulting in a significant contribution of topography to the
EFMorMFMsignal. ForMFMmeasurements, variousmethods to reduce capacitive coupling contributions are
discussed e.g., reducing the tip size or including a dielectric layer between the substrate and the nanostructure as
well as changing the tipmagnetization [14–16]. In order to investigate themagnetismof nanoparticles, it was
shown that while embedding the nanoparticles, the crosstalk due to capacitive coupling disappears [17]. In
earlier work [18], an algorithmwas developed to correctMFM liftmode data based on a correlation of the AFM
signal and theMFMsignal. A similarmethodwas developed by van derHofstadt for liftmode electrostatic force
microscopy of non-planar samples [8]. Their algorithm subtracts the contributions of topographic crosstalk
fromEFM signals. Thismethodwas 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, 19]. Gomila et al extracted the topographic crosstalk by subtracting the signal beside the thin film
from the signal above the thinfilm, thus determining the so-called intrinsic capacitance [3]. In EFMexist three
possibilities to determine the dielectric constant. The use of theDC-signal and the use of two possible alternating
current (AC) signals, theΔΦ (ω) phase signal and theΔΦ (2ω)phase signal. In allmethods the force is
proportional to thefirst derivative of the capacitancewhich is related to the dielectric constant. Allmethods have
their advantages and disadvantages. Gramse et al reported the advantage of using theDC signal because of no
need for additional electronics [1]. Common to all threemethods is the topographic crosstalk initiated by the
mode of operation, namely the liftmode.

One possibility to avoid topographic crosstalk is the use of the linearmode instead of the liftmode. In this
paperwe compare linear and liftmodemeasurements in EFM theoretically, as well as in experiments on various
structures. EFMphase signals of dielectric layers with trench-structures reveal that liftmodemeasurements
reduce the sensitivity tomeasure the dielectric constant significantly, whereas linearmodemeasurements allow
the determination of the dielectric constant of the structured layer. Note that the benefit of linearmode
measurements, such as the ability to avoid capacitive coupling, is also resulting in an inflexibility due to thefixed
height. Therefore, linearmode can only be used in precisely defined areas. Surfaces with larger lateral structure
changes can lead to a lower resolution or even to the destruction of the tip due to surface contact. In principle,
the determination of the dielectric constant of nanoparticles is not possible in liftmodemeasurements, because
the change in distance between tip and substrate changes the effective area of the capacitor as proven in [16], 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 polymethylmethacrylate
(PMMA)nanoparticles with linearmodemeasurements. It is shown that the contrast in linearmode is
independent of the tip form and tip size. In general, it is experimentally proven that the topographic crosstalk
often seen in EFMmeasurements on non-planar nanoscale structures can be avoided by using the linearmode
instead of the liftmode, thus allowing the determination of the dielectric constant of nanoscale structures.

2.Methods

Polystyrene (PS), polymethylmethacrylate (PMMA) and polylactide (PLA) particles in a size-range of 80 nm–

200 nmwere studied regarding the dielectric constant. PS and PMMAnanoparticles were synthesized by
miniemulsion polymerizationwith the non-ionic surfactant Lutensol AT50 to ensure a lower zeta potential [20].
Briefly, 3 g of styrene ormethylmethacrylate, 125 mg of hexadecane and 60 mg of the initiator 2,20-azobis(2-
methylbutyronitrile) (V59)weremixed 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 EOblock length of 50 units
(BASF). After stirring 1 h for pre-emulsification at 900 rpm, theminiemulsionwas prepared by ultrasonicating
themixture for 120 s at 90%amplitude (Branson sonifierW450Digital, ½″. tip) in ice bath to prevent the
polymerization. The polymerizationwas carried out at 72 °Cover night under stirring at 400 rpm.

