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Abstract (Englisch)

Tip-sample capacitance in electrostatic force microscopy is crucial for the research on
dielectric properties of surfaces in nanometer scale. That is why we implement a new
method of scanning capacitance microscopy. The aim of this method is to enhance
existing methods by combining quantitative advantages and the reduction of stray
capacitance by heterodyne frequency modulated Kelvin probe force microscopy with
the capacitance resolution of nanoscale capacitance microscopy.

I demonstrate the capabilities of the method by displaying the change of the capacitance
gradient on insulating polymer nanoparticles. Furthermore, I use a theoretical model
probe to show that stray capacitance decreases for higher derivatives of the capacitance
and the contribution of the tip apex dominates. With a force distance curve map that
includes the capacitance signal of the method I show that the tip-sample capacitance
decreases on the insulating polymer nanoparticles and that attofarad resolution can be
achieved. Hence, the presented method shows promising potential for the investigation
of dielectric properties of materials at the nanoscale. Furthermore, the method allows
the use of two arbitrary electric excitation frequencies. Thus the dielectric response
can be investigated as a function of frequency. Therefore, the method shows promising
potential for an application in dielectric spectroscopy.
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Abstract (Deutsch)

Die Spitzen-Proben-Kapazitit in der elektrostatischen Kraftmikroskopie ist entschei-
dend fiir die Erforschung der dielektrischen Eigenschaften von Oberflaichen im Nanome-
terbereich. Aus diesem Grund fiihren wir eine neue Methode der Rasterkraftmikroskopie
ein. Ziel dieser Arbeit ist es, die bestehenden Methoden zu verbessern, indem die quan-
titativen Vorteile und die Verringerung der Streukapazitit durch die heterodyne fre-
quenzmodulierte Kelvinsonden-Kraftmikroskopie mit der Kapazititsauflosung der Ka-
pazitatsmikroskopie im Nanomafistab kombiniert werden. Ich demonstriere die Moglich-
keiten der Methode indem ich die Anderung des Kapazititsgradienten auf isolieren-
den Polymer-Nanopartikeln darstelle. Dariiber hinaus zeige ich anhand einer theo-
retischen Modellsonde, dass die Streukapazitét fiir hohere Ableitungen der Kapazitét
abnimmt und der Beitrag des Spitzenscheitels dominiert. Mit einer Kraft-Abstands-
Kurvenkarte, die das Kapazitatssignal der Methode einschlielt, zeige ich, dass die
Spitzen-Proben-Kapazitit auf den isolierenden Polymer-Nanopartikeln abnimmt und,
dass eine Attofarad- Auflosung erreicht werden kann. Die vorgestellte Methode zeigt
daher ein vielversprechendes Potenzial fiir die Untersuchung der dielektrischen Eigen-
schaften von Materialien auf der Nanoskala. Auflerdem erlaubt die Methode die Ver-
wendung von zwei beliebigen elektrischen Anregungsfrequenzen. So kénnen die dielek-
trischen Eigenschaften als Funktion der Frequenz untersucht werden. Daher zeigt die
Methode ein vielversprechendes Potenzial fiir eine Anwendung in der dielektrischen
Spektroskopie.
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CHAPTER 1. INTRODUCTION

1. Introduction

Atomic force microscopy (AFM) was invented by Binnig et al. [1] in 1986. Based on the
force interaction between the surface of the sample and a nanometric tip attached to a
flexible cantilever, they were able to achieve nanoscale and later atomic resolution [2]
of the surface topography. This marks the beginning of one of the key technologies in
the 21st century, nanotechnology. With the development of technological components
that are getting smaller and smaller down to micrometer and even nanometer size, it
is increasingly important to be able to measure dielectric properties at this scale [3].
Two different methods in AFM are used to measure electric properties of the surface
in nanoscale. One is Kelvin probe force microscopy (KPFM) which adapts an AFM
to measure the electric potential on surfaces [4]. The other is electrostatic force mi-
croscopy (EFM), where capacitive force between the tip and the sample is detected [5].
A promising technique in electrostatic force microscopy to obtain topography and ca-
pacitance simultaneously is scanning capacitance microscopy (SCM). The nanoscale
capacitance is addressed using the probe as a nanometric electrode and the sample
as a counter electrode. SCM was first introduced by Matey et al.[6] in 1985, where
they used a high-frequency resonant capacitance sensor based on the frequency shift
induced by the total tip—sample capacitance. This limited the measurements to ma-
terials with voltage dependent capacitance as found in semiconductors. Therefore a
different method is needed to perform capacitance measurements on materials that do
not show bias dependence e.g. dielectric films. An alternating current (ac) sensed
method was introduced by Brezna et al. [7] to overcome these limitations, but it was
not practical due to long data acquisition times. Fumagalli et al. [8] enhanced this
method with a customized current amplifier and the lock-in integrated into the AFM
electronics. Thus, they were able to reduce imaging time while remaining attofarad
resolution. However, measurements were preformed in contact mode with a diamond
coated cantilever tip. Hence, stray capacitance is non negligible.

Within the following bachelor thesis I will introduce a new scanning capacitance mi-
croscopy method called dual frequency electrical drive KPFM (DuFED-KPFM). The
aim of this method is to combine the capacitance resolution of Fumagalli et al. [§]
achieved in ac current sensing SCM with heterodyne frequency modulated (FM)-KPFM
and its characteristics for the reduction of stray capacitance [9].

In DuFED-KPFM two electric drives with different frequencies are applied to the can-
tilever. A composition of these two electric frequencies causes a progression of change
of the capacitance that is measured. In this process, local dielectric properties and to-
pographic information can be measured simultaneously with high spatial resolution. In
order to validate the measured results, a comparison with a numeric solution is drawn.
In addition a quantitative interpretation of the appearing phenomena is provided.
Accordingly, the thesis is organized as follows. Chapter 2 covers the theoretical back-
ground. In chapter 3 the setup and the procedure of the experiment is presented. Fur-
thermore the SCM method and its experimental implementation is introduced. Chapter
4 starts with a report of the capacitance images taken on a conductive silicon wafer
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CHAPTER 1. INTRODUCTION

coated with insulating polymer nanoparticles. This is followed by a theoretical deriva-
tion of the tip sample capacitance with the aid of a model probe. For the last part of
the analysis experimental values of the capacitance are determined with an evaluation
of a force distance maps and compared to the theoretic values. Finally, in chapter 5
the results are discussed, a summary of the main conclusion is given and an outlook
on further studies regarding the capacitance gradient in electrostatic force microscopy
is provided.
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CHAPTER 2. THEORETICAL BACKGROUND

2. Theoretical Background

2.1. AFM

Atomic force microscope (AFM) was invented by Binnig et al. [1] in 1986. It is a type
of scanning probe microscope. Today it is widely used in physics, chemistry, biology,
material science and engineering with different applications [10].

