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1. Introduction

Our ever increasing understanding of interactions in the atomic and sub-atomic
regime is a great success of quantum mechanics. During the 20" century, elaborate
theories describing the interaction between atoms and molecules by electromag-
netic forces have been developed [1]. While systems of few atoms can precisely be
described by chemical bonding and physical interactions between individual atoms,
this approach is not expedient for the description of binding between mesoscopic
and macroscopic bodies. For such objects, binding is described phenomenologically
as adhesion [2], which is commonly discussed in the framework of integral physi-
cal interaction. As the transition between both types of descriptions is fluent, the
correct interpretation of force measurements at the nanoscale is a complex matter.
To validate interpretations, precise quantitative measurements of nanoscale forces
are needed.

The measurement of forces between atoms, molecules and nanoscale objects has
been pushed to the physical limits [3} 4, [5] and is of great interest in diverse fields
of science and technology including high-resolution analysis of inorganic [6, [7],
organic [8, 9, [10], and biological surfaces |11}, 12, [13], three-dimensional force map-
ping [14} |15 16, [17], Casimir force measurements [18], nanomechanical material
characterization |19} [20, 21, 22, 23|, capillary force studies [24, 25, 26, [27, [2§],
hydration layer analysis |29} [30, 31, 32], the study of atom-specific reactivity [33|
34], mechanochemisty [35} 36, 37|, quantum dot microscopy [38] and single-spin
detection [39, 40].

The technique of frequency modulated non-contact atomic force microscopy (FM
NC-AFM) is a powerful tool for measuring forces between an oscillating sharp tip
and a surface of any kind with resolution down to the atomic scale [41] 42, 43, 44].
However, the correct interpretation of force measurements at the nanoscale is most
difficult as it is the crossover regime where attractive and repulsive forces between
individual atoms and forces between mesoscopic bodies act together [2]. In this
regime, the force-distance law is not a simple function of the body separation, but
is commonly described by the sum of contributions based on different models [45].
Utmost precision in measuring and analysing a force-distance curve is required to
test models and to quantify nanoscale interactions. Besides conceptual difficulties
in describing tip-surface forces, there are experimental peculiarities severely limiting
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accurate force measurements. First, the main measurement signal in NC-AFM is
not the force, but the frequency shift of the resonance frequency of the high-Q) force
probe oscillating in the force field of the sample [44]. The force curve is derived from
distant-dependent frequency shift data by numerical deconvolution [46, |47], which
is often referred to as force inversion. The result of this inversion can be ill-posed
[48], can exhibit large errors in a range of relevant amplitudes [49], or can include
severely amplified detection noise [50]. Second, force inversion algorithms yield valid
results only if the oscillation amplitude is known precisely [47, 49]. Third, strong
gradients in the force field make the measurement susceptible to minute deviations
of the probe trajectory from the target curve as they result, for example, from
thermal drift even when applying active drift compensation [51, |52].

Within the scope of this thesis, the introduction of the force curve alignment (FCA)
method [53] is one major achievement. The FCA method facilitates the accurate
and precise measurement of force curves by circumventing the experimental pe-
culiarities and ultimately removing systematic errors in widely accepted practice.
The general concept is the repetitive measurement of the tip-surface interaction
with different probe oscillation amplitude, delivering a data-set, which is robust
against disturbing impacts. While the presence of systematic errors can hardly be
identified from a single force curve, a match of individual force curves by an optimi-
sation algorithm enables a self-consistent determination of the error-free tip-surface
interaction force. Furthermore, a successful application of the FCA method inher-
ently yields the correct value of the probe oscillation amplitude solving another key
challenge of force retrieval from frequency shift data.

The application of the FCA method in the course of this thesis uncovered an of-
ten ignored source for systematic error in force retrieval from frequency shift data,
namely, a tilt of the probe with respect to the surface normal. A tacit assumption
in prevalent AFM theory [44] and inversion algorithms [46, 47| is that the axis of
data acquisition (data recording path) is parallel to the axis of probe oscillation (tip
sampling path). However, in a typical experimental setup this is not the case, as
there are often angles ranging from 10° to 20° present between both axes for tech-
nical reasons. Consequences of the inclined AFM probe mount have be identified
before [54) 55, 56, [57]. In this work, the established mathematical description for
dynamic atomic force microscopy [44] is extended by including free orientations of
the tip sampling and data recording path [58] allowing to avoid systematic errors
due to probe inclination in the interpretation of force curve and imaging data.

The high sensitivity of FM NC-AFM towards nanoscale forces, allows to observe
the influence of charge state changes in nano-objects from the electrostatic part of
the tip-sample interaction with high precision [59, |60, 61]. However, the quantifi-
cation of a static charge contained in a nano-object on the sample surface using
a FM NC-AFM is not yet achieved. To solve this challenge, in this work, the



technique of charge force microscopy (CFM) aiming at the precise quantification
of static charges located in, on or above the sample substrate is implemented on
the fundament of the protocols for accurate force curve measurements developed in
the present work. Technically, CFM is based on frequency modulated closed-loop
Kelvin probe force microscopy (FM-CL KPFM) [62, 63, 64], a nanoscale imaging
technique that is rooted in the measurement of contact potential differences (CPD)
[65] and work function differences [66] between tip and sample for metal or semi-
conductor surfaces. The dynamic technique for measuring electrostatic tip-sample
interaction involves the oscillation of the force probe as well as an oscillating bias
voltage applied between tip and sample support. In CFM, the signals at the bias
oscillation frequency and its first harmonic are measured by side-band detection en-
abling the quantification of charges by a two-step procedure within the frame-work
of CFM theory [67, 68, |69, [70]. In the first step, distance-dependent data of the
tip-surface capacitance is retrieved from evaluating the signal measured at the first
harmonic of the bias oscillation frequency yielding parameters for the electrostatic
model [71]. In the second step, the electrostatic model is used to analyse the CFM
signal measured at the bias oscillation frequency yielding charge quantification of
charges in the tip-sample system.

In this work, the theoretical foundation of CFM based on the considerations in [67,
68, 69, [70] has been developed, simulations regarding CFM signal generation have
been carried out identifying distant-dependent CFM data as most elucidative for
charge quantification, and the two-step routine has been implemented for retrieving
the charge from such data. The CFM technique has been applied to experimental
data obtained for CeOq supported Au nano-clusters, which hold a static charge |72,
73, 74, [75], allowing the quantification of the contained charge.

This thesis is organized as follows: In chapter [2| the forces contributing to the tip-
surface interaction are discussed, where special emphasis is given to the description
of electrostatic forces due to charges. In chapter [3 the principle of NC-AFM is
explained and the experimental setup of FM NC-AFM with CFM is presented.
Chapter [4] revisits the fundamentals of quantitative AFM theory before the FCA
method is presented in chapter [5] Subsequently, in chapter [6] the established
quantitative AFM theory is expanded to allow a description variable tip sampling
paths in respect to the data recording path. In chapter |7} the theory behind CFM
is presented and formal descriptions of important CFM signals are introduced.
Simulations regarding the CFM signal generation, most important parameters for
the electrostatic model, and for developing the routine for charge quantification
based on distant-dependent CFM data are shown in chapter [§] The experimental
application of CFM in the two-step procedure for obtaining the static charge of
Au/CeOy nano-clusters is presented in chapter @]






2. Tip-sample interaction forces

The idea of any atomic force microscope (AFM) is the measurement of nanoscale
interaction forces acting between a sharp tip and a sample surface. Depending on
the distance zis between tip and sample surface, the tip-sample interaction force Fig
is either repulsive (Fis > 0), attractive (Fis < 0) or vanishes at an equilibrium point
or at sufficiently large distances. In this chapter, the fundamental ideas and math-
ematical models for describing this force are reported. The chapter is organised
as follows: In section [2.1] the composition of the Fig is generally described naming
possible contributions and classifying those into short- and long-range forces. The
most important short-range interactions are described in section Subsequently
the long-range contributions to Fis are discussed in section [2.3] where special at-
tention is given to the discussion of the electrostatic interaction in a tip-sample
capacitor (see section due to its fundamental importance to the CFM the-
ory. In the concluding section models for the separate contributions from the
previous sections are merged to describe the overall tip-sample force Fig.

2.1. Composition of the tip-sample force

The tip-sample interaction Fi4 is a non-linear function of the distance between tip
and sample surface z (see Figure and is composed of various forces, which
can be roughly distinguished into short- and long-range forces. Short-range forces
decline at least with oc z;° or faster with increasing tip-sample distance zy while
long-range forces decrease with o< 25" . .. 2z . Consequently short- and long-range
forces act differently on a sharp tip in near proximity of a sample surface as exem-
plified in Figure The short-range forces prevalently act between the frontmost
tip-apex atoms and the nearest surface atoms. As the short-range tip-sample forces
result from the interaction between few or single atoms, these are here classified
under the term atomic forces Fuiomic- In contrast, the long-range force contributions
to Fis interact not only with the tip apex atoms but also with the complete meso-
scopic body of the tip. For that reason, the long-range forces will be referred to as
body forces Fioqy in the following. Considering both contributions, the tip-sample
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interaction force Fi, can formally separated into

Fts(zts) - Fatomi(:(Zts) + Fbody(zts) (211)

For a further separation one has to consider the different types of nanoscale forces
acting between tip and sample. Generally these are van der Waals (Fiqw), electro-
static (Fy), magnetic (Fag) and chemical forces (Fepem) [45]. The magnetic force
can be neglected, if a non-magnetic tip-sample system is studied or if magnetic in-
teractions are governed by an external field [76]. As only non-magnetic tip-sample
systems are considered in this work, the magnetic forces Fj,,g are omitted in the fol-
lowing derivations. The remaining forces are classified according to relation (2.1.1).

Z A
tip cone

Fbody

Zi T tip apex

S \
ol Y

0000000 000000008

000600060006600

surface

Figure 2.1.: Schematic sketch of the forces acting on a tip in near vicinity of a
sample surface. The long-range interactions as van der Waals body
forces Fvb(f\?vy and electrostatic forces Fy are given between the whole
body of the tip, (consisting of the apex, cone and lever) and the sample
surface body. Those interactions are represented by Fiqy (green). The
short-range forces act between the frontmost atoms of the tip apex and
the nearest surface atoms. These are indicated by the blue colour and

represented by Fiiomic-

The atomic tip-sample force F,iomic can be expressed as
Fatomic(zts) - Fchem(zts) + Fj&%\r;nic(zts) (212)

The first contribution are chemical forces Fien, Which have their origin in com-
plex quantum mechanical interactions between atoms giving rise to covalent bond-
ing. They become relevant at tip-sample distances in the range of atomic bond-
ing lengths [41]. The second contribution are short-range interatomic van der
Waals forces F2omic acting between the frontmost tip-atoms and nearest surface
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atoms. They will become predominant at tip-sample distances above atomic bond-
ing lengths (z;s > 1nm), where the chemical forces vanish. In the case of ions
and dipoles located at the tip and surface also their long-range coulomb interaction
has to be considered as additional contribution to Fjiomic. In this overview for the
tip-sample forces considering only non-polar atoms, these interactions are omitted.

The long-range body force Fi,oqy is separated into
Frody (215, V) = Fon? (215) + Fa*® (245, V) (2.1.3)

Where Fvb(f\?vy represents van-der Waals body interaction between tip body and
sample surface, which results from integrating the atomic van-der Waals interac-
tions over the entire tip geometry. While the interatomic van-der Waals forces are
short-range, the integrated van-der Waals body interaction Ff(f\?vy between entire
tip body and sample behaves as o z°...z5" and thus is a long-range background
force contributing to Fjeay. The second contribution to the body force Fioqy are
the long-range electrostatic forces FSOdy (zs, V) present between conductive tip and
sample at different potentials [62] and for electrostatic charges trapped in the re-
spective tip-sample system [68] [70]. Considering the conductive tip and sample
system as a capacitor with a potential difference V', the electrostatic interaction
yields an attractive force oc V2 [41]. Accounting relation (2.1.1)) considering equa-
tions and , the overall tip-sample interaction force can be written
as

Fis(2ts, V) = Frnem (21s) + F2A00¢(2) + Ffdo\?vy(zts) + FSOdy(ztS, V) (2.1.4)

where all contributions exhibit a specific dependence on the tip-sample distance z.
Models for describing the specific distant-dependent behaviour of each contribution
will be discussed in the subsequent sections.
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2.2. Atomic forces

In this section, models for the forces contributing to the atomic interaction Fjomic
between tip and sample are explained in more detail. Model parameters that are
used for a fit to experimental data are introduced.

2.2.1. The short-range chemical interaction force

The chemical interaction force between tip and sample Fiem(2is) arises from the
orbital overlap between tip-apex atoms and the nearest surface resulting in the
formation of a covalent bond. This interaction becomes prevalent for tip-sample
distances in the range of chemical bonds, which is zis < 1nm. The chemical forces
yield the atomic and orbital resolution capabilities of NC-AFM [77]. Depending
on how the atom orbitals interact, the resulting interaction force can either be at-
tractive or repulsive [41]. The exact interaction of the overlapping atomic electron

Morse potential
Ey 4.638zJ)
oo 850 pm

K 2.50nm ™!