PLAnanoparticles were prepared by combination ofminiemulsion and solvent evaporationmethods.
Briefly, 0.3 g of PLAwere 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, theminiemulsionwas prepared by
ultrasonicating themixture for 180 s at 70% amplitude in a pulse regime (30 s sonication, 10 s pause) using 1/4″
tip. The obtainedminiemulsionwas transferred to the 50 ml round bottom 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−1mV,−8 mVand−49mV for PS, PMMAandPLAnanoparticles, respectively. The nanoparticle

2

J. Phys. Commun. 6 (2022) 125005 MFuhrmann et al



dispersionswere dilutedwith highly purifiedwater (1 μl dispersionwith 10 mlwater) to avoid aggregation and
then dropped 30 μl on a freshly cleaved siegert wafer for drying.Morphological verification of the nanoparticles
with regards to sphericity and deformationwere performed by TEMandAFMmeasurements.

All dielectric constantmeasurements were performed on aDimension IconAFMwith tips of different radii.
The radii ranged from15 nmup to 80 nmwith quadrilateral pyramidic shape, whichwere validated by scanning
electroscopemicroscopymeasurements.Measurements to determine dielectric properties were performed in
EFMmodewith a scan rate of 1 Hz. Imaging resolutionwas set to 512 samples per line. The two-pass scan
collects topography information using tappingmode and electrostatic information in linearmodewith a lift
height of 20 nmabove the particle. A fundamental limitation of the linearmode is, that the absolute distance
between themeasuring system and the sample structure cannot be guaranteed.

To calibrate the 20 nmdistance between themeasuring tip and the spherical sample, the tip wasmoved
closer to the particle in<1 nm steps until direct contact was established. This allowed adjustment to the desired
real distance. This stepwas performed individually for each particle and structure tomaintain the constant
distance. For calculation and illustration purposes, topography datawas extracted as X,Z-data and evaluated by
using the data analysis programOriginPro. To verify the acquired data, KPFMmeasurements were performed to
match theVCPDvalues resulting from the linearmodemeasurements with those of the conventional KPFM
measurements.

The parameters for the calculation of the phase shift are summarized in table 1.

3. Results and discussion

EFM includes differentmethods to determine the electrical properties, such as the dielectric constant via
electrical excitation of the tip byDCorAC voltage. For both, theDCorAC voltage, the force acting on the tip is
proportional to thefirst derivative of the capacitance between tip and sample. Accordingly, allmethods are
sensitive to changes in capacitance due to changes of the dielectric constant. Asmentioned above, EFM
measurements can be performed in twomodes: the so-called liftmode, following the topography of the first
topographic scan in a defined distance as a second scan trace and the so-called linearmodewith afixed distance
between tip and substrate. In this paper, we focus on theory andmeasurements usingDC voltage, but the
comparison of lift and linearmodes is valid for AC signals as well and can be easily transferred to thesemethods.

3.1.Dielectric contrast of non-planar surface structures in lift- and linearmodemeasurements
Non-planar dielectric surface structures contribute to the EFM-phase signal in liftmodemeasurements twice. A
first contribution is induced by a change of the volume fraction of the dielectricmaterial 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 table 2. This leads to an additional force on the
tip, as well as to a change of the effective area Aeff of the tip-sample capacitor. Increasing the distance between tip
and substrate leads to a positive phase shift corresponding to an repulsive force, whereas decreasing the distance
leads to a negative phase shift corresponding to an attractive force [9]. Additionally, Aeff has to be adapted as a
function of the distance between tip and substrate as described in [9]. As described in our previous works, Aeff is
defined as the area of an equivalent tip-sample capacitor composed of two circular plates centered on the tip axis
[9]. Increasing the distance between tip and substrate increases Aeff as reported in [9, 15]. Both contributions are
taken into account in the phase shift equation for liftmodemeasurements in table 2 left column, which gives the
phase signal as a function of the topographic parameter and the dielectric constant. In this paper, we use a
parabolic tipmodel as described in our previousworks in order to calculate Aeff [9, 18].Measurements in lift
mode always include contributions from the topography, reducing the sensitivity to determine the dielectric
contrast and even falsifying the results. The influence of the topography decreases forfilmswith non-planar
nanostructures with heights small compared to the total thickness of the dielectric layer as discussed in [16].