The principle of AFM is that a cantilever with a needle-like tip scans a surface in a grid
pattern by sensing forces acting between the probe and the sample of interest. The
cantilever behaves like a spring, for which Hook’s law applies:

F=—k- x, (2.1)

where F' is the force, k is the spring constant and z is the deflection of the cantilever.
For distances far away from the surface, no forces act on the cantilever. As the
distance decreases the cantilever enters the attractive regime, where van-der-Waals
(vdW) forces act on the tip. At the same time the electrostatic force that has a longer
range increases which is in contrast to the vdW forces of repulsive nature [11]. For
very small distances the cantilever enters the repulsive regime, where Pauli repulsion
is responsible for a repelling force on the tip which leads to bending of the cantilever.
This deflection can be detected with a laser that is focused on the back of the cantilever
by its reflection on a photodiode (Figure 2.1). Thus, the force can be obtained by
the inverse optical lever sensitivity (InvOLS), which is the ratio between the the
cantilevers z position, measured by the z-sensor and the deflection of the laser beam
in volts that is measured by the photodiode [12].

Peter Reichel Bachelor Thesis 4



CHAPTER 2. THEORETICAL BACKGROUND
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Figure 2.1.: Schematic setup of an AFM. The cantilever is excited by the shaker-piezo
with its resonance frequency (fres) and its position controlled by the z-
piezo. It scans the sample in a grid-like pattern in z and y direction. The
deflection is tracked by a laser which is reflected onto a position sensitive
photodiode.

For the control of the cantilever in z-direction a piezo is used, while a x,y-piezoscanner
is used to scan the sample in a grid-like pattern in z and y direction. A lock-in amplifier
is used to detect the voltage of the measured signals. The measurement with an AFM
can either be static, where the force is kept constant with a feedback circuit, or with a
cantilever oscillating at its resonance frequency, where the amplitude and phase change
drives the feedback circuit [1, 10]. This is how topography images with high resolution
can be generated. AFMs can be used in many different applications such as topography
imaging of the surface, scanning probe lithography or force spectroscopy [13]. However,
I will only go into detail with the modes of operation that are used in the experiment.

2.2. KPFM

Kelvin probe force microscopy (KPFM) was introduced by M. Nonnenmacher et al. in
1991 [4] to characterize electrical surface properties in a nanometer scale. By apply-
ing an alternating voltage Uac between a conducting tip and the sample, the system
behaves like a capacitor with changing distance [14]. This enables the measurement of
the contact potential difference (Ucpp) between the tip and the sample and produces
oscillating electrical forces.

The contact potential difference describes the difference in Fermi levels between the
surface and the tip (Figure 2.2). In equilibrium this corresponds to the work functions

of the different materials
(I)Tip - q)Sample

—€

Ucpp = (2.2)

Here, @74, and ®ggmpie are the work functions of the materials respectively and e
corresponds to the elemental charge. Therefore the work function of the sample can be
determined if the work function of the cantilever is known [15].
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CHAPTER 2. THEORETICAL BACKGROUND

To archive an equilibrium of the Fermi levels, an additional dc¢ voltage Upc has to be
applied. This is shown in Figure 2.2.

Voc=Vepp

Figure 2.2.: Electronic energy levels between tip and sample for three different cases.
In the first case tip and sample are separated and no voltage is applied. In
the second case they are in electric contact and contact potential difference
is building up. In the third case an additional voltage Up¢ is applied which
nullifies the contact potential difference Uopp [15]

A schematic setup of a Kelvin force microscope is given in Figure 2.3. Additionally to
a regular AFM an ac voltage is applied to the cantilever. This leads to the development
of an electric field and therefore a change of the Fermi level. To align the Fermi levels
again an additional dc voltage is required. This voltage minimizes the electrostatic
force for Upc = Ucopp. Thus, the contact potential difference can be measured. The
response of the signal is detected with a lock-in amplifier.

Peter Reichel Bachelor Thesis 6



CHAPTER 2. THEORETICAL BACKGROUND
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Figure 2.3.: Schematic setup of KPFM. An alternating voltage Uac is applied between
the tip and the sample and the response is tracked by a lock-in amplifier.
This enables the measurement of the Ugopp on a nanometer scale.

By applying the external bias Upc, the electrostatic forces between tip and the sur-
face of the sample can be minimized. The electrostatic force Fis between the cantilever
and the sample originates from the energy of a capacitor [16]. The following force is
thus obtained via the gradient

10C 9
Feo = 55— (AU)?, (2.3)
where %—g is the capacitance gradient between the tip and the sample and AU is the
difference between all the externally applied voltages and Uopp. This gives AU =
Uexrt — Ucpp, where Ugyy is composed of Ueyy = Upc + Uac sin(wgt), where wg is the
frequency of the applied ac voltage. The resulting electrostatic force can be divided
into its spectral components

10C U2
Fstat. = 5% ((UDC - UCPD)2 + gC) (2'4)
ocC .
Fop = E(UDC — Ucpp)Usc sin(wpt) (2.5)
10C
Fop, = _E@Uic cos(2wpt) (2.6)

KPFM can be used in two acquisition modes: In amplitude modulation (AM) the
response of the amplitude is tracked, whereas in frequency modulation (FM) varia-
tions of the cantilevers resonance frequency are tracked. According to Axt et al. [9],
heterodyne-FM-KPFM is the best way to perform measurements of the quantitative
surface potential.

2.2.1. FM-KPFM

In frequency modulated Kelvin probe force microscopy (FM-KPFM) variations of the
cantilevers resonance frequency are tracked. These variations happen because of the

Peter Reichel Bachelor Thesis 7



CHAPTER 2. THEORETICAL BACKGROUND

electrostatic force gradient.