Table 2.1.: Morse potential parameters for a Si-Si interaction adapted from [49].

wave functions can be determined by solving the Schrodinger equation. However,
for realistic cases, the solution of this partial differential equation becomes rather
complex [41]. This is due to the anisotropy of chemical bonding and additional con-
tributions by neighbour and next-neighbour interactions where a correct description
of these requires a precise knowledge of the atomic structure of the interacting tip
apex, surface site and atomic relaxation [78|79]. For a qualitative understanding of
the chemical interaction between tip and sample, it is sufficient, to use models de-
scribing the bonding between only two atoms. One of those is the Morse potential
[49, 45, |80, 2|

Ustorse(2) = By [~2¢7"(2700) - ¢=2n(a=e0)] (2.2.5)

Originally this is an approximate description for the potential energy for the nuclei
of a diatomic molecule at distance z [81]. Here, Ej, is the bonding energy (well
depth) of the dissociated atoms, z the distance between the interacting atoms, og
the equilibrium bond distance (the position of the potential well minimum at — Ey,)
and k describes the width of the potential well. By considering the tip-sample
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distance zis between the frontmost tip atom and the nearest surface atom as the
interaction range z in the Morse potential (2.2.5)), the first derivative provides

d UMorse
dZts

Faorse(2ts) = = 2k By, |—e B0 4 ¢ 2r{e00)] (2.2.6)
This force relation qualitatively describes the behaviour of the chemical interaction
force Fipem(zts) = Fuorse(2ts) between a tip apex atom and a sample atom. The
first term of Fyose describes the attractive interaction (indicated by the negative
sign) and the second term represents the repulsion. The behaviour of Fyjorse(2s)
for two silicon atoms (one at the tip and one at the surface) in interaction as func-

tion of their distance zy is exemplified in Figure 2.2l Parameters for calculation
of the Si-Si interaction are adapted from and are depicted in Table . In

20 . : | | |
_—2HEbe_K’(Zts - 0'0)
9 _2I£Eb6_2n(zts - O'()) B
10 F _FMorse(Zts)
................... repulsive
= interaction
= 0
&
E S NS ~kE, z tip apex
3
K10t |
5 _attracti\_/e o ®
15+ . interaction
FRI()!‘s(’(215>
0
-20 @®
25 n(2) 90 surface atoms
‘K
-30 I . ) . .
zts (nm)

Figure 2.2.: Qualitative model for the chemical interaction force Fipem as function
of the tip-sample distance zi. For modelling, the force Fyiorse(zts) as
function of z is calculated from the Morse potential , which
describes the interaction between front-most tip atom and nearest sur-
face atom as depicted in the inset. The Morse force Fyjorse (blue line)
is the sum of an attractive contribution (green line) and a repulsive
contribution (red line). For the calculations a Si-Si interaction is con-
sidered, where the parameters depicted in Table are adapted from

19).

Figure , Fuorse(2ts) is shown as a blue line while its attractive and repulsive
terms are depicted in green and red. For large tip-sample distances, the chemical
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interaction force Fyiose approaches zero, due to the lack of overlap between the
atom orbitals (see the blue line in Figure . If the tip approaches the sample
surface in the range of chemical bonding, the orbitals of the outermost open shells
of the tip apex and surface atoms start to overlap. The resulting chemical interac-
tion force is attractive, if that orbital overlap reduces the boding energy between
the interacting atoms. Considering such a case, relation Fyoe(24s) reproduces an
increasing attraction until the force minimum at zi = In(2)/k + 0y, where the
strongest attractive force —%Fch acts between the atoms. Past the minimum, the
attractive force decreases again until the equilibrium bonding distance is reached
at zs = 0g. Here, the Morse potential is minimal at —FE}, and, hence, the
interaction force between the atoms is zero Fyorse(2ts = 09) = 0. In the case that
the tip approaches the surface even further, the resulting interaction force becomes
increasingly repulsive (grey box in Figure . This is due to the strong deforma-
tion of all orbitals by the electrostatic repulsion between the electrons and atomic
nuclei brought in too close vicinity. An additional and simultaneous effect is, that
the overlap of inner closed-shell orbitals is hampered by the Pauli Principle: two
electrons can only be in the same volume if they have a different velocity (rep-
resented by their quantum state). For the overlap of the closed-shell orbitals the
kinetic energy of the internal motion of the excess electrons has to be augmented
(brought to a higher state). This energy has to be supplied with the approach
of both atoms, which also results in a repulsion [82]. Relation reproduces
that behaviour Fyjorse(2ts < 0¢) > 0, where the tip-sample distance becomes much
smaller than the equilibrium bond distance zis < 0.

10
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2.2.2. The interatomic van der Waals force

Van der Waals force is responsible for many macroscopic phenomena like surface
tension, wetting behaviour, adhesion and binding in biosystems [2]. While its ef-
fect can be observed on the macroscopic scale, the van der Waals force originates
from interatomic and intermolecular interactions. Due to their long-range prop-
erties, these will strongly contribute to the atomic tip-sample interaction Fjiomic,
especially at distances where the short-range chemical forces start to vanish. Three
distinct contributions are combined under the term of the van der Waals forces [2].
The induction force (Debye force), the orientation force (Keesom force) and the
dispersion force (London force) [82]. Consider two dissimilar atoms 1 and 2 with
non-zero permanent dipole moments y; and ps, the polarizabilities ag; and agy and
each having only one single absorption frequency 4 and 1,. Both these atoms are
assumed to be located in vacuum and at a given temperature T # 0 interacting over
the distance r» with each other. The van der Waals interaction potential between
atoms 1 and 2 can be written as [2]

1,2 1,2 1,2 1,2
U ( ) CvdW {Cind + Corient + Cdisp
dawl’) = — = -
Vv 76 76
2,,2
1 pips - 3aoigehrive

ey ( (2.2.7)

2 2

Q2 + U501 ) +

HIl 02 qu 01) 3]€BT 2(V1 -+ VQ)

Debye S~ Y—/4/—
Keesom London

where kg is the Boltzmann constant and the notation with 1,2 indicates the specific
dependency on the respective material combination between atoms 1 and 2. The
first term Cp23 /7S describes the energy contribution by the induction effect (Debye
effect), where the permanent dipole moment p; of atom 1 induces an additional
dipole moment in atom 2 and vice versa. The second term Cl2 . /r% describes
the average energy contribution due to the relative orientation between py, and po
calculated for all possible orientations according to Boltzmann statistics (Keesom
or orientation effect). The third term Cdli’fp /% is the energy contribution due to the
dispersion force as described by London [82]. Their origin are quantum mechanical
charge fluctuations given in any atom causing instantaneous dipole moments. These
fluctuating dipoles generate an electric field interacting with the polarisability of
other atoms inducing in-phase dipole moments there, which in return interact with
those instantaneous dipole moments [82, 2]. While the first two interactions Ciln’i
and Cé;izent are only present if the interacting atoms 1 and 2 exhibit permanent dipole
moments, the dispersion force is omnipresent, since its contribution is independent
of permanent dipole moments. This means, that the dispersion forces act between
all atoms and molecules, even non-polar and neutral ones, and generally exceed the
dipole-dependent induction and orientation force, except for small, highly polar

molecules [2]. If tip and sample consist only of non-polar atoms interacting with
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2. Tip-sample interaction forces

each other via vacuum, the van der Waals interaction potential (2.2.7) can be
reduced to the dispersion term

Caig 3 agiwe  his
U, _ _Zdisp 2 2.2.8
aw(r) 76 2 (4m€g)?rS (v1 + 1) ( )

The equation for the dispersion interaction energy introduced by London [82] pro-
vides fairly accurate results for interatomic vacuum interaction, although these are
usually lower than values determined with more elaborate models as those take
additional absorption frequencies and quadrupole interactions into account as well
[83, [2]. In vacuum the dispersion interaction is exclusively attractive, however, for
the same reasons already discussed in the previous section, two atoms cannot get
unlimited close to each other. The Lennard-Jones potential [84] takes this circum-
stance into consideration by adding an empirical short-range repulsive term to the
dispersion interaction term. It is a frequently used qualitative model (alternatively
to the Morse potential) for describing the atomic tip-sample interaction Fyiomic as
function of the distance r = z; [80, |41} 2. The Lennard-Jones potential between
one tip apex atom and one surface atom is given by

Ury(zis) = 4B, Kro)u - (Toﬂ (2.2.9)

Zts Zts

Here ry is the atom-atom distance, where the Lennard-Jones potential becomes
zero (Upj(zis = 10) = 0) and Ey is the bonding energy between the two atoms.
The minimum of the Lennard-Jones potential is given at the atom-atom distance
2s = 09 = 2Y/0r, where oy is the equilibrium bonding distance which is comparable
to the one of the Morse potential . The attractive contribution o 2% to the
interaction potential is based on the London dispersion term (|2.2.8|) while the other
contribution o z'? is an empirically chosen description of the repulsive interaction
between two atoms in close proximity. The atomic interaction force between tip and
sample according to the Lennard-Jones potential is given by the negative derivative

in respect to zy, which reads as

Fy= U _ o B [2 (ro)lg - (”’ﬂ (2.2.10)

0z To Zs s

For better comparability to the Morse force Fyose, the parameter ry from the
Lennard-Jones Potential can expressed by the equilibrium distance oy via relation
ro = 27/64,, which yields

E 13 7
Fiy=122" [(‘“)) - (“0) ] (2.2.11)
00 Zts Zts

In Figure 2.3] the behaviour of the Lennard-Jones force Fy; as function of the tip-
sample distance z is depicted in comparison with the force Fyjose resulting from
the Morse potential (2.2.6). Both are calculated assuming the same equilibrium

12



2.2. Atomic forces

Lennard-Jones potential
Ey 4.638 zJ

09 850 pm

ro = 00/2"%  757.26 pm

Table 2.2.: Lennard-Jones potential parameters for a Si-Si interaction adapted from
[49].

bonding distance oq (zero point of force) and bonding energy F}, for a Si-Si interac-
tion [49]. The parameters for calculating Fyjose and F1; are depicted in Tables
and respectively. For the interatomic Si-Si interaction, the Lennard-Jones force
F1y shows a much sharper and deeper minimum at z,, = (13/7)"/%0 than the Morse
interaction force Fyiose at In(2)/k 4+ 0¢. This difference can be lead back to the
additional parameter s describing the width of the potential well in Fyjose, which is
missing in Fp ;. For different atomic interactions with higher values for x the Morse
force Fyiorse can exhibit a much sharper minimum. Furthermore, the attractive
contribution of Fi,; declines much faster than Fijoree until the force becomes zero at
the equilibrium bonding distance at zis = 0g. Past this point, Fyiose converges to a
finite value at zys = 0 while Fpj diverges to infinity. Consequently, the description
of the repulsive interaction is much steeper from Fj; in comparison with Fyorse.
Due to its finite value at z; = 0, the Morse force Fyorse would allow two atoms to
get infinitely close to each other, if an external force is sufficiently high enough. As
this is not allowed, the Lennard-Jones force F1,; is much better suited for describing
high repulsions than Fyjose, Which is only a correct description of the interatomic
repulsion near its minimum. Both Fyjose and Fpy are commonly used models for
the force acting between two interacting atoms [2] and are frequently applied when
qualitatively describing the atomic tip-sample interaction Fyiomic [80]. Which po-
tential of both has to be chosen, depends on the exact application. While the Morse
potential is better suited for qualitatively describing the chemical interaction due
to covalent bonds, the Lennard-Jones potential is more applicable for non-covalent,
physical bonds between atoms as those are based on the van der Waals interaction
[2].
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Figure 2.3.: Interaction force F1; between two silicon atoms as function of the tip-

14

sample distance zy derived from the Lennard-Jones potential as
qualitative model for the atomic tip-sample interaction Fuiomic. The
complete force F1j is depicted in blue, while its composing attractive
and repulsive contributions are shown in green and red respectively.
For comparison the Morse force Fyiose from the previous Figure
is indicated by a dashed black line. Parameters for calculation of the
Si-Si interaction are shown in Table



2.3. Body forces

2.3. Body forces

In this section the long-range physical forces acting between the whole body of the
tip and the surface are discussed. For several tip geometries, a mathematical model
will be introduced.

2.3.1. The non-retarded van der Waals force acting between tip
and sample body

While the interatomic van der Waals force quickly vanishes with increasing dis-
tance, van der Waals interaction between macroscopic bodies is present even at
long-range distance regimes. Thereby the van der Waals body-body interaction
is prone to retardation effects, which are due to the finite propagation time of the
electromagnetic interactions between the fluctuating dipoles in each atom the inter-
acting bodies consist of. If the time required for the signal to travel the distance r
between two atoms becomes comparable or greater than the characteristic evolution
time of the interacting atoms, the interaction cannot be considered as instantaneous
any more [85]. In this case, retardation effects occur in the van der Waals interac-
tion, which can be described by perturbation theory [86]. One main result of these
calculations is, that the retardation-corrected van der Waals interaction varies with
1/r" at distances above 20nm [85] instead of 1/r% as known from the London
dispersion force E] The Hamaker approach [89] for modelling the van der
Waals interaction between macroscopic bodies exclusively considers non-retarded
van der Waals interactions. Utilising this approach for modelling Foa is justified
when exclusively discussing small tip-sample distance regimes z¢ < 10nm [77]. To

van-der-Waals body-body interaction

H 357.619zJ
© 29.7°
R 5nm

Znt 983.04pm

Table 2.3.: Parameters for calculation of F bcf&,y based on relation (2.3.13)) found by

v

fitting experimental data [53].

calculate the total non-retarded van der Waals interaction between non-polar tip
and sample body Foo, the London dispersion (2.2.8) between each atom in the

Further reading regarding retardation effects can be found in [87, 88 2]
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2. Tip-sample interaction forces

tip body and each atom of the sample has to be taken into consideration. This is
possible by following the assumptions made in the Hamaker approach [89]. The
first assumption is, that non-retarded van der Waals interactions are additive in
such a way that the total interaction can be found by a pairwise summation of the
individual interatomic van der Walls interactions between the atoms. By further
considering a continuous medium, that summation can be replaced by integration
over the volumes V of the interacting bodies, where each atom occupies the finite
volume dV with a number density p. The last assumption is that the material is
homogeneous and isotropic, so that the number density p and the interaction co-
efficient do not change over the body volumes. Combining these assumptions with
relation (2.2.8)), the non-retarded total van der Waals interaction force between two
arbitrarily shaped bodies can be described via the Hamaker integral [89]

P = =pp [ | VUawd1idvy (2.3.12)

Here p, is the density of the tip with the volume V; and ps the density of the
sample surface with the volume V5. It is immediately apparent, that the non-
retarded total van der Waals force acting between the tip and sample
bodies is strongly dependent of the respective body shapes. No matter what exact
tip-sample geometries are considered, the execution of this double volume integral
is challenging. This challenge has been addressed in literature for several different
tip-sample geometries |90, |45, |91]. An extensive comparison and classification of
those model calculations can be found in [77]. Argento and French [90] derive
a relation for the non-retarded total tip-sample van der Waals interaction force
between a radial symmetric parametrised tip model and a flat sample surface. The
tip model consist of cone with a half-opening angle © which is terminated by a
half-sphere with the radius R (see inset of Figure . The tip model is rotational
symmetric along the z-axis, and hence parametrised along the cone height parallel
to z using the cone radius r(z). Furthermore, the maximum cone radius 7y, at the
upper end of the tip cone is assumed to be exceedingly bigger than the remaining
tip dimensions. The resulting relation describing the van der Walls body-body
interaction for the here considered tip-sample system is given by [90]

_ HR*(sin® — 1)((R—2)sin® — R— %)