In contrast to the liftmode, linearmodemeasurements keep the distance between tip and substrate constant
during themeasurement, 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

Table 1.Parameters of commercial tips used formeasurements: tip radius r, resonance frequency
fr, spring constant k and quality factorQ.

Probe Company r/nm fr/kHz k/Nm−1 Q-factor

SSS-MFMR Nanosensors 15 75 2, 8 190–220

MFMV Bruker AFMProbes 40 75 2, 8 240–260

MESP-HM-V2 Bruker AFMProbes 80 75 3 240–260
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Table 2.Comparison of liftmode and linearmode for non-planar dielectric (nano)-structures and the corresponding equations for the phase shift.
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dielectricmaterial within the capacitor. Thus, in linearmodemeasurement the only contrast is a dielectric
contrast, whereas in liftmodemeasurements the contrast has two overlapping contributions, from topography
and from the dielectricmaterial in the capacitor reducing the sensitivity for the determination of the dielectric
constant. Table 2 shows the differences in themeasurementmethods and how they affect the calculations of the
phase shift and the effective area of the capacitor.

Measurements of thinfilm structures of 60 nm spin coatedARP-5910 positive-photoresist demonstrate the
difference of liftmode and linearmodemeasurements on non-planar nanostructures. Allmeasurements are
performedwith a lift height of 20 nm to avoid distortions of short-range forces while still being close enough to
detect phase shifts due tomaterial changes.

Table 3 compares liftmode and linearmodemeasurements of a trench structure with awidth of 1.2 μm. In
liftmodemeasurements (table 3 left)we observe a negative phase signal. According to the phase shift equation in
table 2 for liftmodemeasurements (left column), 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 dielectricmaterial in the
tip-substrate capacitor whilemeasuring 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.

Instead, in linearmode, only the dielectric contrast contributes to the phase signal (table 3 right). Due to less
dielectricmaterial in the capacitor the phase signal is positive and larger than the phase signal in liftmode
measurements as there is no contrary contribution of the topography. Themeasured cross-section in the linear
modewasfitted by using the respective phase shift equation (right column).We obtained a dielectric constant in
the range of 2.9–3.1 for the ARP-5910 resist. This is in accordance with the original value for the dielectric
constant provided byAllresist GmbH.

Thesemeasurements demonstrate the advantage of using the linearmode to determine dielectric properties
of non-planar nanostructures.

Table 3.Comparison of liftmode (left) and linearmode (right) phase shift data for non-planar dielectric (nano)-structures (MFMV tip, lift
height 20 nm).

Liftmode Linearmode

Topography

Phase

Cross-section
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3.2.Dielectric contrast of single nanoparticles in lift- and linearmodemeasurements
As described above, in liftmode the distance between tip and local sample surface is kept constant during the
measurement. Thus, nanoparticles on the surface of the substrate lead to an increasing distance between tip and
substratemeasuring above the nanoparticles, resulting in a positive phase shift which can be calculated by the
respective equation for liftmodemeasurements in table 4. This distance change induces a topographic crosstalk
in the EFM signal. Investigations on the influence of the dielectric constant on the topographic crosstalk showed
that the dielectric constant of the nanoparticle has no significant influence because the volume fraction of the
nanoparticle in the capacitor is small compared to the volume fraction of the total capacitor [9]. Increasing the
particle diameter automatically increases the effective area of the tip-substrate capacitor as well due to the
increasing distance between tip and substrate. Thus, the volume fraction of the nanoparticle in the capacitor
stays constant and always small compared to the volume of the total capacitor. This effect hinders in principle
the determination of the dielectric constant of nanoparticles in liftmodemeasurements.