When the tip of the cantilever approaches the sample, a shift in the angular resonance
frequency occurs because of the forces acting on the cantilever. For oscillations with a
small amplitude, this shift is approximately given by

wp =~ 1. <k — ai‘”), (2.7)

m

where m is the mass, k is the spring constant of the undisturbed cantilever, and 6(5—;3
is the gradient of the force between tip and sample in z-direction [9].

This shift can be directly measured with a phase-locked loop (PLL), which is a
controlled oscillator whose phase tracks that of an external signal [17]. The magnitude
of the frequency modulation is proportional to the electrostatic force gradient and
therefore proportional to the second derivative of the capacitance % = C" (Equa-
tion 2.3). Hence FM detection is sensitive to the electrostatic interaction between tip

and surface of the sample and offers a high resolution [9].

The mechanical oscillation of the cantilever leads to an oscillation of the capacitance
gradient with the same angular frequency w,,. Thus, the capacitance gradient can be
written as a Fourier series

C'(2) = % + Z ap, coS(nwmt), (2.8)

n=1

where ag and a,, are Fourier coefficients, w,, is the mechanical oscillation of the can-
tilever and ¢ is time. After inserting the capacitance gradient into the equation of
the electrostatic force (2.3) and considering the Fourier coefficients up to n = 1, the
following terms of the electrostatic force are obtained

oC

Fup= E(UDC —Ucpp) - Uac sin(wgt) (2.9)
10C
Foup = _ZﬁUE‘C cos(2wgt) (2.10)
1, 9%C . :
o twn = iAm@(UDC — UCPD) -Uac [szn((wE — wm)t) + sm((wE + wm)t)].

(2.11)

Here, A,, is the amplitude of the mechanical oscillation of the cantilever. It is notice-
able, that Equation 2.9 and Equation 2.10 are identical to the AM-KPFM equations
2.5 and 2.6. However, Equation 2.11 shows that electrical signals are given on the side-
bands F,,, +., with the mechanical oscillation w,,. The sidebands are also dependent
on the difference of Upc — Ucpp [? ].

An enhancement to regular FM-KPFM is heterodyne-FM-KPFM [9]. It was introduced
by Garrett et al. in 2016 [17]. By applying a mechanic frequency to the cantilever at
its resonance frequency wg and an electric frequency below its second eigenmode at
we = w1 — wo, the sideband frequency gets shifted to the second eigenmode [17]. Thus,
Equation 2.11 is the fundamental equation of heterodyne-FM-KPFM. A schematic rep-
resentation of this is given in Figure 2.4. Heterodyne-Fm-KPFM leads to a superior
sensitivity since the detection signal gets amplified by the resonance. Furthermore, the

Peter Reichel Bachelor Thesis 8



CHAPTER 2. THEORETICAL BACKGROUND

electric excitation is separated from the detection, which excludes cross coupling and
thus improves the signal to noise ratio [9].

It | t FM Heterodyne

t =detection

| =excitation
topography
electrical

Amplitude [a.u.]

o, W,
Frequency [HZ]

Figure 2.4.: Schematic diagram of the operating principle of heterodyne-FM-KPFM.
At the resonance frequency wg of the cantilever a mechanical frequency is
applied to obtain topographical data. Furthermore an electric frequency
is applied at we = w1 — wp which shifts the signal that is detected to the
second eigenmode of the cantilever [9].

The second derivative of the capacitance is proportional to the force gradient, which
is more sensitive to local interactions between the tip of the cantilever and the sample
surface than the force [18]. Hence, heterodyne-FM-KPFM offers a superior lateral and
voltage resolution [19]. However, the force signal is usually stronger than the signal of
the force gradient. Therefore high ac-voltages are required for heterodyne-FM-KPFM
or FM-KPFM in general. These higher electrical drive amplitudes can cause a tip
induced band bending at the surface [19].

2.3. Nanoscale capacitance microscopy

Scanning capacitance microscopy (SCM) was first introduced by Matey et al. [6] in
1985. It is used to identify dielectric properties of surfaces. The principle of SCM is
that the probe is used as an electrode with the surface being the counter electrode.
This enables the measurement of changes in the tip sample capacitance. Most common
applications are the measurement of the depletion capacitance of semiconductors for
carrier dopant profiling [20] or surface defect characterization [21]. The microscopes
are typically equipped with a high-frequency resonant capacitance sensor which detects
the frequency shift of the capacitor induced by the total tip-sample capacitance[22, 23].
The depletion capacitance under the tip apex is dependent on the applied voltage. That
is why the signal is enhanced with an applied ac voltage modulation and the use of a
lock-in detection technique[23].

Fumagalli et al. [8] developed a custom setup which is based on the ac current sens-
ing and lock-in detection technique (Figure 2.5). This setup enables the nanoscale
investigation of dielectric properties of the sample surface with non-voltage dependent
capacitance.

Peter Reichel Bachelor Thesis 9



CHAPTER 2. THEORETICAL BACKGROUND
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p— wide-bandwidth
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amplifier
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______ * » analogue

iac(w) lock-in board

Vac(®) G B
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Figure 2.5.: Schematic setup of the nanoscale capacitance microscope. While scanning
in contact with the surface, topography and capacitance can be obtained.
The AFM probe is connected to a custom-made current-to-voltage ampli-
fier, which is in turn connected to a lock-in board that is included in the
AFM electronics [8]

By applying a low frequency ac voltage between the tip and the sample and using a
low-noise wide-bandwidth custom-made amplifier, an electrostatic force can be detected
with a lock-in amplifier. This electrostatic force translates into the first derivative of
the local capacitance %—g (compare Equation 2.3) and can be used to determine local
dielectric properties. However, this method is very susceptible to stray capacitance.
That is why only measurements on very thin dielectric films (~ 5 nm) can be performed.
With the method we want to decrease the stray capacitance contributions to increase

the applicability of the method.

2.4. Force-distance curve mapping

Force-distance curve mapping is usually used to measure nanomechanical properties
such as Young’s modulus, adhesion forces of the surface [24]. While maintaining the
x,y-position, the AFM probe is ramped in z-direction and the vertical deflection of the
cantilever is measured. The approach and retraction curves of the cantilever deflection
versus the position of the z-piezo can be converted into force-distance curves that
contain information of forces acting on the tip at a given location [24]. Among the
forces acting on the tip is the electrostatic force [25]. Since the method measures the
force gradient of the electrostatic interaction which translates to the second derivative
of the capacitance, force-distance spectroscopy can be used to determine absolute
capacitance values.