FX (%) = 2.3.1
vaw (2) 652(R+ 2 — Rsin ©)2 (2:3.13)
_ Htan©O((£ 4+ R)sin© + Rcos(20))
6cos(O)(2+ R — Rsin ©)?
where
H = Hl,g = 7T2Cc11{s2pp1p2 (2314)

is the Hamaker constant, which magnitude reflects the strength of the van der
Waals interactions between the tip and sample bodies with the number densities p;
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2.3. Body forces

and py in vacuum [89]. Note that H = H is (as C’Clﬁ’szp) specific for the respective
combination of materials in tip and sample. Further is

zZ= Zts + Azm (2315)

the distance between tip and sample, where Az, describes the height of a pos-
sible nano-tip attached to the mesoscopic tip. The distant-dependent behaviour
of the long-range van der Waals body-body interaction Fvbé){,ivy described by relation
(2.3.13) is depicted in Figure . The parameters utilised for calculation are shown
in Table resulting from fits to own measurement data [53]. In comparison to
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Figure 2.4.: Non-retarded van der Waals body-body interaction force F o be-

tween a radial symmetric parametrised tip and a flat sample surface
as function of the tip-sample distance z (green line). For comparison
the Lennard-Jones force F; from the previous Figure [2.3] is shown
as a black dashed line. The inset shows the rotational symmetric

parametrised tip model considered by Argento and French [90] dur-

ing the derivation of relation (2.3.13) for describing F'5d. The tip

consists of a sphere with the radius R which terminates a cone with
half-opening angle ©. That model is rotational symmetric along the
z-axis, and hence parametrised using the cone radius r(z). The maxi-
mum radius of the cone ry. is assumed to be exceedingly bigger than
the remaining tip dimensions. Parameters for calculation of Food are
depicted in Table [2.3]

the interatomic van der Waals interactions described by the Lennard-Jones force
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2. Tip-sample interaction forces

@ , the non-retarded van der Waals force between the entire tip and sample
body :2.3.13) shows exclusively attractive behaviour and decreases to zero much
slower with increasing tip-sample distance zs. This is due to the o 25> depen-
dency of the attractive van der Waals body-body interaction instead of the o< zg°
behaviour of the interatomic van der Waals force presented in section 2.2.2] Ac-
cording to the parametrised tip model, the body-body van der Waals interaction
between tip and sample Fvb(?{,ivy acts as a strong, long range attractive background
force which is present in every tip-sample system due to the omnipresence of the
dispersion force . Within small tip-sample distance regimes 2z, < 10nm,
where retardation effects are negligible [85, 88|, equation is a good approx-
irrkl)agion for the distant-dependent van der Waals tip-sample body-body interaction
FV(ny(ZtS)'

2.3.2. Electrostatic force

Conductive tip and metallic sample support electrically connected via an exter-
nal voltage source V., together with the sample substrate located in the gap
in-between form a tip-sample capacitor. The long-range electrostatic force FgOdy
acting on the tip is determined by the electrostatic characteristics given in the
tip-sample capacitor, namely, the capacitance, possible charges located in, on or
above the probed substrate and the potential resulting from the capacitor plates
and charges. Furthermore, F;;{Ody is a function of the tip-sample distance zs and
the potential difference V' between tip and sample support. In return, the potential
difference is determined by a possible contact potential difference between tip and
sample support and the externally applied voltage V.. The general principle of
CFM is, to adjust the external voltage Ve, (and thus the potential difference V') in
such way, that the electrostatic force F2°% (2, V) acting on the tip is minimized.
The adjusted external voltage Vi, = Vi where F3°% (2, V) becomes minimal
is the CFM signal which contains information on the contact potential difference
and charges in the tip-sample capacitor. Based on a quantitative description of the
electrostatic force Fg(’dy(zts, V') the information on the charges and contact poten-
tial difference can be extracted from V{%i". Hence, the precise description of the
electrostatic force F2°% (2, V) is fundamental to the quantitative CFM evaluation.

A relation for the electrostatic force acting on a finite metallic conductor in a
general system of several electrically connected conductors at maintained potentials
and fixed point charges in-between their gaps has been derived in the work of
Kantorovich et al. [67]. By adapting the work of Kantorovich et al., the electrostatic
force FekiOdy acting in a tip-sample capacitor with dielectric substrate and charges
located in-between its gap has been described [70]. Based on that description of
the electrostatic tip-sa FﬁOdy, the quantitative CFM theory is developed [68, (69,
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2.3. Body forces

70]. For a precise understanding of correct CFM data evaluation, all required
derivation steps and assumptions for obtaining the crucial quantitative description
of F£°dy will be presented here extensively, starting with the general considerations
of Kantorovich et al..

2.3.2.1. Model and derivation

Kantorovich et al. [67] considers the accumulated potential energy within the elec-
tric field of a system, which contains a set of m finite metallic conductors of arbitrary
shape at fixed potentials {®,,} and a distribution of any number N of point charges
{¢} fixed at positions {r;} outside of the conductors. In the case of a spatial move-
ment of any conductor m in that system, it is assumed that ideal, external batteries
maintain the potentials {®,,} of the conductors by redistributing the charges {Qy, }
located at their finite surfaces. By incorporating the work carried out by the bat-
teries upon spatial movement of any conductor m into the resulting change of the
systems potential energy, a effective energy relation is derived. The negative spatial
derivative of that effective energy is equal to the electrostatic force acting on that
conductor m.

For describing the electrostatic tip-sample force FﬁOdy for a system as exemplified
in Figure the number of conductors considered by Kantorvich et al. can be
reduced to two [68},69,(70]. In that case, one arbitrarily shaped conductor represents
the tip at a fixed potential ®; and the other conductor represents the metallic
sample support at potential 5. The depiction of both conductors in Figure is
a exemplification for any possible tip-sample geometry, because the theory covers
arbitrarily shaped finite conductors without making any assumptions regarding to
their dimensions. As both conductors are connected electrically via the external
battery V.., their respective fixed electrostatic potentials ®; and @, include the
contact potential difference Vepp which can build up between both conductors.
Consequently the actual potential difference between tip and back-electrode is given
by [70]

V=0 — P =Voe—Vorp | (2.3.16)

Note at this point, that the introduction of a global contact potential difference
Vepp is equivalent with the assumption that both conductor surfaces (tip and sam-
ple support), are homogeneous in respect to their respective work function. Further,
for describing a possible dielectric substrate different local permittivity values e(r)
in the space between both conductors are incorporated in addition to the original
theoretical work [70]. The point charges ¢; depicted in Figure are exemplary
and could be placed anywhere in-between the two conductors, where their respec-
tive positions r; are relative to the zero position on the dielectric substrate below
the tip. The distance in z-direction between the lowest point of the tip and the
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Z
metallic tip
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F2ts
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electric substrate
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0 X

Figure 2.5.: Setup of a tip-sample system consisting of a metallic tip and a metallic
sample support between which the external voltage V. is applied to
maintain the respective surface potentials ®; and ®,. The dielectric
medium can be considered by different local dielectric permittivity e
in specific parts of of the space between both metals. The placement
of the included point charges ¢; at positions r; is exemplary.

dielectric substrate is the tip-sample distance zis. Assuming a linear and isotropic
dielectric medium and taking the integral over the volume outside both conductors
(as inside the field vanishes) and application of the Poisson equation for the field
provides a relation for the total potential energy within the electric field as ,
92] (full derivation in Appendix

elf - Z Q1 1 1 lQl + ®2Q2) (2317)

where the first sum is taken over all point charges and the second sum includes
both conductors. The electrostatic potential ®(r) in the system is determined by
the external voltage Vi, the dielectric medium ¢, the point charges ¢ and the
conductors. Thereby, (); and ()5 are the charges generated at the surfaces of the
conductors to maintain their potentials ®; and ®, imposed by the external voltage
Vixt- The charge @), located on the respective conductor surface m = 1,2 is given

by [67} (see also Appendix |A.1))

)
Qum = —Eoﬁsjg Vo(r)-nds = —GQES%S 0%(r)

on

ds . (2.3.18)

where 0/0n indicates the derivation in direction of the outward normal vector n
of the respective conductor surface S, [93, 92, 94]. The integration over the field
gradient in direction of n is taken over the whole conductor surface S, where €,
is the relative permittivity of the surrounding medium. It has been shown, that
the integral over a remote metal surface at infinity (which surrounds the complete
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2.3. Body forces

considered system) vanishes, since the potential converges to zero at large distance
[92]. Hence, in the scope of this calculation it is not possible to consider infinitely
large objects. [67]. Note, that relation (2.3.18) also means, that both conductors

in the system are considered in a macroscopic manner.

In order to derive the electrostatic force Fy acting on the tip in the system described
by relation , a movement 0z of that tip is introduced [92, |67, [70]. Tt is
assumed here, that the presence and movement of the tip does neither modify the
positions of the point charges ¢;, nor the position of the dielectric medium, what
implies that possible relaxation effects are neglected in this calculation. Due to
the tip movement, the potential ®(r) in the system changes by 0®(r).
Accordingly the potential of each conductor m deviates from its initial value &,
which has to be compensated by a charge flow 0Q),, via the external battery. In
consequence, the complete work done in the system consists of the change of the
potential energy within the field and the work carried out by the battery for
the surface charge redistribution between both conductors (§Q1 + Q2 = 0) in order
to maintain their respective potentials ®; and ®,. By understanding the battery
as a part of the system, the work carried out by it has to reduce the total potential
energy of the system and hence is taken with a minus sign in that relation. This
leads to an expression for the effective energy of the system [67] (for mathematical

depiction see appendix |A.2))
1 1
Ugt = B} > ad(r;) - 5 (©1Q1 + P2Q-) (2.3.19)

which is the potential energy within the field reduced by the work contribution of
the battery as part of the system. In comparison to the potential energy of the
field alone (2.3.17), the main difference is the minus sign. Kantorovich et al. [67]
point to the importance of that difference by showing that relation does
not provide the correct potential energy for a probe point charge far away from the
conductors, whereas the relation for the effective energy does. For deriving
a valid relation for the electrostatic force imposed on the tip upon movement in the
system, it is crucial to consider the change of the total potential energy including
the work carried out by the battery for the charge flow for compensation. The
electrostatic force imposed on the tip upon movement is directly related to the
change of that effective energy UST as a function of the tip position

U

Fy= -
: 6zts

(2.3.20)

where the minus sign follows the general principle that conservative forces act to-
wards reduction of potential energy. The calculation of the electrostatic force by

relation (2.3.20)) from the systems effective energy ([2.3.19)) requires the knowledge
of the unknown potential distribution ®(r) and the surface charges Q,,. However,

these are implicitly dependent on the charges (¢;,r;) and the fixed potentials ®;
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2. Tip-sample interaction forces

and @, of the conductors. Addressing this difficulty Kantorovich et al. [67] utilizes
a Green’s function approach to formally separate the potential ®(r) in the system
into three terms

B(r) = Buoa(r) + Y B 4 @ (r) (2.3.21)

irtri 47'('60 |I' — I'i|

where the first term is the potential of the charge free (N = 0, void) system
®,uiq, created by the conductors and their respective geometries and potentials
®,,. Consequently ®yqiq(r) is, in contrast to ®(r), independent of the point charges
¢;- The second term is the summarized potential of the point charges, where the
self-action at r = r; of any point charge ¢; is excluded. The last term is the
image potential ®;,,(r) due to image charges in the conductors induced by the
point charges ¢;. In the scope of the Green’s function approach, the induction
of additional charges Q"¢ on each conductor surface due to the point charges is
considered. Consequently the overall surface charge on each respective conductor
is given by Qn = Q%' + Q. where Q%' are the external charges pumped by the
battery and Q"¢ the induced charges (which resemble the image charges to ¢).
Based on that consideration the identity [67} 70]

1 1 1
5 Z ¢ Pyoia(ri) = 5 Z QP — 5 Z QP (2.3.22)

can be derived. Therefore, the self-energy change of the conductor due to the in-
duced charges is equal to minus half the energy of the point charges in the field
of the bare conductors [67]. Inserting the formal separation and the iden-
tity resulting from the Green’s function approach into relation ,
one obtains the final separation of the systems effective energy into four energy
contributions [67, 70]

1
Ueelﬂ =75 (Cleeth + %Q‘S"t) + Z ¢ Pyoia(Ti)

1 a1
722 s +§Z%q)img(ri)

_|._
87TEQ i |I'i — I'j|

= Uc + Uqsc + Uyq + Uinmg (2.3.23)

The first term Ug describes energy contribution by the capacitance of the charge
free (N = 0) system. This becomes more obvious, after short transformations of
that term. Starting with the requirement Q' = —Q$* = Q. of the external
battery, which allows to express the remaining potential difference between ®; and
d,y via V' . Further, introducing the capacitance of the charge free system as
Choid = Qext/V yields the well- known negative energy contribution of the capacitor

64, 69, [70]
1
UC = _ic(void‘/2 (2324)
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2.3. Body forces

The second term Ug.c describes the interaction between point charges ¢; and the
conductors excluding any image charge interaction. For a tip-sample system de-
limited by two conductors, the potential ®,.;q(r;) at the charge position r; directly
scales with the potential difference V' between both of these conductors. In that
case, a normalized electric potential Ci)void = ®yq/V can be utilized providing a
relation for the second term as

Upc = > ¢:Pyoia(ri)V (2.3.25)

All pairwise Coulomb-interactions between the charges ¢; are considered in the third

term 1
D (2.3.26)

8meo T 7 r; — 1y

Uq-q =

of the systems effective energy . As charges ¢; in the tip-sample system are
assumed to be fixed at their respective positions r; and independent of the presence
and movement of the tip in z, their pairwise Coulomb-interactions Uy will not
contribute to the electrostatic tip-sample force. The fourth term Uy, of the systems
effective energy describes the contribution due to image interactions, where
the image potential @, (r) can be further expressed as [67, [70)

1
@img(r) = a Z Qj¢ind (r, I'j) (2327)
J

where ¢inq(r, ;) is the potential at position r caused by the image charge induced
by charge ¢; at position r; described by a Green’s function. Inserting this relation
into the image interaction term yields

1mg Z Z %%gbmd ri, rJ (2328)

Inserting the relations ([2.3.24)) to (2.3.28) into the expression of the effective energy
(2.3.23]) now allows to calculate the electrostatic force as

1 0Cy0iq
FPoV (g, V) = 220l p2 2.3.29
( s ) 2 aZtS ( )
N
(I) oid\ i
_ Z 9®yoia(r3) Vv
aZ‘cs
1 iv:g: aQsmd rlarj)
EO i=1j=1 il a Zts
= FC(ZtS7 V) + Fq—C(ZtS7 qi, V) + Emg(zts7 ql) (2330)

which is the final result of this section. In the following, the properties of the
electrostatic force and its three contributions are discussed.
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2. Tip-sample interaction forces

2.3.2.2. Properties and voltage dependency

The electrostatic force in any tip-sample capacitor as exemplified in Fig-
ureis composed of the capacitance interaction F(zs, V') between tip and sample
support, the charge-capacitor interaction Fi_c(zs, ¢, V') and the image charge in-
teraction Fimg(zis,qi). All contributions are dependent on the tip-sample distance
Zs, the respectively given geometries of tip and sample as well as the dielectric sub-
strate in the gap in-between. Differences occur when comparing the dependencies
on the point charge configuration ¢; and the potential difference V' between tip and
sample support. While the capacitance interaction F (2, V') is independent of the
charges ¢ and o V2, the charge-capacitor interaction F c(zs, ¢, V) does depend
on ¢; and scales linearly with V', whereas the image charge interaction is dependent
on the charges ¢; alone and constant with respect to V.