Applying an additional external voltage leads to an enhancement of the positive phase signal with a voltage
dependence resulting in an upward opened parabola (table 5) caused by the topographic contrast. The contact
potential voltage VCPD is given by the vertex of the parabola.

Considering the electrostatic forces for single nanoparticlesmeasured in linearmode, the signal is only due
to the contribution of the dielectric constant of the nanoparticle in the tip-sample capacitor, as can be seen in the
phase shift equation for linearmodemeasurements in table 4 (right column). Therefore, the dielectric contrast
of the nanoparticle leads to a negative phase shift. Thus, linearmodemeasurements enable the determination of
the dielectric constant of single nanoparticles based on these capacitive effectsmentioned above.

In linearmodemeasurements tip shape and size are less important than in the liftmode as the distance
between tip and substrate stays constant. Therefore, Aeff, exp is a constant pre-factor in the phase shift equation
for linearmodemeasurements in table 4. Aeff can be calculated by the parabolic tipmodel in table 4 left column,
used for the calculation of the phase signal in the liftmode [15]. But this equation requires knowledge of the
exact value of the tip radius.

Table 4.Comparison of liftmode and linearmode for a single polymer nanoparticle and corresponding equations for the phase shift.
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In order to determine Aeff, exp without knowing the exact value of the tip radius the followingmethod of analysis
can also be used. Tip size and form are taken into account by using the half-width of themeasured topographic
cross-section of the nanoparticles, based on thework ofMarkiewicz et al [21]. The half-width includes the
convolution of the tip and the nanoparticle. Thismethod allows to gain reff, exp without knowing the actual tip
form and radius. The values obtained are in accordancewith the parabolic tipmodel. The independence of this
method from tip size and tip formwas demonstrated by comparing three particle groups (PS, PMMAandPLA)
with different particle diameter in the range from80 nm to 200 nmmeasuredwith three different tips (see SI).

Table 5 compares lift and linearmodemeasurements for PS particles.While the phase signal clearly shows
the influence of capacitive coupling due to distance changes, linearmodemeasurements prove thatmeasuring

Table 5.Comparison of lift-mode and linear-mode phase shift data for a single polymer nanoparticle (MFMV tip, lift height 20 nm).

Liftmode Linearmode

Topography

Phase

Cross-section

Voltage-profile
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nanoparticles at a lift height of 20 nmabove 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−2 V and+2 V. As this dielectric contrast is directly proportional to the voltage
between tip and substrate, an additional external voltage leads to an increase of the negative phase signal
resulting in a downwards opened parabola. Analysis of the parabola shown in table 5measured in linearmode
now allows to determine the dielectric constant of single nanoparticles.

3.3.Determination of dielectric constant based on linearmodemeasurements
In this paper we investigated different polymer nanoparticlesmade of PS, PMMAor PLA in a size-range of
80 nm–200 nmwith three different tips (table 1). The dielectric constant is the only fit parameter in the fit of the
parabola at every scanning point. The phase shift calculation is based on the respective equation in table 4 right
column. VCPD is determined by the vertex of the parabola, the diameter of the particle by the topographic height
andAeff, exp determined by the half-width of the topographic cross-section. Figure 1 summarizes the results of
thesemeasurements:

The average values of the threematerials investigated are ε= 2.4± 0.19 for polystyrene, ε= 3± 0.24 for
polylactide and ε= 3.3± 0.26 for polymethylmethacrylate. These values are in accordancewith literature values
[22, 23].

4. Conclusion

In summarywe could demonstrate the influence of topographic crosstalk on liftmode EFMmeasurements of
thinfilmswith 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
linearmode instead of liftmode for the determination of dielectric properties. It was shown that the dielectric
constant of nanoparticles cannot be determined in liftmodemeasurements. Linearmodemeasurements allow
the determination of the dielectric constant of single nanoparticles independent of tip shape and size. To
enhance the contrast, it is necessary to apply a voltage between tip and substrate.
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