By taking force-distance curves on every pixel of an image, an entire force map can
be generated and thus information about the capacitance of the entire map can be
extracted. To obtain a force map, the operator has to set the position, the pixel size

Peter Reichel Bachelor Thesis 10



CHAPTER 2. THEORETICAL BACKGROUND

of the image and up to which setpoint the deflection of the cantilever relative to the
sample has to be measured.

Difficulties in force-distance curve mapping come from the amount of time that is
required to record an entire image. A map of 300x300 pixels with a scan rate of
2 Hz takes up to 12 hours of measurement time. That is why thermal drift of the
sample plays a big role in acquiring force maps. To solve this problem a lot of time is
needed for the sample to adapt to the environmental conditions and to decrease the
temperature gradient.

2.5. Capacitance in electrostatic force microscopy

When determining the capacitance in electrostatic force microscopy, the cantilever is
used as a nanometric electrode with the sample being its counter electrode [26]. This
assumption includes local capacitance contributions of the tip apex of the cantilever.
However the assumption also includes non local capacitance contributions associated
with the macroscopic cantilever, the mesoscopic tip cone and the chip holder [18].

Cantilever

CSt‘ra_y
|

Sample

Figure 2.6.: Schematic illustration of stray capacitance. Between the tip-apex and the
sample are local capacitance contributions that are deliberately measured,
while the mesoscopic tip cone and the macroscopic cantilever contribute to
interfering stray capacitance.

The problem in quantifying the electrostatic interaction is the complexity of the
setup. That is why Colchero et al. [18] proposed a model system with three elemental
building blocks: the tip apex, the tip cone and the cantilever. Assuming a model with
the tip as a truncated cone with a spherical tip apex and the cantilever being a tilted
rectangular plane capacitor [26, 27], yields the following equations for the force as a
function of distance for the individual components of the probe:

1 9 w-l 1
FlLever(2) = 250U GEnP (s ZJ%htan(a)) [27] (2.12)
4r of (2=5+h 4y, h—6  z-1%

Foone(2) = (W—ﬁtip)QeoeTU [Zn< z+g > — sin( 5 )z— % T z+% [18]

(2.13)
2772 1— Sin(ﬁtzip)
Fapeac(z) = TEQEFT U |: o :| [26] (214)
2(z +r(1 —sin(=52))
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ST

Figure 2.7.: Auxiliary sketch of the capacitance model of the truncated cone with spher-
ical apex. Here h is the height of the tip, r is the radius of the sphere, ¥4,
is the opening angle of the tip, ¢ is the truncated part of the cone and z is
the distance between sample and tip apex.

Here, z is the distance between sample and tip apex, w is the width of the cantilever,
[ is the length of the cantilever and « is the angle in which the cantilever is tilted
towards the surface. The cone has an opening angle of —2 and a height of h, whereas

2
the height of the truncated part of the cone is § = r/ tanz(ﬁ%). The spherical apex
has a radius r as shown in Figure 2.7.

The capacitance of the model system can now be calculated by using Equation 2.3 and
assuming that three components are connected in parallel.

Peter Reichel Bachelor Thesis 12



CHAPTER 3. METHOD AND SETUP OF THE EXPERIMENT

3. Method and setup of the experiment

3.1. Method

For the measurement of the capacitance gradient I implement a new method. It is called
"Dual frequency electrical drive KPFM” (DuFED-KPFM). The aim of this method is
to enhance existing SCM methods [6, 8, 20, 23] by combining quantitative advantages
and the reduction of stray capacitance by heterodyne-FM-KPFM [17] with the capac-
itance resolution of nanoscale capacitance microscopy [8].

For the method a mechanical drive at w?, at the fundamental eigenmode of the can-
tilever with amplitude A,, is used. Furthermore two electrical drives at frequency wq
and wo with a voltage of U; and U; respectively are applied to the cantilever. In con-
trast to regular FM-KPFM this method is used without a feedback loop. This means
no dc voltage Upc is applied to the cantilever anymore. Thus, the electrostatic force
is not compensated. This leads to

AU = Ucpp + U sin(wit) 4+ Us sin(wot), (3.1)

where AU corresponds to Equation 2.3. The open loop method accelerates data ac-
quisition time of the measurement. Since the mechanical oscillation causes a periodic
oscillation of the capacitance gradient, a Fourier expansion of C’(t) = % at zg results
in

C'(z) = C'(20) + C"(20) Amcos(wmt) + ... . (3.2)
Equation 3.2 can now be substituted in Equation 2.3. Separating this equation into its
spectral components yields the equations given in A.1.
The last term is given in 3.3.

1
Frnizy = 50”AmU1U2 (cos[(wm + Aw)t] (3.3)

+ cos|(wm + w1 + wa)t] — cos|(wm — w1 — w2)t])

This is the fundamental equation of DuFED-KPFM. It contains the mechanical and
the two electrical signals. The frequency modulation is proportional to the electrostatic
force gradient and therefore to the second derivative of the capacitance. This means
3.3 yields a higher spatial resolution than F;,,.

In a high frequency regime the first cosine term of Equation 3.3 to probe the high
frequency dielectric response can be used. It is given by

1
FHE, — 5C”’AmUlUg [cos((wm £ Aw)t)], (3.4)
where Aw = w, = w! — w? can be an arbitrary set of electrical drive frequencies

that mix the response to the second eigenmode of the cantilever. Different harmonics
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of multiples of w, can be used to obtain the given condition. This is inspired by

FM-herterodyne-KPFM, where only a single electrical drive frequency is applied at

We = wh — wl.
The excitation and detection frequencies of the electrical and mechanical drives are

schematically shown in Figure 3.1.

Dual frequency electrical drive KPFM

Lo,
it t i i
. . .t =detection
| = excitation
5 topography
& electrical
(]
]
=
o
g
<
w9, Ao ol w!l  w?