The first two contributions F(zs, V') and Foc(2s, ¢, V) to the electrostatic force
(2.3.29)) require the characterization of the given void tip-sample capacitor by cal-
culation of the capacitance Cyiq(2s) and the electrostatic potential ivoid(zts). This
can in special cases be performed analytically [67, 95, 96] and in general numeri-
cally [71]. However, the calculation for the image charge contribution Fing (s, gi)
is a challenge, especially for realistic tip-sample geometries and larger number of
charges in the gap [70]. Conveniently, the image charge interaction does not con-
tribute to the CFM signal V2! as it is independent of the given potential difference
V between tip and sample. Hence, in the evaluation of CFM data it is sufficient to
evaluate the contributions by F¢ (2, V) and Fy (2, g5, V') (see chapter [7] for more
detail).

To exemplify the voltage and distance dependence of the electrostatic force ,
a simple sphere-sample model (S model) as depicted in the inset of Figure [2.6|(b)
can be used. Here, a conductive sphere with radius rgnere at a constant potential
in vacuum is assumed as the tip, which is at distance zi to the sample given by
a dielectric half-space of relative permittivity €,. Consequently, the back-electrode
is assumed to be located at —oo which is justified as the typical thickness of sam-
ples used in AFM is magnitudes larger than the investigated tip-sample distance
regimes. Furthermore, a point charge ¢ = —1e is placed on the sample surface
at r = [0,0,0] centred below the sphere. Calculation of the electrostatic capac-
itance Cyoiq(2s) and normalized potential @Void(zts) required for Fg(zis, V) and
Fyc(zs,qi, V) is straightforward for for the S model using a infinite image charge
series (see Appendix [A.3]). Due to the simple geometries in this model, the image
charge interaction between tip sphere and point charge ¢ on the sample surface can
be calculated analytically and is given by [93, 67]

2
1 q" ZtsTsphere

47T€0 (ZtQS - rSQphere)2

Emg(ztsaq) = (2331)
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2.3. Body forces

Parameters assumed for the S model are are listed in Table In Figure 2.6{a),
the dependence of the electrostatic force F2°% (red) and its components F¢ (blue),
F..c (green) and F,, (horizontal dotted line) on a externally applied bias voltage
Vext = Vhias at a fixed tip-sample distance zis = 2nm for the S model is depicted.
The external voltage V., counteracts with Vepp in the total potential difference V'

between tip and sample as described in relation ([2.3.16]).

sphere-sample model
Tsphere O NN

€s 24

Ve 1V

Table 2.4.: Assumed parameters for the S model utilised in the exemplification of

body
Fhody,

The force contribution by the void tip-sample capacitor F(zs, V) is a parabolic
function in V' (blue line in Figure[2.6(a)). Independent of the sign of V and the point
charges, the force contribution F(z, V') will be attractive due to 9Cyeiq/0zs < 0
for all z (see Figure[A.4|(d) in appendix). Consequently, in respect to Vey the ca-
pacitance interaction force F(z, V') always follows a downward-opened parabola,
which has its maximum at V. = Vepp where the total potential difference V'
between tip and sample support and thus Fc(zs, V) become zero.

The interaction between point charges and the tip-sample capacitor Fy.c(zs, ¢, V)
is a linear function in respect to Viy (green line in Figure[2.6[a)). Depending on the
signs of ¢; and the resulting potential difference V', this force contribution can either
be attractive or repulsive. In this example, a negative charge ¢ = —1 e below the tip
is assumed. Due to 0P [0z < 0 for all z (see Figure (c) in appendix), the
charge-capacitor interaction F, c(zs,qi, V') contributing to the electrostatic force
F ki‘)dy is repulsive for Vo < Vepp (V' < 0) and attractive for Vigy > Vepp (V > 0).

e

The image charge interaction Fiy,g(2s,¢) is independent of V' and thus contributes
to the electrostatic force Fek{(’dy in respect of Vo as a constant, attractive force

offset as indicated by a horizontal dotted line in Figure (a).

The electrostatic force F°Y is the sum of all contributions Fe (2, V), Fiyc(2is, ¢, V)
and Fimg(zs,q) and consequently combines their properties in respect to Viy. It
follows a downward opened parabola due to the capacitance force Fg(zs, V') which
tilted by the contribution of the charge-capacitor interaction F, c(zs,q,V) and
offset by the image charge force Fimg(#ts,¢). The maximum of the parabolic curve
representing the minimum attractive electrostatic force with respect to
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2. Tip-sample interaction forces
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Figure 2.6.: Exemplification of the dependency of the electrostatic force ,
(a) on a externally applied bias voltage Vi = Vias at a constant
distance z = 2nm for a charge ¢ = le and (b) on the tip-sample
distance z for different combinations of fixed values for ¢ and V as
listed in Table 2.5l Both calculations are carried out based on the S
model depicted in the inset of (b) (see also appendix[A.3). Parameters
assumed for the S model are listed in Table

Vext = Viias 1s found at

8(i)void
i a 0z
bias = VePD T D_ G55 ” (2.3.32)
i=1 VOl
(9Zts
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2.3. Body forces

which is indicated as a vertical grey line in the exemplification shown Figure [2.6
(a). This relation describes the CFM signal for a static tip, which is obtained
when minimizing the attractive force on the tip by adjusting the external voltage to
Vixt = V20 In practice, however, an implementation of CFM in static AFM would
not be purposeful for two main reasons. First, the static deflection of the tip as
measure for the tip-sample force lies way below the detectability limit. Second, due
to the lack of higher harmonic signals, it is impossible to adequately characterize the
given tip-sample capacitor for correctly modelling Cyoiq(zs) and @Void(zts) required

for the quantitative evaluation of the static CFM signal using relation (2.3.32]).

In Figure (b), the dependency of the electrostatic force F5°% (2.3.29) on the tip-
sample distance z is shown for different configurations of ¢ and V' in the S model
as listed in Table 2.5 All other model parameters for calculation remain as listed
in Table 2.4l The capacitance configuration is given for a charge-free system ¢ = 0
and any non-zero potential difference V' between tip and back-electrode. Here,
the electrostatic force exclusively is given by the attractive capacitance interaction
FY°Y = Fe(2z4, V) (blue line in Figure ﬁ,(b)) Further, the distance-dependent
curvature of the electrostatic force Feki is determined by Cleiq(24s) alone, which
is scaled by the respectively given potential difference V. For the exemplification

a potential difference V = 1V is assumed.

ody

configuration gine VinV
capacitance 0 1
image charge -1 0
charge-tip attraction -1 1
charge-tip repulsion -1 -1

Table 2.5.: Parameters for the different configurations of the S model considered in

Figure .

The second configuration is a tip-sample capacitor containing a charge ¢ # 0 but the
potential difference V' is equalized. Here, exclusively the image charge interaction
defines the electrostatic force Fo°Y = Fi. (24, q) acting on the tip. For an assumed
single point charge ¢ = —1 e centred below the tip (inset Figure[2.6(b)) the resulting
image charge interaction is strong at close distances zi; and rapidly vanishes due

to its dependency o< z;.>.

In tip-sample capacitor configurations with non-zero charge ¢ and potential dif-
ference V' between its plates not only the image interaction Fig but also F and
F,.c contribute to the electrostatic force F2°Y acting on the tip. While F¢ and
Fimg are exclusively attractive, the charge-capacitor interaction F_c can be either

repulsive or attractive depending on the signs of ¢ and V. If the charge ¢ has
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2. Tip-sample interaction forces

the same sign as the voltage V', a repulsive interaction between charge and tip in
the capacitor occurs, which reduces the overall attractive electrostatic force FJ{Ody
acting on the tip (red line). In contrast, if the charge ¢ has the opposite sign as the
potential difference V' between tip and sample support, the attractive electrostatic
force FSOdy on the tip is amplified by the presence of that charge ¢ in the tip-sample
capacitor (green line). In all cases, where the charge ¢ is present also the image
interaction has to be accounted for as an additional contribution (black line). The
self-interaction of a single charge via its image charge always will be attractive.
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2.4. Model for the total tip-sample interaction

2.4. Model for the total tip-sample interaction

In the previous sections all force contributions considered in the total tip-sample
interaction are described based on mathematical models and model param-
eters. In this section, these models and parameters are combined to gain an idea of
the overall properties of the total tip-sample interaction force Fi4 acting on the tip.
For convenience, all model parameters introduced throughout all previous sections
are collated in Table 2.6l

Due to the omnipresent nature of the dispersion forces, the tip-sample force Fig
will always be a mixture of both, the atomic interaction and F,omic and F\f’(f\(,ivy. To
model this force composition of Fig, the Lennard-Jones force (2.2.10) and the van

der Waals body-body force (2.3.13) can be used to model the atomic and body
forces, which yields

Ftr;mdeh (2ts) =FLy(2s) + deO\(;ivy(Zts) (2.4.33)

A%

o (=) (2]
0o Zts Rts
HR?(sin® — 1)((R — 2)sin® — R — 2)
a 652(R + 2 — Rsin ©)2
HtanO((2 4+ R)sin© + Rcos(20))
a 6cos(©)(2+ R — Rsin©)?

This or a comparable interaction will be present in every tip-sample system, only
the exact composition of the atomic and body forces will change depending on
the materials and geometries in the tip-surface system. The distance-dependent
behaviour of the tip-sample force model F°%" for a Si-Si tip-sample interaction
is depicted in Figure (red line). For comparison the behaviour of its separate
contributions Fj(zs) (blue line) and FPo%Y () (green line) are depicted as well.

All parameters utilised for calculation can be found in Table 2.0}

For z; smaller than the equilibrium bonding length (F,iomic = 0), the short-range
repulsive atomic interactions are dominant and the tip-sample force Fig is repulsive.
If 2z is in the range around the minimum of Fliomic the short-range attractive
forces are dominant in Fis. These become reinforced by the additional long-range
attractive body-body van der Waals interactions Fvbf\ﬁlvy. In this interaction regime
the NC-AFM is typically operated, since here the best resolution is possible. At
tip-sample distances zis where the atomic interactions Fjiomic start to vanish, the

long-range van der Waals force contributions to Fis remain.

If tip and sample support are electrically connected and charges are present in, on or
above the sample substrate located within their gap, the electrostatic interactions
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2. Tip-sample interaction forces

may strongly contribute to the total tip-sample force. For correctly modelling the
interaction in a tip-sample capacitor the model for the tip-sample force (2.4.33))
has to be expanded by the electrostatic force as described by ([2.3.29)), yielding the
relation

Fo0 (245, V) =FLy(s) + Fosw (1) + Fa*® (21, 45, V) (2.4.34)

I ERe)
0o Zts Zts
HR?*(sin® —1)((R—2)sin® — R — 2)
a 652(R + 2 — Rsin ©)?
Htan ©((2 + R)sin © + Rcos(20))
a 6cos(0)(2+ R — Rsin©)?

lacvoid . VQ
2 aZtS
N a(I)de rl)

— Z D -V

1 X O0Pina(ri, 15)

ZZ%J azs

6011_] 1

Based on this relation the effect of the electrostatic interaction to the total tip-
sample force for different cases can be visualised. For this exemplification the same
sphere-sample model as presented in Figure (b) and Appendix is used with
the parameters shown in Table Analogous to the previous section, three differ-
ent configurations of the S model are assumed, namely, the capacitance, charge-tip
repulsion and charge-tip attraction (see Table [2.5]). The resulting force curves
Fmodel2 including the electrostatic interaction are depicted in Figure
in comparison with the force curve F°%h without the electrostatic interaction

(2.4.33)) represented as a black dashed line.