Figure 3.1.: Schematic illustration of the excitation and detection frequencies in dual
frequency drive KPFM. The lower part shows the transfer function of the
cantilever, where the amplitude is plotted vs the frequency. The upper
part shows the excitation frequencies ({) and the detection frequencies (1)
of the applied frequencies. The red arrow corresponds to topography- and
the blue arrow to the electrical signal [9]

To implement the method a commercial AFM (MFP-8D Infinity from Asylum Re-
search) is used for the measurement. As well as a lock-in amplifier (HF2LI from Ziirich
Instruments) for the electric excitation. The setup is shown in Figure 3.2. Thus, the
respective ac voltages can be applied to the cantilever while measuring with the AFM.
This enables the measurement of a capacitance image where the z-voltage is propor-

: 9°C
tional to G 7.
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(Topography) (Dual frequency
Lock-In Amplifier electrical drive
=F KPFM)
PI-Controller Lock-in Amplifier
Jres z U.si Uysin(aw,t)
sin(wyt] sin(w
—— ;sin(w; t) 2 2
A B
C
Shaker-Piezo
Photodiode \/z+
Cantilever D
Sample
X,y-Piezoscanner J

Capacity — Image

d%c
W, v, 2¢

X,y-Control
vage)

Figure 3.2.: Schematic setup of Dual frequency electrical drive KPFM. Additionally to
a regular AFM, two different voltages are applied to the cantilever with
different frequencies respectively.

3.2. Samples

All measurements were performed on silicon wafers, that were coated with
Polystyrene(PS)-nanoparticles. The nanoparticles where ordered from thermo scientific
as a latex microsphere suspension with an average diameter of 1.5 ym. The nanoparti-
cles were dissolved in water with a weight concentration of 10% and a size distribution
of < 4% for the coefficient of variation (CV). For my purposes I needed to reduce the
concentration of the nanoparticles to get single particles on the surface of the silicon
wafer. That is why I used Methanol to dilute the solution to a volume concentration
of 0.001%.

The silicon wafers were prepared by cutting them into 2.5 x 2.5 cm pieces and using
an airbrush to get rid of any dust particles that were left on the surface. After that
the pieces were stored in an Argon plasma for 30 min at 290 W of power to clean the
surface thoroughly.

The silicon wafers were then spin coated with the nanoparticle solution. For this, 80 ul
of the solution were drobbed onto one wafer, which them was spin coated at 1000 rpm
for 1 min.

3.3. Cantilever

For all experiments the cantilever model SCM-PIT-V2 from Bruker [28] with a res-
onance frequency of typical ~ 75 kHz and a spring constant of k ~ 3 N/m is used.
The cantilevers are usually W ~ 35 um wide, L = 225 um long and have a thickness
of T'= 2.8 pym. They are made of 0.01 - 0.025 Ohm-cm Antimony (n) doped Silicon,
whereas the front side is coated with conductive Platinum-Iridium (PtIr) and the back-
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side is coated with reflective PtIr. The tip of the cantilever has a radius of r = 25
with a height of h = 10 — 15 wm. Since the exact dimensions of the cantilever matter
for calculations I performed later, the cantilevers were imaged via scanning electron
microscope [29].

3.4. Data analysis

For the analysis of the measurement Gwyddion 2.58, Igor Pro 6 and Python 3.7.9 was
used. For all images obtained in the measurement the color gradient Gwyddion.net
was applied. For the height image set the minimal value of the image was set to zero
and the data leveled by subtracting the mean level. If necessary the color leveling was
adjusted to focus on the important parts of the image and eliminated scan line defects
by aligning the rows by their median.

For all the creation of plots and fits, Python3.7.9 was used. Fit parameters and their
respective errors were determined using scipy.optimize.curve_fit. The code for the
calculation of the capacitance in the force map is written with Igor Pro 6 as well as
the the fits that were used to determine the sample surface.
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4. Analysis

4.1. Application of DuFED-KPFM

When recording images using the DuFED-KPFM method, several channels are
recorded. This includes the images of the height, the amplitude and the phase of
the oscillation of the cantilever, the voltage of the 9>C/922-Signal and the error of the
signal. The cantilever scans the surface of the sample in a grid-like pattern. In this
process information is being obtained during the outbound path (Trace) in z-direction
and the return path (Retrace) in -z-direction of the cantilever (compare Figure A.1).
To maintain comparability I use only Retrace images. Thereby all following images
have a scan speed of 0.4 Hz and a resolution of 512 pixels x 512 pixels.

For all measurements I apply two voltages with 1 V on the 7%, and 8" harmonic of
Aw respectively.

Figure 3.2 shows an image of the sample taken with DuFED-KPFM. Here the left
image shows the height information, whereas the right images displays the measured
voltage signal that corresponds to the second derivative of the capacitance

0.0um 0.5 1.0 15

Figure 4.1.: Left: Height image, Right: Image of the voltage signal that corresponds
to the second derivative of the capacitance of the polymer nanoparticles
on a silicon surface. Along the included line the height and voltage signal
profile is extracted.

It is evident that the right image in Figure 4.1 displays the particles that are displayed
in the height-image on the left affirmative. This demonstrates the basic assumption
that the method can display a changing signal on the particles. The first step in the
investigation of the method to determine how the voltage signal, which corresponds to
%270, behaves with increasing height.

For a regular plate capacitor, the capacitance is proportional to C' ~ % [16]. Considering
this relation I would expect a similar dependency for the capacitance in the tip-sample

system. Since a voltage is measured that corresponds to the second derivative of the
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capacitance, the relation C' ~ % has to be derived twice to fit the measured signal. Thus,

I expect a %27? ~ Z% dependency between the measured height and the voltage signal.

To verify this assumption, I want to plot ‘?;Zg—signal versus the corresponding height.
Hence, I extract the height information from the height-image across a nanoparticle.
Additionally, I extract the voltage signal that corresponds to the second derivative of
the capacitance for the same coordinates has for the height-image from the respective

image. The resulting plot is given in Figure 4.2.

Height dependence of 92C/322

: + Data points
0.07 - Fit: m - 1/x3 + yo
: m = 1.064-1072%
0.06 Am = 0.007-107%
4 yo = 0.0184
0.05 Ayq = 0.0002
> &
!_‘g 0.04 "‘.‘:.
N SN\
E .
U ° .
% 0.03 -
0.02
0.01
0.00
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 4.2.: Height profile of a nanoparticle plotted against the voltage signal of DuFED
measurement. The blue dots represent the data points obtained with the
measurement, while the orange line depicts a fit function of the form f(x) =
m/z + yo.