The capacitance interaction F( increases the range and attraction of the total
tip-sample force F°%2 dependent on the given potential difference V. Adding
a point charge ¢ = —1le at r =[0 0 0] into the tip-sample capacitor also adds
contributions by the charge-capacitor force I and image charge interaction Fjn,,
into the tip-sample force. While the image charge interaction Fj,, further increases
the attractive contribution by the electrostatic force to the tip-sample force, the
charge-capacitor F,_ ¢ interaction is either attractive or repulsive depending on the
signs of ¢ and V. For different signs the contribution by Fi ¢ is attractive (charge-
tip attraction) and for equal signs F.c becomes repulsive (charge-tip repulsion). All
cases shown in Figure demonstrate the strong contribution of the electrostatic
interaction F body £ the tip-sample force and its sensitivity towards the presence
of charges ¢;. Dependent on the applied voltage V' and the charges ¢; present
in the tip-sample capacitor, the electrostatic contribution easily can exceed other
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Figure 2.7.: Model for the total tip-sample interaction force. Depicted is the re-
lation as the sum of the contributing Lennard-Jones force
and van der Waals body-body force for the param-
eters listed in Table [2.6f While Fy,; describes the atomic forces acting
between the frontmost tip atoms and the nearest surface atoms, the
long-range Fnt describes the van der Waals interaction between the
complete tip body with the sample.

contributing forces. However, as the atomic resolution capabilities in NC-AFM rely
on detecting the much smaller atomic forces F,iomic, an exceedingly big electrostatic
force FSOdy is not desirable. For that reason NC-AFMs typically are operated with
electrically connected tip and sample support, allowing for minimization of the
electrostatic force by equalizing V' via the external voltage source V. The external
voltage where the electrostatic force is minimal Vo = V22 is the CFM signal, as
it contains the information on ¢; and Vepp given in the tip-sample capacitor. The
theory for quantitatively extracting these information from CFM data obtained in

a dynamic NC-AFM measurement is described in chapters and [9}

In conclusion, the force a tip senses near a sample surface consists of a complex
entanglement of several nanoscale forces. An exact distinction between the sepa-
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2. Tip-sample interaction forces
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Figure 2.8.: Distance-dependency of the total tip-sample interaction force
including the electrostatic contribution for different cases. The
first case is the void-tip sample capacitor for a voltage V' =1V (blue
line), the second case is the tip-sample capacitor with a single point
charge ¢ = —1e located r =[0 0 0] below the tip for a voltage V =1V
(green line); and the third case is the tip-sample capacitor with a single
point charge ¢ = —1e located r =[0 0 0] below the tip for a voltage
V = —1V (red line). For reference relation for the tip-sample
force without the electrostatic interaction depicted as a black dashed
line. Parameters used for calculation are listed in Tables and .

rate contributions is difficult, as there is no strict border between the descriptions
of short-range atomic forces Fyomic and the long-range body forces Fioqy. In liter-
ature there are several approaches for extracting the chemical forces from the total
tip-sample force in a quantitative manner , , . A common approach
is the subtraction of the long-range force from the total force to yield the force
representing the chemical interaction. The long-range interaction as function of
tip-sample distance is either measured at a reference position with a well charac-
terised surface exhibiting low chemical activity or calculated based on a model
. However, both approaches can be prone to systematic errors. In the first
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2.4. Model for the total tip-sample interaction

case, force curves from different locations on the surface are subtracted. Since the
tip-sample force strongly depends on the surroundings of the tip near the sample
surface, this approach is only valid if the surface is completely isotropic. The second
approach is limited by the quality of the utilised model for the tip-sample system
fitted to the experimental data, to characterise the long-range interaction [98]. In
the end, both approaches require a correctly quantified tip-sample force beforehand.
The FCA method, a procedure for obtaining accurate and precise tip-sample force
data with dynamic NC-AFM will be presented in chapter f] However, therefore
the functionality and theory of dynamic NC-AFM have to be understood first.

Morse potential

Ey 4.638zJ
00 850 pm
K 2.50nm~!

van-der-Waals body-body interaction
H 357.619zJ

S} 29.7°

R Snm

Znt 583.04 pm

Lennard-Jones potential
Ey 4.638 zJ

00 850 pm

ro = 00/2Y%  757.26 pm

electrostatic interaction
Tsphere O NN

€s 24

Verp 1V

Table 2.6.: Collated list of model parameters for tip-sample force calculation from

Tables , , and .
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3. NC-AFM principle and setup

In dynamic NC-AFM, the amplitude and frequency change imposed on the resonant
oscillation of a force sensor by the distant-dependent attractive interactions between
tip and sample are detected. Thereby the resonance frequency and amplitude of the
free oscillation far away from the sample are used as reference. If the oscillating force
sensor is brought into close proximity to the sample surface, the tip-movement in the
attractive force field of the surface detunes the resonant oscillation. Consequently,
the force sensor oscillates at a new amplitude and resonance frequency. If there
are no experimental constraints, the information of the tip-sample interaction is
distributed over these two observables of the sensor oscillation. To shift the effect
of the tip-sample interaction to one observable, a control loop for the force sensor
oscillation is used in the NC-AFM which maintains one observable of the oscillation
constant while detecting the other. Based on these two configurations, two types
of NC-AFM operation can be implemented.

One is amplitude modulated NC-AFM (AM NC-AFM) where the oscillation fre-
quency is maintained while the amplitude change is detected as the main signal.
The other configuration exclusively considered in this work, is frequency modulated
NC-AFM (FM NC-AFM) [99] where the sensor oscillation amplitude is maintained
constant while the frequency shift from its eigenfrequency is detected as the main
signal. For any centre position z. of tip oscillation zy(t), the frequency shift is
related to the cycle-averaged tip-sample force gradient acting on the tip within the
turning points z. — A and z. + A. Within the framework of quantitative AFM
theory (see chapter , the tip-sample force can be calculated from frequency shift
data mapped as function of z. [47] (see section [£.6). This requires the knowledge
of the exact force sensor properties and the given physical oscillation amplitude.

The relevant force sensor properties, the schematic setup of FM NC-AFM used in
this work and amplitude calibration procedures are topic in this chapter. A well
working FM NC-AFM and precise interaction force detection are prerequisite for
charge force microscopy (CFM). The technical implementation and principles for
CFM measurements based on frequency modulated closed-loop kelvin probe force
microscopy (FM CL-KPFM) [63, 64] will be discussed in this chapter as well.
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3. NC-AFM principle and setup

3.1. Force sensor

The properties of force sensors have a significant influence on the performance of
a NC-AFM [80]. Three types of force sensors are commercially available for use in
NC-AFM namely silicon cantilevers [100, [101], quartz tuning forks [102} [103] and
length-extensional resonators (LER) [104} 105, |106]. While these force sensors are
different in application-relevant details [107], their general functionality is based
on the same principle. The force sensor is a sensitive, linearly responding spring
transforming nanoscale forces acting between tip and sample into a measurable
signal. Typically force sensors are built in such a way, that they are rigid in two
axes and relatively soft in the third axis used for sensing tip-sample forces [80].
The silicon cantilever with integrated tip as schematically depicted in Figure |3.1
is a good example for this design. It consists of a sharp tip located at the free
end of a cantilever beam of length [ attached to a much larger support chip. The
sensor is etched as one part from a silicon-wafer [101] in such way, that its tip is
oriented in [001] crystal direction [80]. The anisotropic etching rates of Si allow to
etch tips with a very sharp apex along that direction [108]. The cross-section of the
cantilever beam is trapezoidal due to the etching planes utilised in the production
[101},180] and characterized by a bottom width wy, a top width w; and the thickness
t. As depicted in Figure[3.T] the thickness ¢ of the beam is significantly smaller than
its mean width w = (wy, + w;)/2. Consequently, the beam is rigid against torsion
around the z-axis as well as in the y-direction while the deflection in z-direction is
favourable. Hence, the beam can easily be driven via the support chip to oscillate
exclusively in z-direction for sensing forces. The properties of interest for any force
sensor are its modal stiffness kg, its eigenfrequency fy and the quality factor Q).

[110]
Y
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& |

g
o
s
=

——— cross section support chip

\
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I [001]

Figure 3.1.: Bottom and side view of a microfabricated silicon -cantilever
(schematic).
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3.1. Force sensor

The stiffness k of the cantilever beam acting against a static deflection in direction
of its tip (z-direction in Figure can be derived by solving the static Euler-
Bernoulli equation considering deflections much smaller then the beam length (lin-
ear response) yielding |109, [110]

3Y 1,

where Y is the Young’s modulus of the cantilever material and Iy is the second
moment of inertia, a property of the cross-section geometry of the beam, measuring
its stiffness against bending. Considering cross-section of the cantilever in the y, 2-
plane as shown in Fig. 3.]] its second moment of area acting against bending in
z-direction is given by

k

(3.1.1)

I, ://szzdy (3.1.2)

integrated over the respective cross-section area of the beam. The eigenfrequency
fo and all higher harmonics of the silicon cantilever oscillation can be derived from
the dynamic Euler-Bernoulli equation [80]. Assuming the silicon cantilever to be a
homogeneous, harmonically oscillating beam with an amplitude much smaller than
its length, the eigenfrequency of its n-th harmonic is given by

kK2 [ YI
fo= n Y with n=0,1,2,... (3.1.3)
27Tl2 pmAYZ

where k, is the n-th oscillation mode eigenvalue of the differential equation, p,, the
mass density of the beam material and Ay, the cross-section area. Note, an char-
acteristic equation for calculation of the eigenvalues k, results form the boundary
conditions describing the cantilever as an elastic beam fixed at one end and free
at the other end. If a tip mass my;, at the free end of the cantilever is taken into

consideration as well, the characteristic equation describing its eigenvalues k,, reads
as [110]

1 + cos(kn) cosh(ky) + kn pm;;p ] [cos(ky) sinh(ky,) — sin(ky,) cosh(k,)] =0 (3.1.4)
m<lyz

The modal stiffness k,, of the cantilever oscillating in the n-th mode can be derived
by inserting the static stiffness relation (3.1.1)) into the eigenfrequency equation

B13), yielding

B 1272y, Ayl
= 7@1

kn f? with n=0,1,2,... (3.1.5)

n

For the fundamental mode n = 0, the modal stiffness kq is approximately the same
as the stiffness k against static deflection ko ~ k [110].

The quality factor ) of a damped harmonic oscillation, such as the cantilever is
defined as the ratio between the energy U stored in the oscillation and the energy
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3. NC-AFM principle and setup

dissipation AU per oscillation cycle [111]:

B 2nU

Qo = A7

(3.1.6)

The effective Q-factor of the oscillating cantilever Qqg is the reciprocal to the total
damping of the system and consists of several contributions |112], for instance, the
intrinsic damping of the vibrating beam [111} 113} 114} |115| [116], the damping by
the cantilever fixation via its support in the microscope |117], or damping by the
surrounding medium [111] 118, [119]. The effective quality factor Qs determines
the width of the resonance peak of the sensor oscillation, that can be described
as a damped, driven harmonic oscillator (see . A high Q.g results in a narrow
resonance peak allowing for a signal detection with high signal to noise ratio. Hence
force sensors with high Qo-factors are preferable in FM NC-AFM [99]. Typical Q-
factors for 300 kHz silicon cantilevers range between 10000 and 40000 [120]. In this

Property Nominal Value Specified Range
Resonance frequency fy [kHz] 330 204-497
Force constant kg [Nm™!] 42 10-130
Thickness ¢ [pm] 4 3-5

Mean width @ [pm] 30 22.5-37.5
Length [ [pm] 125 115-135

Table 3.1.: Characteristic properties of the PPP-NCH silicon cantilevers and
platinum-iridium (Ptlrs) coated silicon cantilevers PPP-NCHPt from
Nanosensors™. The values are from the corresponding data sheet pro-
vided by the producer.

work, silicon cantilevers (PPP-NCH) and platinum iridium (Ptlr;) coated silicon
cantilevers (PPP-NCHPt) from Nanosensors™ are used. Both sensor types con-
sists of highly doped silicon to dissipate static charge and are chemically inert, where
the (PPP-NCHPt) sensor exhibits an additional 25 nm double layer chromium Cr
and platinum-iridium (Ptlrs) coating on both sides of the cantilever including the
tip. The nominal values for the characteristic parameters of both sensor types pro-
vided by the producer are shown in Tab. These vary in the specified range due
to uncertainties in the microfabrication process by etching. For the same reason
also the tip height varies in the range from 10 pm to 15pm. While the PPP-NCH
sensors are produced with tip radii < 10nm the PPP-NCHPt sensors exhibit tip
radii < 25nm. Hence the PPP-NCH sensors typically provide better resolution
capabilities than the PPP-NCHPt sensors and are used in applications where high
lateral resolution is required. While the PPP-NCHPt provide lower resolution in
NC-AFM experiments, their great advantage is their higher conductivity due to
their coating. For this reason, these sensors are a perfect fit for measuring electro-
static tip-sample forces as this requires high electrical conductivity (see Sec. .
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3.2. Frequency modulated non-contact atomic force microscopy (FM NC-AFM)

3.2. Frequency modulated non-contact atomic force
microscopy (FM NC-AFM)

The FM NC-AFM detects a voltage signal related to the frequency shift Af expe-
rienced by a resonantly oscillating force sensor due to the forces acting between its
tip and the sample while maintaining a constant oscillation amplitude [99]. Based
on the A f signal the structure of any well prepared sample surface can be explored
with atomic resolution [80]. This requires the finely tuned cooperation of several
control loops and detection devices. A typical setup of a cantilever-based FM NC-
AFM is exemplified Figure [3.2] where the elements for driving and detecting the
resonant probe oscillation as well as the devices for positioning and scanning the
sample below the tip are depicted. The additional control loop for measuring and
minimizing the electrostatic tip-sample forces required for charge force microscopy
(CFM) based on a frequency modulated Kelvin probe force microscopy implemen-
tation (FM CL-KPFM) is depicted in the red box of Figure In this section,
first, the fundamental functionality of FM NC-AFM is explained, whereby the ex-
ternal voltage Vi is considered as constant. Second, the FM CL-KPFM loop for
measuring and minimizing the electrostatic interactions by applying an variable
external voltage Vi (f) between tip and sample support is discussed.

Sample and cantilever support chip are both fixed to metallic structures with elec-
trical contacts. The sample support is mounted on a piezoceramic tube scanner
enabling fine positioning in z, y and z direction relative to the fixed force sen-
sor. That tube scanner, in return, is mounted on another piezo element utilised
for coarse positioning in x and z direction. By this the force sensor tip can be
brought into interaction range with the surface and all movement required during
measurement can be performed. Typically cantilevers are mounted with a small
tilt by an angle o towards the sample to avoid that the cantilever rather than the
tip touches the surface. The angle a therefore also is the angle between sample
surface normal and oscillation direction of the cantilever. This circumstance has
consequences for the quantitative evaluation of NC-AFM data [58], which will be
addressed in chapter [0}

To enable a driven oscillation of the cantilever, its support is mounted on the drive
piezo. For FM NC-AFM operation, the cantilever is driven to permanently oscillate
at resonance with a constant amplitude controlled by the oscillation feedback loop.
Core part of the cantilever excitation is the phase locked loop (PLL) providing
the drive signal Vi (¢) for the cantilever excitation and measuring its response.
The PLL consists of a phase-detector, voltage-controlled oscillator (VCO) and a
control-loop [41]. For the cantilever excitation, the VCO generates a sinusoidal
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Figure 3.2.: Schematic overview of a cantilever based NC-AFM in the frequency
modulation mode. The components required for FM NC-AFM and
CFM are framed in grey and red, respectively. Input parameters, which
are set previous to the measurement are depicted in green.

signal

Vire(t) = VECSIn(27 forct) (3.2.7)

with excitation amplitude V{*¢ and excitation frequency fex.. This is sent as the

driving signal to the drive piezo via the amplitude control unit regulating the mag-
nitude of V{*® to obtain the desired value V3 for the oscillation amplitude. The
voltage D proportional to the adjustment of V *¢ is a measure for the mean dissi-
pated energy. The cantilever, as a harmonic oscillator, will follow the drive signal
Vexe(t) with the same frequency feox and an a priori unknown physical amplitude
A. The cantilever oscillation is measured as a function of time via the optical beam
deflection (OBD) method . Here, the light emitted by a laser is reflected

from the back of the cantilever onto a position sensitive detector (PSD). The cur-
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3.2. Frequency modulated non-contact atomic force microscopy (FM NC-AFM)

rent signals caused by the cantilever oscillation are converted by a transimpedance
amplifier into the deflection signal (sensor signal)

Vaig(t) = Vo + Vi cos(27 fexct + ) (3.2.8)

Where V; is an offset voltage resulting from the current centre position of the
cantilever oscillation, V), is the measured oscillation amplitude voltage related to
the physical oscillation amplitude A (see section , fexe the current frequency
of the cantilever due to the excitation and ¢ is the phase shift relative to the
excitation Vi (t). The offset voltage Vi occurs if the reflected laser point is not
perfectly centred on the PSD. This is due to uncertainties in the adjustment of
the OBD and the static deflection g5 of the cantilever centre position caused by
the tip-sample interaction. The offset Vj is eliminated by a high-pass filter before
entering the input of the PLL. Note, that thermal noise and detection system noise
is always present in the deflection signal Vg, (t) (122, |123, |50].

The PLL and amplitude control receive the AC part of the sensor signal and the
PLL continuously detects the phase shift ¢ between the deflection signal V()
and the excitation signal V..(t) generated by the VCO. To maintain the phase
resonance constant at ¢ = —m /2, the VCO-generated excitation frequency fex. is
adjusted by the PLL to permanently match the current resonance frequency f.es of
the cantilever.

For large distances zy between tip and surface (retracted state), the resonance
frequency of the PLL-driven cantilever equals its eigenfrequency fexe = fies = fo as
there is no tip-sample interaction. Prior to any experiment that eigenfrequency fj
is determined in the retracted state by frequency sweeping and given as reference
point to the PLL. If the tip is in interaction range (approached state), the excitation
frequency fex of the cantilever shifts from f, due to the tip-sample interaction. The
resulting frequency shift

Af = fexc - fO (329)

is detected by the PLL. This effect can be directly observed, when measuring the
frequency spectrum of the deflection signal received at the input of the PLL with
another Lock-In device (here Ziirich Instruments HF2LI) for the retracted and ap-
proached state as shown in Figure 3.3] In the retracted state (blue) the cantilever
oscillates at its eigenfrequency fexe = fo set as reference for the PLL. After approach
(orange), the resonance frequency of the cantilever fos is detuned by Af < 0 due to
the tip-sample interaction forces. The PLL follows that detuning by Af < 0 with
the excitation frequency fe. because it adjusts foxe = fres for maintaining phase
resonance. The output voltage of the PLL is proportional to Af and, therefore,
a measure for the tip-sample interaction. It is either recorded as the main mea-
surement signal or forwarded to the z,-feedback loop controlling the tip-surface
distance.
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Figure 3.3.: Spectra of the sensor signal @ of a PPP-NCH silicon cantilever in
the Omicron UHV AFM/STM for the retracted (blue) and approached
(orange) state in comparison. Both spectra are measured at the input
of the PLL of the RHK R9 with a Ziirich Instruments HF2LI over
20 averages. In the retracted state (blue) the cantilever is driven to
oscillates at its eigenfrequency fex. = fo set as reference for the PLL.
In the approached state the resonance frequency of the cantilever fe,.
is detuned by Af < 0 due to the tip-sample interaction forces.

This choice determines the imaging mode in FM NC-AFM. In the constant height
mode, the frequency shift Af from the PLL is measured directly as a function of
the lateral position (x, y) while scanning at a fixed piezo position z,. Thus the
frequency shift contrast due to the varying tip-sample interaction is the measure-
ment signal . As the z,-position is kept constant, this method is only viable for
atomically flat surfaces or small sampling areas. For more corrugated surfaces, the
constant frequency-shift (topography) mode is used instead. Here, the z,-feedback
loop utilises the A f signal from the PLL via the scan controller to control the z,-
position of the sample while scanning along the x- and y- directions. The current
A f value is compared to a given set-point A fi.; in the scan controller. In the case
of a mismatch, the z,-position is adjusted accordingly. Measuring the changes Az,
as a function of the lateral position (z, y) provides the topography of the sample
surface.
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3.3. Charge force microscopy (CFM)

3.3. Charge force microscopy (CFM)

The contribution of charges located in, on or above the sample substrate to the elec-
trostatic force Fekady is dependent on the potential difference V' between
tip and sample support. Charge force microscopy (CFM) aims for quantification
of those charges by measuring their voltage-dependent contribution to the electro-
static force F°% imposed on the oscillating tip in FM NC-AFM. The main concept
is, to measure and minimize voltage-dependent spectral components of the electro-
static force F°Y (2.3.29) which occur when modulating the potential difference V

between tip and sample support. To accomplish this, the external voltage
Vext (1) = Viias + Vir cos (27 fart) (3.3.10)

is applied between tip and sample support, which is composed of a loop regulated
voltage Viias and an oscillating voltage with amplitude V,; and frequency f. gen-
erated by an oscillator. The voltage-dependent components of FgOdy follow the
oscillation of Vi (t) with frequency f.. The approached cantilever senses the oscil-
lation of the electrostatic force while oscillating itself with the frequency fex.. This
causes several spectral components in the deflection signal received by the PLL,

which can be described by (see chapter (7| for mathematical description)
VE(t) = Vo + Vy cos(27 fuxcl + @) (3.3.11)
+ Vi cos(2m fot)
+ Ve cos(2m(2f.)t)
+ VIt o8 (27 (foxe + fal)t + )
+ V/{e"c_fd coS(27 (foxe — fa)t + )
+ V{20 0082 foxe + 2a)t + 2)
+ VI cos (27 ( fuxe — 2fa)t + )

Where V/{ is the measured signal amplitude voltage at the respective frequency
f. For exemplification, the deflection signal spectrum of a cantilever in tip-surface
interaction at Af = —5Hz with active voltage modulation V. (t) is shown in
Figure (a). The shown deflection signal spectrum resulting from Vi,s = 0,
Va =1V and fq = 1567 Hz in constant frequency-shift mode is measured at the
PLL input using another spectrum analyser (Zurich Instruments HF2LI). Even
though the experimental deflection signal spectrum is subject to noise [123} 50, [124],
the spectral components due to the voltage modulation can be easily identified.
The signal ngifd at side-band frequency fexc £ fa contains the CFM signal,
while further information on the capacitance between tip and sample support are
contained in the signal V/{e’“ﬂf ' at side-band frequency fexe + 2fe.

In this CFM implementation, the signals V,{excifel and Vg‘f"‘:ﬂfd at frequencies

fexe & fa and fexe £ 2fo are measured with side-band detection using two separate
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3. NC-AFM principle and setup

Lock-In amplifiers LTA 1 and LIA 2. Because the oscillation frequencies of both
signals are related to fe.., they constantly change according to the changes of foy.
due to the current tip-sample interaction. Therefore, the deflection signal stgl (t)
is demodulated at the current excitation frequency fox. by multiplying it with a
reference oscillation cos(27 feyt) from the PLL before it is given as input signal
to the Lock-In amplifiers. Effectively that demodulation resembles a shift of all
spectral components of the deflection signal by fe... Consequently the current
excitation frequency fey. of the cantilever permanently is the zero-frequency in the
demodulated deflection signal stgel (t) cos(27 fexct). Hence the signals at fex = fa
and foxe = 2fo now are fixed at frequencies fo and 2f of the demodulated signal
which is input to the Lock-In amplifiers LIA 1 and LIA 2. These then can detect
the signals Vf“if < and V/{e’“ﬂf ' at reference frequencies f. and 2f. independent

of the excitation frequency fexe.

Technically the CFM implementation for measuring the signal V/{e’“if ' is equal to
a FM CL-KPFM setup. It is a feedback loop based on the signal V/{mif ' and its
dependency on the applied bias voltage Vii.s and the modulation amplitude voltage
V. Within in the feedback loop the signal \/Afresif°1 is minimized by adjusting
Vhbias- To accomplish this, LIA 1 is used in the feedback loop to constantly measure
V/{e"cif <l at reference frequency fg in the demodulated deflection of the PLL output.
The detected signal amplitude V/{C"Cif ' is given to the Kelvin feedback, where the
voltage Viias is adjusted for minimization of v{exeif °'. Consequently, the component
V/{e"cifd constantly vanishes as seen in Figure (b) The bias voltage Viias =
Vi where the signal amplitude V,{e’“‘if ° vanishes is the CFM signal, which yields
information on the charges ¢; present in the tip-sample capacitor and the contact
potential difference Vepp between tip and back electrode. The quantitative theory
for evaluating the CFM signal V;2 will be discussed in chapter .

bias

The signal ngesizfel is detected by LIA 2 synchronized to the reference frequency
2fa. This signal is related to the capacitance of the tip-sample capacitor and is
dependent on V, and independent of Vi, (see chapter . Therefore the signal
V,{cresizfel is not affected directly by an active CFM feedback loop. However, when
comparing the signal peaks V2 in Figure [3.4] (a) and (b) a noticeable increase
of that signal peak can be observed. This is due to the active z,-feedback loop in the
constant frequency-shift mode. The electrostatic force minimization by the CFM
feedback loop equals a decrease of the total tip-sample interaction at the current
piezo position z, of the tip. For maintaining the frequency shift constant at the
given set-point Af = A fee, the z,-feedback loop consequently reduces the distance
between tip and sample causing the increase of the capacitance signal ngﬂf A
vivid example for this effect is the capacitance increase of a plate capacitor which
plates are brought closer to each other.

Note, to exclude cross-talk in CFM, it is important, that the side-bands f,es +
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Spectra of the deflection signal of a PPP-NCH silicon can-
tilever in the Omicron UHV AFM/STM measured in the approached
state with active bias modulation using Vg = 1V and fq =
1567 Hz for two different cases: (a) For an inactive CFM feedback
(open-loop) and zero bias voltage Vias = 0. (b) For an active CFM
feedback (closed-loop) adjusting the bias voltage to Vi.s = Vioin
Each frequency-spectrum is measured at the PLL input of the RHK
R9™with a spectrum analyser (Zurich Instruments HF2LI™) over 20

averages.

for and fies + 2fo are outside of the PLL bandwidth detecting the signal at fres.
This is realised by a careful choice of the PLL bandwidth settings and modulation
frequency fo. Typically the bandwidths of the PLL and LIAs are chosen tight, to

suppress as

much as possible noise and interference (artefact peaks in the spectra

of Figure .

45



3. NC-AFM principle and setup

3.4. Amplitude calibration and sensor inclination

A key quantity in NC-AFM is the physical oscillation amplitude A of the sensor, as
it is required for the force deconvolution from Af(z,) data [47]. Thereby A is not
directly accessible in experiment, but assumed to be proportional to the measured
voltage amplitude V, with S being the factor of proportionality. The amplitude
then is given by relation

A=S-V, (3.4.12)

Experimentally determining a value for S is referred to as amplitude calibration.
Various methods for amplitude calibration have been used in the field of NC-AFM.
While some methods rely on a systematic variation of the amplitude voltage set-
point Vi in the presence of tip-sample interaction with active z,-feedback [125|
126, 127], other methods are based on interferometry [128| [129]. The latter in
principle yield very precise distance measurements as they use the wavelength and
speed of light as reference, but are prone to systematic error introduced by a mis-
alignment of the laser spot on the cantilever. Furthermore, interferometric methods

are not possible for a OBD based NC-AFM as presented here.

From the methods involving the tip-sample interaction the constant y-method [125]
based on an approximation by the normalized frequency shift v = kgA%2Af/ f,
[130] appears conceptually advantageous. In the calibration experiment, the am-
plitude voltage set-point Vi is stepwise increased, while the given normalized
frequency shift set-point 7 is maintained constant by adjusting the frequency
shift set-point Af. In the topography mode, the z,-feedback loop adjusts the
piezo position z, accordingly. The amplitude calibration factor S = Az,/AVE is
the slope of the graph of piezo positions z, as function of the voltage amplitude
set-points V. Although, it is possible to obtain a fairly precise amplitude calibra-
tion with the constant y-method at excessively high set-points for the normalized
frequency shift v, it is not reliable when reasonable set-points 4. are chosen for
preventing a tip-crash into the sample [53] (see chapter [3)).

The serious limitations of popular amplitude calibration procedures have led to
the development of the force curve alignment (FCA) method [53] in the scope of
this work (see chapter [f)). The FCA method is based on successive measurements
of Af(zp) curves for systematically chosen amplitude voltage set-points V3. The
iterative alignment optimisation of the force curves deconvoluted from the measured
Af(zp, Vi) by adjusting the value for S and correcting drift yields inherently
the accurate results for the amplitude calibration and drift correction parameters.
Beyond that, the FCA method provides the true tip-surface interaction force curve
which is the foundation for successful evaluation of distant-dependent CFM-data.
Based on a correct amplitude calibration also the physical oscillation amplitudes
of the other spectral components caused by the modulated electrostatic force can
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3.4. Amplitude calibration and sensor inclination

be described. The calibration factor provides the physical capacitance signal Asg
from the voltage V== ag

Agg = S - V{oxet?la (3.4.13)

In principle, all amplitude calibration methods are straightforward. However, the
typical tilt of the cantilever towards the sample by angle « as previously indicated
in Figure [3.2] has to be addressed, when aiming for the determination of the true
physical oscillation amplitude A of the sensor. Calibration methods which utilise
an active z,-feedback loop will first hand retrieve the cantilever amplitude A, in
respect to the z-axis. However, the physical oscillation direction is parallel to
cantilever beam normal which does not align with the z-axis if the cantilever is
tiled towards the sample as sketched in Figure 3.5] From that sketch directly the
relation between both amplitudes can be obtained as

A, = Acos(a) (3.4.14)

Considering relations (3.4.12)) and (3.4.14)) provides the sensitivity factor with re-
spect to the z-axis

S, = S cos(a) (3.4.15)

Which is the amplitude calibration factor which is actually retrieved by the - and
FCA-method in case of a cantilever inclination o # 0. Hence, for obtaining the
calibration factor S providing the physical oscillation amplitude A when multiplied
with the current amplitude voltage V, the factor cos(a) has to be considered.
Another effect occurring due to the cantilever inclination is a lateral movement of
the tip by

Az = A, tan(a) (3.4.16)

In one oscillation cycle the tip moves laterally by a range of 2Axz along the sample
surface. While this will have no serious effect for an isotropic surface, above a nano-
feature as an adsorbed atom, molecule or atomic cluster, the tip will be affected
by lateral force gradients during its oscillation. In this case, the measured Af-
data will not provide the correct tip-sample force when evaluated in respect to
the z-axis as it is done in the fundamental quantitative AFM theory [44] where
a non-tilted sensor is considered. Consequently, a neglected cantilever inclination
can be an source for systematic error when measuring force curves, especially when
the sample surface is not isotropic. However, a post-process amplitude calibration
via the FCA method uncovers systematic errors in obtained experimental data (see
chapter . Furthermore, for considering the effects of an inclined tip oscillation on
force measurements the fundamental quantitative AFM theory [44] is enhanced in
[58] allowing an arbitrary oscillation direction of the tip. The publication [58] has
been produced in the context of this work and can be found in chapter [6]
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Figure 3.5.: Effect of the cantilever inclination towards the sample. The amplitude
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A, is he projection of the physical oscillation amplitude A on the z-axis
perpendicular to the sample surface. The lateral movement of the tip
from the measurement position above the nano-feature is a function of
the physical amplitude A.