It is noticeable that the fit I have chosen fits the data affirmative. However, an offset
of (yo = 18.4 £ 0.2)mV needs to be included to adjust the function to the data points.
This means that the signal converges to a minimum value on top of the particle and
then remains constant.

Further examples are given in the appendix in A.4. Thus, a distinct signal differ-
ence between the conducting surface and the insulating nanoparticles can be measured.
Moreover, it is shown that the signal decreases similarly with increasing size of the
particle and converges to a constant value on the particles.

Therefore, I want to investigate the capacitance gradient further in the next chapters.
For this purpose, I want to develop a theoretical model to show that the voltage is mea-
sured through the tip apex and that stray capacitance can be neglected. Furthermore, I
want to quantify the measured results by evaluating a force map where the capacitance
signal is also recorded as a function of distance and determine the resolution of the
method.
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4.2. Determination of theoretical values for the capacitance
and its gradients

To determine theoretical values for the capacitance between the cantilever and the
sample I use an adequate model that corresponds to the system. It is difficult to
specify the exact values due to the complexity of the system. That is why Colchero
et al. [18] proposed a simplified model that includes the tip apex, the cone and the
cantilever. These three elemental building blocks of the tip-lever system interact with
the sample as three capacitors that are connected in parallel. In nanoscale experiments
the tip apex has the greatest influence in the measurement, whereas the cone and the
cantilever are rather associated with stray capacitance. I assume, that the contribution
of cone and cantilever is negligible for the second derivative of the capacitance. To
verify this assumption, the contributions of the respective components are compared
in the following.

The distance dependent force equations of the components are given in Equation 2.12 -
Equation 2.14. To determine the capacitance of the components I use the basic equation
for the electrostatic force of a capacitor

10C
Fes = —§EU2 (41)

The capacitance can be obtained by integration of the equation for the electrostatic
force as follows: 2F(2)
z
C(z) = —/ 72 dz (4.2)
In the following I determine the capacitance of the respective components of the model
probe.

4.2.1. Cantilever

The cantilever can be approximated by a tilted rectangular plane capacitor. In this
case the electrostatic force is given by Equation 2.12. Integration yields

Clever(z) =E&0- ta;:()z) In (1 + w>, (43)

where z is the distance between the sample and the tip apex and gg is the dielectric
constant of a vacuum. The dimensions of the lever are given by its width w, its length
I and the height of the tip cone h. The lever is tilted by the angle . Manufacturer
specifications for the dimensions of the cantilever are considered (length = 225 pm,
width = 35 um). However, for the tip cone and apex SEM images were taken, to have
more reliable results (Figure 4.3). Hence, the height of the tip cone is 14.63 & 0.5um.
The error is given by 5% of the scale that was used to determine the height. I obtained
the tilt angle of the cantilever by evaluating a picture of it taken in the cantilever
holder from the AFM head A.5. The calculated capacitance is in the order of 2.2fF
for the same distance as in the height profile of the nanoparticle (Figure 4.2). The
corresponding plot is in the appendix in A.7.
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4.2.2. Tip cone

The tip cone can be approximated by a truncated cone. The electrostatic force as
a function of distance (z) between tip apex and sample is given by Equation 2.13.
Integration of this equation to obtain the capacitance yields

fo

2f1

471'60

Ccone(z) = QW SZTL(ﬁ;Zp)(h 1I1(2f1) — (5 ln(fg)) + f1 hl(

)+ 6=,

(4.4)
where f1 = z — g + h and fo = 2z + §. By taking an SEM-image of the cantilever
tip I was able to determine required quantities (Figure 4.3). Thus, the opening angle
of the tip is ¥ = 19° + 24° = 43° £ 1°, the height of the tip is h = 14.63 £ 0.5um
and the truncated part of the cone is § = r/ tan?(Jyip/2), where the radius is given by
r = 24.29 + 5nm. The corresponding plot is in the appendix in Figure A.8

® r=242%m

Figure 4.3.: Scanning electron microscopy images of the tip of the cantilever. Thus, the
tip has a height of 14.63 + 0.5um, a front angle of 24° £+ 1°, a back angle
of 19° + 1°, whereas the tip apex has a radius of 24.29 4+ 5nm.

4.2.3. Apex

Finally, tip apex is approximated as a sphere over an infinite surface. The corresponding
electrostatic force is given in Equation 2.14. Hence, the capacitance is given by

24 r(l— sm(ﬂ;‘p))> |

Coapex(2) = 2mege,r ln( (4.5)

where ¢, is the specific dielectric constant of the cantilever. Since the cantilever is made
of silicon, it has a dielectric constant of &, &~ 4 [30]. The plot of the capacitance of the
apex is given in the appendix in Figure A.7

4.2.4. Capacitance gradient of first and second order

To obtain the capacitance gradient of the first and second order I did an analytical
derivation (A.2) as well as a numeric differentiation. Here only the numeric differen-
tiation of the capacitance in the given range is considered. For this the differential
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quotient for the onward and backward differentiation is used

with a step size of 1-10710 to have 1000 steps in the range of the DuFED measurement.
Thus, I am able to obtain Figure 4.4 for the contribution of the respective components
for the capacity gradient.

le—8 First numeric derivative of capacitance model

0.00
— Apex
~0.25 — Lever
—— Cone

—— System of 3 capacitors in parallel

9C/dz in [F/m]
oL L L)
n N} o ~ %
o (8] o [6,] o

-1.75

—-2.00

0 1 2 3 4 5 6 7
zin[m] le—8

Figure 4.4.: Contribution to the capacitance gradient of the respective components.
The blue line marks the apex, the green line the cone the red line the
lever and the black line marks the entire system of the three components
in parallel.

It is noticeable that the contribution of the lever is negligible. It is in the order of
81% while the other two parts a several orders of magnitude higher with ~ 10%.
For the capacitance gradient of the second order the central differential quotient of the
second order is used

flx+h) = 2f(x) + f(x—h)

7(z) = A

(4.7)

with the same step size as for the first derivative. This gives us Figure 4.5 for the
contributions of the respective components.
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Second numeric derivative of capacitance model
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Figure 4.5.: Contributions of the respective components to the second numeric deriva-
tive of the capacitance. The blue line marks the apex, the green line the
cone, the red line the lever and the black line marks the entire system of
the three components in parallel. It is noticeable that the contribution of
the tip surpasses the cone-contribution for distances smaller than ~ 20nm,
while the contribution of the lever remains small.