4. Quantitative AFM theory

In this chapter, the quantitative AFM theory based on the general approach intro-
duced in [44] is presented demonstrating the derivation of three fundamental AFM
equations. These link the measured observables of an AFM experiment and the
sensor properties with the physical properties of the tip-sample force. Due to the
general formalism, it is possible to quantitatively evaluate measurements taken in
any AFM mode based on the three AFM equations [44]. For the derivation of these
equations the harmonic approximation is used and it is further assumed that the
tip oscillation is exclusively perpendicular to the sample surface (A = A,). There-
fore, the tip-sampling path and the data recording path along the piezo axis z,
are parallel and all described tip-sample forces are normal forces F,. This chapter
is organised as follows: First the general coordinates of NC-AFM will be formally
introduced in analogy to [58] where the force sensor is approximated by a harmonic
oscillator oscillating along the z-axis oriented normal to the sample surface. Sec-
ond, the transfer function for the driven, damped harmonic oscillation of the force
sensor in the case of negligible tip-surface interaction is derived. Third, the tip
movement in the force field of the sample is described within the harmonic approx-
imation yielding the three AFM equations. The here discussed fundamental AFM
theory is expanded in chapter [] for describing non-parallel tip-sampling and data
recording paths.

4.1. Coordinates in NC-AFM

A precise definition of the involved probe and sample coordinates as well as the
probe dynamical parameters is prerequisite for the quantitative physical under-
standing of the data acquired with FM NC-AFM. In dynamic AFM, the tip-sample
force Fi, is measured as a function of the tip-sample position 7, = which is usu-
ally described in Cartesian coordinates, where the origin is placed on the sample
surface in such way that the z-axis with unit vector €, is oriented perpendicular to
the surface as depicted in Fig. 4.1 The tip-sample distance zy is measured along
the z-axis, while lateral movements are described by the x- and y-axes. In typical
AFM implementations, the force measurement is restricted to nominally measuring
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the normal component of the tip-sample force F¥ = F’ts - €, often denoted by FYy.
The ideal force curve is a measurement of F(zs) at a fixed position (zs, ths) on
the sample surface while the measurement of FZ(xs, s, 215) is referred to as force
mapping and measuring Fis(xs, yis) describes imaging in the original sense of force
microscopy as a raster scanning microscopy.

In a dynamic measurement of the tip-surface force, the force sensor acts as a high-
@ oscillator which elastically responds to Fis by static and dynamic deflection de-
scribed by ¢ = ¢ - &4 where €; describes the unit vector along the tip sampling path
during oscillation. The tip sampling path describes the path along which the tip
periodically moves during oscillation. Typically, this path is assumed to be straight
and parallel to é,. Due to the properties of typical force sensors (see Sec. it
can be assumed, that the sensor is infinitely stiff in directions perpendicular to
€q and its response is linear along é€,. In that case, the static probe response in
interaction follows Hooke’s law FZ (s, Yis, 2ts) = kq, where k is the static sensor
force constant . In the dynamic mode, the force sensor is excited to oscillate
periodically along the g-axis q(t) = q(t + 1/ fexc) following the excitation frequency
fexe. Dependent on the given f.,., the force sensor has the modal stiffness &, with
(n=0,1,2...) (see relation. As the excitation frequency fey in typical oper-
ation of dynamic AFM is chosen to be near the eigenfrequency of the fundamental
mode fy, the modal stiffness of the force sensor is given by kg during oscillation.

To bring the tip in the desired interaction range with the surface and to perform
the movements required for imaging, force mapping and taking force curves either
sample or sensor are attached to coarse and fine positioning elements allowing
wide range and precise movement in all directions. The implementation of the
positioning system based on piezoelectric elements depends on the respective NC-
AFM construction. However, as only the relative positions between sensor and
sample surface are of interest in the quantitative AFM theory, generic coordinates
can be defined. In Figure [£.1] the respective positioning movements of a sensor
in respect to the sample, the sensor oscillation and its response to the tip-surface
force are illustrated for the case of parallel tip sampling and data recording paths.
Thereby the data recording path is the path along which the oscillating force sensor
is moved when taking a force curve. Here the data recording path is assumed to
be parallel to the movement direction of the piezo z,.

Before any measurement, the sensor assembly is at far away from the sample surface
and has to be moved towards the surface by the coarse positioning system. At the
end of this coarse approach (Figure |4.1{a)), the piezo rests in a relaxed state at
position z.s and the tip at its starting position 2. In their relaxed state, the
z-piezo and sensor have the length lg and [0 respectively. For the fine approach
(Figure [£.1(b)), a voltage is applied to the z-piezo causing its extension to the
length [, > lg that is described by a piezo position z, on the separate axis z,
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Figure 4.1.: NC-AFM coordinates , explanation in text.

with unit vector €}, and with the origin chosen to coincide with z position. Unit
vectors €, and €}, are chosen to point in the same direction so that a piezo extension
2 < 0 results in an approach of the tip towards the sample surface while z, > 0
indicates a tip retraction. The coarse and fine approach define the sensor position
Zsen = 20 + zp Which is equal to the tip-sample distance z if the force Fis acting
on the tip is unmeasurable small as it is the case for sufficiently large zi. Upon
further approach, the tip experiences a measurable force resulting in a static sensor
displacement ¢y described on the g-axis with its origin chosen at zg, (Figure|4.1{(c))

Due to the static sensor displacement ¢, the tip moves from zy, to the tip
centre position z. = zgen + ¢s, Which is equal to the new tip-sample distance z.
The direction of €y is chosen parallel to €,, hence a sensor displacement ¢ < 0
corresponds to a tip movement towards the surface. Note, that the tip centre
position z. cannot easily be set or determined in experiment for two reasons: The
static sensor displacement ¢z is governed by the a priori unknown force curve and
smaller than the detection limits of most NC-AFM implementations. In dynamic
NC-AFM operation at interaction range, the sensor oscillates with an amplitude A
symmetrically around ¢ with the turning points ¢ + A and ¢, — A (Figure [£.1}(d)).
The momentary tip position at any time ¢ is described by the displacement ¢(t)
and the position z(t), where 2z denotes the position of the lower turning point
of the oscillation.

In principal, tip-positions and sensor dynamics can well be described with positions
in respect to the z-axis. Practically, however, this axis is of limited use, because its
zero point cannot be defined in a reasonable way. This is due to the fact that neither
Zeps and lg can be determined with atomic scale precision, which would be needed
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for properly taking into account the force curve Ff(zs). Additionally a conceptual
difficulty is given in defining the position of the surface at the atomic scale. As every
force curve acquired on a surface diverges for z,s — 0 (see section [2.4]), one natural
choice of the z-axis origin would be the z-value approached by the diverging force.
This point, however, is not accessible in experiment. Instead, precise values for the
piezo position z, and the sensor displacement ¢(¢) are experimentally available. To
derive a force-distance curve in a dynamic AFM experiment, the usual procedure is
therefore the measurement of the distant-dependent frequency shift Af(z,) of the
sensor excitation frequency fex. that results when phase resonance for the sensor
oscillation is maintained (see section while measuring along the data recording
path [99]. The resulting Af(z,) curve is a convolution of the covered part of
the force curve FY(zy) and a kernel depending on the stabilised sensor oscillation
amplitude A |46, 47]. A sophisticated analysis of the Af(z,) curves measured at
different oscillation amplitudes A yields a precise result for the force curve [53], yet
with an arbitrary origin along the the z-axis. In theoretical modelling and analysis
of tip-sample interactions, it has been established as a standard to represent force
curves as F?% = FZ(z™") [47]. Due to the practical inaccessibly of 2™ for the
representation of experimental force curves, an axis z, that is identical to the
z-axis except for an unknown offset dzo for the tip starting position is used (see
Figure [£.1](d)). A force curve resulting form analysis of measured data can thus be
described as FZ(zyp) where 2y, = 22" — d2.

4.2. Harmonic oscillator and transfer function

In the previous chapter (section various force sensors utilised in NC-AFM have
been introduced. However, the utilised force sensor type is a detail of the setup and
should not transport enter the general AFM theory. As the oscillation amplitudes
used in NC-AFM are so small that a linear response of the displacement to an
external force can be expected, each force sensor is effectively a oscillating spring,
with the tip mass at its end. Consequently, the oscillation of any force sensor with
respect to the g-axis is mathematically described as a damped, driven harmonic
oscillator. For the interaction-free oscillation, the equation of motion is given by

mg(t) + kq(t) + 74(t) = Fexe(t) (4.2.1)
Where k is the stiffness of the sensor against static deflection in direction of ¢,
m the effective mass of the force sensor and = the internal damping constant.
The externally applied excitation force Fi.(t) drives the sensor periodically with a

frequency fexe causing its periodic displacement ¢(t) with the same frequency and
the phase ¢ as response. The eigenfrequency of the harmonic oscillator is given by

fo= ;T\/E (4.2.2)

52



4.2. Harmonic oscillator and transfer function

and its quality factor is described by relation

Qo= — 4.2.3
0= (4.2.3)
Inserting (4.2.2)) and (4.2.3]) into (4.2.1)) and further considering k ~ ko yields the
relation N
0 . 0o .
1) 4 koq(t) + —2 G(t) = Fogo(t 4.2.4
() + hot(0) + 5 (1) = Focll) (1.2.4

for the damped, driven and freely oscillating harmonic oscillator containing solely
properties which characterise the force sensor as introduced in Sec. [3.1] The sta-
tionary solution of equation (4.2.4) can be obtained by a Fourier transformation
ansatz [131]

Fla®l(h = = [ e at (1.25)

where F [g(t)] (f) is a functional of the frequency f describing the Fourier trans-
formation (frequency spectrum) of the time-dependent function g(¢). Applying the

Fourier transformation (4.2.5)) allows the consideration of (4.2.4) in the frequency
domain as

ko
(27Tf0)2

ko
27 foQo

Fld(®)] (fexe) + koF [q(t)] (fexe) + FLAO] (fexe) = F [Fexe ()] (fexe)

(4.2.6)
where the following identities regarding Fourier transformations of time derivatives
(derivation shown in Appendix [A.4]) have been used.

FlgWI(f) = 2mif Flg(®)] (f)
Flo](f) = @mif)*F [g()] (f)

Equation (4.2.6) can be simplified to

F [Q(t>] (fexc) - Gho(fexc) - F [Fexc(t)] (fexc) (429)

where
1

RS
0 [( TR ) HfoQo]

is the complex amplitude transfer function of the harmonic oscillator describing
the amplitude and phase transfer from the excitation to the oscillator response at
the current excitation frequency fe.. The transfer function Gy, depends on the
known properties of the oscillator. Equation shows, that the force sensor
oscillation spectrum F [q(t)] (fexc) depends on both, the externally applied excita-
tion spectrum F [Fux(t)] (fexc) and the transfer function Gyo(fexc). For harmonic
excitation as used in FM NC-AFM, the probe response is a single line spectrum

Gho(fexe) = (4.2.10)
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4. Quantitative AFM theory

representing a harmonic oscillation with amplitude and phase that are the experi-
mental observables. The probe oscillation amplitude is proportional to the absolute
value of the complex amplitude transfer function Gpe( fexc)

1

5 N2 7 2
“Jof'ﬁ> +<EQJ

The phase of the harmonic oscillation results from the fraction between the imagi-
nary and real part of Gp,(fexc) and can be described as

|Gho<fexc)| = (4211)

foe
Mmﬂ_ﬁ%Q o < fo
()
Ono = arctan? [— fJ;eSO’l - (ff’;>2] - —g : foxe = fo
o
aMwﬁfog—w:ﬁm>h
()

(4.2.12)
The definition via the arctan2 function is advantageous, as thus the phase ¢y, is
a continuous function of the excitation frequency f.x.. The amplitude and
phase as function of the normalised excitation frequency fex./ fo for different
quality factors @)y are depicted in Figure (a) and (b) respectively. The force
sensor oscillation amplitude |Gy, |( fexc) has a maximum if the excitation frequency
fexc matches the resonance frequency freso which is described by

/ 1
fres,O - fO 1— TQ% (4213)

As typical quality factors Qg of force sensors utilised in NC-AFM are in the magni-

tude of several thousands (see Sec. , the resonance frequency fieso of the freely

oscillating cantilever can be considered as equal to is eigenfrequency fy. The height

and width of the resonance peak at fexc = freso 1S determined by the respective

quality factor (o which is related to the full width half maximum A fpwmay of the
peak via relation £
0

Qo =3 Y- (4.2.14)

Hence, small values for @)y result in lower, broader resonance peaks while larger

values yield higher, sharper peaks. The quality factor of any force sensor can be
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4.2. Harmonic oscillator and transfer function

determined from the width of its resonance peak and relation (4.2.14). For large
values of @)y, the phase ¢y, as function of fe./fo approaches at resonance a sharp
step from 0 to —m. For respective smaller values of ()y, that step of ¢y, turns into
a smooth transition from 0 to —m approached asymptomatically.

(@) 1032

kOlGh0|(fexc)

0 0.5 1 1.5 2
fexc/fO

b) o ‘

(b) A\ Qo = 1000
—Qp = 100
—Qo=10 -

-4

-2

‘Pho(.fexc)

-3ml2

\ o

=T
0 0.5 1 1.5 2
fexc/fO

Figure 4.2.: a) Amplitude k¢|G,| and b) phase ¢y, of the driven, damped harmonic
oscillator as function of the normalised excitation frequency fexe/fo
calculated for three different quality factors ).