From this can be concluded, that the contribution of the cantilever decreases for
higher derivatives of the capacitance. Furthermore, the tip apex contribution exceeds
the cone contribution for distances smaller than = 20nm.
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4.3. Force map-Determination of the capacitance

The final step is the evaluation of a force map to determine the experimental capacitance
resolution of DuFED-KPFM. For this a 150 x 150 pixel force map of 2 um? surface
area of the silicon wafer coated with polymer nanoparticles was take. The channels
Deflection, Amplitude, Userinl, UserIn( against time are recorded, where Userinl
corresponds to the voltage signal of 9?C/02? and UserIn0 to the error signal. Thus, I
was able to obtain the following force map.

0.0um 0.5 1.0 1.5

0.0 105 nV
05 [ 80
60
1.0
40
1.5
20
0

Figure 4.6.: Force map with 150 x 150 pixel covering a 2 um? surface area of the silicon
wafer coated with polymer nanoparticles. The blue numbers correspond to
the locations, where I want to extract the measured capacitance.

To extract the measured capacitance from this force map the fundamental equation
of DuFED (Equation 3.3) is used. Rearranging this equation to obtain the capacitance
yields

O?*C  2Fpin2 1
022 ApUh Uz cos((wm + Aw)t) + cos((wm + w1 + wa)t) — cos(wpm — w1 — wa)t]’
(4.8)
One can assume, that the time that is required to obtain the capacitance approaches
zero. Integrating 0°C /022 twice and using the assumption cos(a) = 1;a — 0 yields

Fmaz 2szx2 2
C = ——d 4.9
//zmm AU U, (4.9)
with
40
Friz2 = r.oko SpuFED(w.) - INVOLS. (4.10)

here ko is the thermal spring constant, Sp,rgp(..) is the signal of the electric excita-
tion and InvOLS is the inverse optical lever sensitivity. Since the signal at the second
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eigenmode of the cantilever is measured, the thermal spring constant needs to be mul-
tiplied by 40 to obtain the thermal spring constant of the second eigenmode [31]. While
measuring, the voltage is amplified by a factor of 100. Thus, the signal needs to be
divided by 100 to obtain the true value.

The limits of the integration interval comes from the maximum deflection of the can-
tilever z;,q; and the point where it reaches the surface z,,;, of the sample. Thus, the
capacitance is given by

. 2:40
100 uF ED(we 2
4.11
¢ // Am[/ 1[/2 a2 ( )

Zmin

To obtain the the point where the cantilever touches the surface, two linear fits on the
respective force-distance curve are used. The first fit, approximates the trace when the
cantilever is not in contact with the sample. The second fit approximates the trace
when the cantilever is in contact with the sample. The intersection of these to fits is
the real surface of the sample. An exemplary illustration of this procedure is given in
Figure 4.7
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Figure 4.7.: Exemplary illustration of the determination of the real surface of the sample
with the recorded amplitude over time during a force-distance curve map.
The red lines represent the linear fits that were used.

This procedure was implemented in a code in Igor Pro 6.3 to evaluate the force
map. The values for the InvOLS = 68.035 nm/V, and the spring constant calibrated
by the thermal noise ky = 2.94 N/m are not reliable for our measurement as they were
obtained with a different cantilever of the same type. Thus, the values for the obtained
capacitance are not accurate, but they can be used as comparative values to support
our assumption that the capacitance decreases on the insulating polymer particles.
In Table 4.1 the values for the spots marked in Figure 4.6 are listed. However the
fluctuations of the obtained capacitance were large. That is why several calculations
for each spot are performed to calculate the mean value. The results are given in
Table 4.1 respectively.
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Spot in Figure 4.6 z1 in [um] ‘ C in [aF]
1 2.6080 4 0.0005 | 1.3150 4 0.2051
2 2.6088 + 0.0004 | 5.6697 + 1.0932
3 2.6082 4 0.0005 | 2.0303 = 0.3219
4 2.6086 4 0.0008 | 1.9977 £ 0.3176
5 2.6095 4 0.0006 | 5.8229 4 0.5532
6 2.6090 4 0.0008 | 3.5483 + 0.9612

Table 4.1.: The lower integration limit is received by finding the intersection of to lin-
ear fits (Figure 4.7). Then the capacitance values can be calculated by
integrating the obtained force signal twice.

It is noticeable that the capacitance on polymer particles (spot: 1,3,4,6) is signifi-

cantly lower than the capacitance on the silicon surface (spot: 2,5). This confirms our
assumption that the capacitance decreases for the insulating spots.
However, this is not yet sufficient to obtain quantitative results for the capacitance.
In further steps the entire force map needs to be evaluated and force maps with a
higher resolution have to be obtained to investigate the fluctuations of the capacitance
to determine what they are caused by. Furthermore, a more precise representation of
the calculated surface is required since I was not able find a correlation between the
capacitance and the calculated height. To solve this issue, more data is necessary.
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5. Conclusion and QOutlook

In conclusion the DuFED-KPFM method, which is a combination of ac current sens-
ing AFM [8] and heterodyne-FM-KPFM [17] was introduced. I was able to record
capacitance with ~ 1 aF resolution. The dimension of the capacitance resolution is
determined by noise of the system [23]. This is verified in Table 4.1, where the error of
the measured capacitance is ~ 1 aF.

Applying two electrical drives with the frequency being w. apart to the cantilever,
which is mechanically oscillating at its resonance frequency enables the measurement
of the second derivative of the capacity (Equation 3.3). Thus, I was able to display
the change of the capacitance gradient on insulating polymer nanoparticles. More-
over, I could show the distance dependency of the capacitance gradient 9?C/92% ~ Z%
However, an offset in the voltage signal had to be included to fit the measured data
affirmative. This offset is caused by the signal not disappearing over the particles..

A theoretical study of the cantilever was done by separating it into three components,
being the tip apex, the cone and the lever. Thus, the capacitance contributions of
the respective components could be determined. By a numerical derivation of the
components I was able to determine the respective capacitance gradients and their
contributions to the total capacitance. As a consequence I could show that the contri-
bution of stray capacitance from the lever and the cone decreases for higher derivatives.
For distances of less the 20nm between the tip and the sample the contribution of the
apex prevails.

Force maps were recorded to determine the experimental capacitance resolution. By
integrating the measured 9?C/0z? signal twice over the z-range of the cantilever up
to the true surface of the sample I was able to determine the capacitance between the
tip-apex and the sample that is associated with the measurement. The values are not
yet reliable for quantitative interpretation because the InvOLS and the thermal spring
constant of a different cantilever were used for the calculation. However, our results
show qualitatively accurate that the obtained capacitance decreases on the insulating
nanoparticles and increases on the conductive surface. Furthermore, we can assume
that the resolution is in the order of attofarad. Hence, the presented method shows
promising potential for the investigation of dielectric properties of materials at the
nanoscale. It is applicable for the measurement of thin films such as thin oxide films,
biological membranes [4] or nanoparticles. Due to the low expected susceptibility to
stray capacitance it would be interesting to see an investigation on thicker oxides (~
50 nm) regarding its resolution. In further studies the dielectric constant of nanostruc-
tures can be determined. As a result label free detection of materials at the nanoscale is
possible. Another application is dielectric spectroscopy [32]. Since the method enables
the use of two arbitrary electric excitation frequencies, the frequency dependency of €
can be determined. Thus, the dielectric response according to the frequency can be
investigated.
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APPENDIX A. APPENDIX

A. Appendix

A.1. Spectral components of electrostatic force in
DuFED-KPFM

The spectral components of the electrostatic force in DuFED-KPFM are obtained by
combining the equation for the electrostatic force (Equation 2.3) and the Fourier ex-
pansion of the capacitance gradient.

Fpc = éC/(UCPD + U212 + 1?2) (A1)

F,, = %C”Am(UCPD + U212 + U222)cos(wmt) (A.2)
Foy wy = C'UcppUi 2sin(wi 2t) (A.3)
Fouy 0y — —iC'Ul,gcos(Qngt) (A4)
Fotun 2 = %C”AmUchULgsm[(wm + wy 2)1] (A.5)
Foptow 0 = —éC”AmULgcos[(wm + 2w 2)t] (A.6)
Friz, = C'U Us (sin[(w1 — wo)t] — cos|(wr + w2)t]) (A7)

1
Frizy = 5C’”AmUlUg (cos[(wm + Aw)t] + cos[(wm + w1 + w2)t] — cos[(wm — w1 — wg)t])
(A.8)
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A.2. First and second analytic derivatives of the capacitance

First derivation of the capacitance of the model components respectively

oC -1 1
2 tover 0 . )2 I (A.9)
Z lever (Z + ) (1 + H—htan(oz))
il =—— " _go|lln| —2—— ) — sin(=2 : 2 A.10
9z cone (W—ﬁtip)20[n( z+3 > SZ(Q)Z—ngh z+3 10
O
1 _ tip
(Z(j - 27r606r7’2[ sin(3 29”]) } (A11)
apew 2(z +r(1 = sin(=52))
Second derivation of the capacitance of the model components respectively
0%C w-l 2(h+z)+ltan(a)
a2 =- A.12
922 tever (24 h)2 (h + ltan(a) + 2)2 (A-12)
ofc_sm [_ (h—)sin("e2)  (h—&)sin(42)(z — )
02% cone (T =Duip)? | (§+2)(=5+h+2) (§+2)(-5+h+2)?
) 5 1 S thtz (A'13)
(h—8)sin(Puz)(z— &) G+2e; — 37 ]
(§+2)2(=5+h+2) ~S+h+2
2 2z +r(1 — si Ytip —1+si Dtip
S (RS EL G S 2] a1
27 apex 22(z + (1 — sin(—52)))?

A.3. Channels obtained with the DuFED-measurement

On the left side are the trace images, whereas on the right side are the retrace images
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Figure A.1.: Left:  Trace;

error signal.

Right:
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retrace images obtained with the DuFED-
measurement. In the order: Height, Amplitude, Phase, UserInl, UserIn0.
Here UserInl is the 92C/0z? signal, whereas UserIn( is the corresponging

A.4. Height dependence of the 9>C/02” signal

Profiles of the height and the 92C/02z? signal used in chapter 4:

Height
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Figure A.2.: Left: Height image, Right: Image of 9?C/dz2-signal of the polymer
nanoparticles on a silicon surface. Along the included line a the height
and voltage signal profile is extracted.

To support the assumption given in chapter 4 this section provides more data.
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Figure A.3.: Left: Height image, Right: Image of 9?C/0z2-signal of the polymer
nanoparticles on a silicon surface. Along the included line a the height
and voltage signal profile is extracted.

Height dependence of 32C/az2

0.10
* Data points
— Fit:m-1/x3+y
m = 1.033-10-24
0.08 Am = 0.008-10-24
yo = 0.0175
Ayo = 0.0003
S 0.06
£
N
2
8]
% 0.04
0.02
L )
00975 0.2 0.4 0.6 0.8 1.0

zin[m] le-7

Figure A.4.: Supportive data of height profile of a nanoparticle plotted against the
voltage signal of DuFED measurement. The blue dots represent the data
points obtained with the measurement, while the orange line depicts a fit
function of the form f(x) = m/z3 + yo.
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A.5. Dimensions of Cantilever

Figure A.5.: The angle of the cantilever inside the lever holder of the AFM is o = 11°.

A.6. Capacitance model

In the following are the contributions of the respective components of the capacitance
model

le—14 Capacitance model
1.2 —
1.0
0.8
—_ —— Apex
= — lever
£ 0.6 —— Cone
v —— System of 3 capacitors in parallel
0.4
0.2
0.0
0 i 2 3 4 5 6 7
zin[m] le—8

Figure A.6.: Capacitance model
Contribution to the capacitance of the respective components. The blue line marks
the apex, the green line the cone, the red line the lever and the black line marks the
entire system of the three components in parallel.
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le=17 Capacitance model - Apex le—-15 Capacitance model - Lever
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Figure A.7.: Left: Capacitance contribution of the apex.
Right: Capacitance contribution of the lever.
le—15 Capacitance model - Cone le—14 Capacitance model - of entire system
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Figure A.8.: Left: Capacitance contribution of the cone.
Right: Capacitance contribution of the entire systems with the the com-
ponents in connected in parallel.
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