If the excitation parameters are known, the relation (4.2.9)) directly yields the sensor
displacement ¢(t) as solution. For a excitation as

Foxe(t) = Fy + Fycos(27 foxct) (4.2.15)

containing a static force component F; and an amplitude Fp, the exact solution for
the displacement is given by

q(t) = gs + Acos(27 fexct + ©) (4.2.16)

with the static displacement ¢s = Fy/ko, the amplitude A = |Gho(fexc)|Fo and the
phase Y= @ho(fexc)-
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4. Quantitative AFM theory

4.3. Tip movement in the force field of the sample

In a dynamic experiment, the tip is periodically brought to close proximity to
a sample surface and senses the normal tip-sample force FZ(z(t), Zs(t)) during
its oscillation [44]. Formally, the interaction is composed of conservative forces
parametrised by the tip-sample distance zy(t) (forces as presented in chapter [2)
and dissipative effects due to the tip movement described by the tip velocity Zi(t).
Taking conservative and dissipative tip-sample forces F{(zs(t), 2s(t)) into account,
the equation of motion of the force sensor with tip-surface interaction is

) ko

(27Tf0)2q® +hoa(t) 27 foQo
Here, the solution as presented in the previous section is no longer expedient,
because FZ(zs(t), Zs(t)) is dependent on ¢(t) via the relation z(t) = 2o+ 2, +q(t)
(see Section [4.1and Fig. [4.1(d)). Furthermore, due to the non-linear nature of the
tip-sample interaction force F(zs(t), 2s(t)) in respect to the tip-sample distance
Zs, the oscillation of the tip becomes anharmonic. In consequence, the differential
equation (4.3.17) cannot be analytically solved without the knowledge of the tip-
sample interaction FZ(zs(t), 2s(f)) or using an adequate approximation.

ko

Q(t) - Fexc(t) + ths(zts(t)7 zts(t)) (4317)

4.3.1. Harmonic approximation

The harmonic approximation is the commonly used approach for solving the equa-
tion of motion and describing the tip movement in the force field of the
sample. Historically the harmonic approximation found application under several
different names in literature [80} 132, |133] (134, |135] [136]. The first assumption
within the harmonic approximation is, that the force sensor is driven exclusively
harmonically by the excitation force

Fexc(t) = Fy cos(27 foxct) (4.3.18)

where Fj is the excitation force amplitude and the tilde ~ indicates that the marked
variable originates form the harmonic approximation. The second assumption is,
that the force sensor oscillation ¢(¢) in the force field of the sample is has a harmonic
time dependence described by

q(t) = gs + Acos(27 fexct + ) (4.3.19)

Hence, within the harmonic approximation, the tip deflection ¢(¢) in interaction
with the surface is well defined and can fully be described by a limited set of ob-
servable parameters, namely, the static deflection ¢, the oscillation amplitude A,
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4.3. Tip movement in the force field of the sample

current excitation frequency f... and phase ¢. Consequently the harmonic approx-
imation effectively acts as a frequency space filter for the force sensor oscillation
q(t) as it provides the probe transfer function at the fundamental mode oscillation
at foxe while higher harmonic components created by the tip-surface interaction
are suppressed. The harmonic approximation is valid if the tip-sample interaction
is merely a small disturbance of the harmonic deflection ¢(t) (the amplitudes of
higher harmonics in ¢(t) due to tip-surface interaction are negligibly small). As
tip-sample forces measured in NC-AFM are typically small, it is generally accepted
that the harmonic approximation well describes the probe dynamics for a non-zero
tip-sample interaction.

Considering the deflection ¢(t) within the coordinates of NC-AFM (see section
the tip-sample distance then is given by

Zis(t) = 20 + 2p + q(1)
=20+ 2p + ¢ + AcoS(2T feoxct + ©)
= ze + AcoS(27 fexet + ) (4.3.20)

and the tip-velocity as

Zis(t) = G(t) = =27 foxe ASIN(2T foxct + ) (4.3.21)

By applying the harmonic approximation, the equation of motion (4.3.17) can be
simplified to

(2:]%)2 a(t) + hod(t) + QJSQO Q1) = Func(t) + Fa(Zs(0), 2(t)  (43.22)

Here the tip movement is predefined by (¢), but the measurable parameters g,
A, fexc and ¢ contained within depend on the a priori unknown tip-sample force
FZ(%4(t), Zs(t)). Linking a general description of the a priori unknown tip-sample
force F7%(%4(t), Zs(t)) via the equation of motion with the measurable pa-
rameters ¢s, A, foxc and ¢ yields three fundamental equations of the quantitative
AFM theory [44]. These derivations will be shown in the following, starting with
the general description of the tip-sample force FZ(Z(t), () probed by the har-
monically oscillating tip.
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4. Quantitative AFM theory

4.3.2. Harmonic tip oscillation and force field model

In this section the tip oscillation in a model force field within the harmonic approx-
imation is exemplified for discussing the general properties of the a priori unknown
tip-sample force F7(Z(t), 2s(t)) which the tip senses on its path (Z(t), Zs(t)).
Normally, the tip-sample force FZ(Z(t), Zs(t)) defines the parameters gs, A, foxc
and ¢ of the tip oscillation described by Z(t) and Z(t) However, at this point,
the three AFM equations which solve the equation of motion and link the
tip-sample force FZ(%(t), Zs(t)) with the oscillation parameters are not derived
yet. Therefore, in this example, the tip oscillation parameters required by Z(t)
and Z(t) are not calculated from the model force, but instead are set to predefined
values assuming an equilibrium state with the model force. The assumed param-
eters for the tip movement in the force field are listed in Table First, the tip
movement described by the tip-sample distance Z(¢) and Z(t) is discussed alone,
and subsequently the model force field is introduced for discussing the sampled force
F7(%s(t), Zs(t)). In Figure [4.3(a) the tip position Z(t) and (b) the tip velocity
Z#s(t) as function of time as well as (c) the tip path in the Z(t)-Z(t) plane for one

cycle 1/ fexe of the harmonic tip oscillation are depicted. The assumed parameters
for calculation can be found in Table 4.1l

tip oscillation Z(t)
Ze 4 nm

A 2nm

foxe 300kHz

Table 4.1.: Parameters used for calculation of the harmonic tip oscillation.

The tip-sample distance %s(t) as function of time (Figure [4.3|(a)) can be separated
via the tip velocity Z(t) into two phases, namely the approach phase (blue) and
retract phase (green). In the approach phase the tip velocity is negative Z < 0
(see Figure[4.3(b)), here the tip moves towards the lower turning point z. — A of its
oscillation reducing its distance z(t) to the sample (see Figure[d.3(a)). In return, a
positive tip velocity Z > 0 resembles the retract phase from the sample surface, as
here the tip moves away from the sample increasing the tip-sample distance zy(t).
In the Z-3s plane, the tip movement over one oscillation cycle 1/ foxe is an ellipsoid
with its centre at [Z, Zis] = [z, 0] that is drawn as a circle by the choice of scaling
in Figure [4.3c). On this ellipsoidal path the tip-sample force FZ(%4(t), Zs(t)) is
probed by the tip.

For exemplification of a equilibrium state oscillation of the tip in interaction, it
can be assumed that the force field of the sample F7(zs, 2i5) is a mathematically
smooth function in respect to zy and Z [44]. Following Borel’s lemma [131] the
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4.3. Tip movement in the force field of the sample
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Figure 4.3.: Movement of the tip during harmonic oscillation. (a) Tip-sample dis-
tance Z(t) and (b) tip velocity Z(t) as function of time ¢ as well as
the (c) tip path in the Z(t)-Z(t) plane for one cycle 1/fu. of the
harmonic tip oscillation. The movement consist of two phases, the ap-
proach phase (blue) and the retract phase (green) differentiated by the
different sign of the tip velocity #4(t). The static case for Z, = 0 is
indicated by a black dashed line. Parameters for calculation are shown

in Table .

tip-sample force, as every other smooth function, can be developed in a Taylor
series as

o0

(2 2s) = F(26s) + Y cnips (4.3.23)

n=1
Here the n = 0 term is the conservative distant-dependent static tip-sample force
FZ(zs) which is independent of Z. The rest of the polynomial describes the force
contributions dependent on the tip velocity Zi. Considering the power of Z, the
terms of that polynomial can be separated into even and odd contributions with
respect to Zi. The even contributions will be indifferent during approach and
retract phase of the tip, while the odd contributions will change their sign dependent
on the direction of the tip velocity Zs.

To exemplify the effect of both contributions, an arbitrary force field FZ(zis, 245) is
calculated based on the Taylor series (4.3.23]). The static force FZ(zs) is modelled
by F2edel () (see equation [2.4.33) using the parameters listed in Table 2.6 The
remaining polynomial is terminated after n = 3 for convenience and the coefficients
c1, ¢2 and ¢3 are arbitrarily chosen to the values as listed in Table[£.2] The resulting
force field FZ(zs, 25) contains an equal number of even and odd terms with respect
to Zis.
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4. Quantitative AFM theory

tip velocity coefficients
c; 1nNsm™!
cs 30nNs?m™2

c3 5pNsm™3

Table 4.2.: Parameters used for calculation of the force field FY (2, 2s)-

In Figureld.4|(a) the force field FZ(zs, 2ts) is shown as function of tip-sample distance
zs and the tip-velocity Zy (grey surface plot). The path of the conservative static
force FZ(zs) (as known from Fig. is indicated by an orange line. The tip
oscillates harmonically (as described before in Fig. [4.3(c)) in the force field of the
sample F7 (2, %) sensing the interaction force F7(Z(t), Zs(t)) on its ellipsoid
path described by Z(t) and Z(t). As the probed tip-sample force on the tip path
FZ(%4(t), 2s(t)) is a function of Z(t) and % (t) which are given within the harmonic
approximation by and two general properties can be noted here.
One, the sampled tip-sample force F7%(Z(t), Zs(t)) is a periodic function of time ¢
with the period T" = 1/ fox.. The second property of the probed tip-sample force
F7(%4(t), 2s(t)) results, when considering the equation of motion (4.3.22)). As the
harmonic oscillation of the tip in the sample force field follows the excitation force
F.y(t) with the phase shift ¢, the probed tip-sample force F7%(%s(t), Zi(t)) has to
have the same phase shift ¢ in respect to the excitation.

Dependent on the respective symmetry of the sample force field FZ(zs, 21s) with
respect to the tip velocity s, the sampled interaction force FZ(%4(t), Zs(t)) during
approach phase Z(t) < 0 and retract phase Z(t) > 0 can differ from each other.
To clarify this, the sampled force FZ(%(t), Zs(t)) in the [z, 2t = 0, F%(2)]-plane
of the conservative force has to be considered as shown in Figure [4.4(b). Here,
the interaction force sampled on the approach path FZ(Z(t), Zs(t) < 0) strongly
differs from the interaction force sampled on the retract path FZ(Z(t), Zis(t) > 0).
The consequence is a hysteresis of the sampled force F7%(Z(t), Zs(t)) between the
turning points z. — A and z.+ A of the tip oscillation. This yields dissipative effects,
as the enclosed area § F(Z(t), Zs(t)) dzy in between approach and retract path of
the sampled force FZ(Z4(t), Zs(t)) is the dissipated energy during each oscillation
cycle.

The strength of those dissipative effects depends on the symmetry of the force field
FZ(zs, 2t5) as a function of Z. If there are no odd components with respect to Zg in
the force field FY(zs, Zs), the sampled interactions on approach and retract path are
equal. This is exemplified in Figure (c), where the sampled force F7%(Z(t), Zs(t))
in the [z, 2ts = 0, F4(zs)]-plane for a tip oscillation in a force field FZ(zis, 2ts)
without any odd contributions (¢; = 0 and ¢; = 0) is depicted. Here, approach
and retract path are identical which means that the enclosed area and dissipated
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4.3. Tip movement in the force field of the sample

energy are zero. Note, however, that the sampled force FZ(Z(t), Zs(t)) slightly
differs from the static force FZ(zs,0) due to the even force contribution by the tip
velocity Z(t). The result of Figure [4.4fc) indicates, that the odd contributions
with respect to Zy in the force field FZ(zs, 2is) of the previous example shown in
Figure [4.4(b) are responsible for the dissipative effects.

In general, the force field and thus the probed tip-sample force F7(Z(t), Zs(t)) is
a sum of both, even and odd contributions [137] 138, (139, |44]

FE(Zs(t), Zs(t)) = Feven(Zs(1), Zs(1)) 4 Foaa(Zes(1), Zis(1)) (4.3.24)

Where F,.n contains all force contributions to the tip-sample force which are even
in respect to Zi yielding

Feven(gtsa ZLts) = ths(gtsa _ZLts) (4325)
and Fiqq contains all force contributions which are odd in respect to Zis providing

Foada(Zis(t), Zs(t)) = —Foaa(Zes, —2ts) (4.3.26)

The even and odd decomposition of the probed tip-sample force FZ(Z(t), Zis(t)) as
shown in relation (4.3.24]) is in line with the general mathematical theorem, that
every function can be expressed uniquely as sum of an even and odd functions [131].
Thereby, however, the terms Fi.e, and F,qq are a mathematical description and do
not strictly resemble the separation in conservative and dissipative forces [137, 138|
139, 44]. Based on the periodicity of FZ(Z(t), s(t)) and its parity decomposition
(4.3.24)) into Fiyen and F,qq the solution ansatz for the equation of motion
is developed in the next section.

4.3.3. Ansatz for solving the equation of motion

The probed tip-sample force FZ(Z(t), Zs(t)) on the tip path is a priori unknown.
However, due to its sampling, FZ(Z(t), Z5(t)) is a periodic function with frequency
fexe and as such can be generally expressed as a Fourier series [44]

Flczs(’gts (t)7 gts( = even + Z even CoS 27TnfeXCt + 90 + Z dd Sln(27rnfeXCt + 90)
n=1
(4.3.27)

The phase ¢ accounts for the phase the tip oscillation and tip-sample force (4.3.24])
sampled by it have in relation to the driving force Fi.(t). The zeroth order n = 0 of
the Fourier series considers a time-independent constant force offset of the sampled
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Figure 4.4.: Exemplification of the harmonic tip oscillation in the normal force field
F%(%4(t), %s(t)) of the sample (a) as function of the tip-sample distance
2zt and the tip velocity Z and (b) its projection to the [z, 25 = 0, FZ]-
plane. For comparison, in (c) the [zs, 25 = 0, Fi2]-projection of the tip
oscillation for a force field FZ(Z(t), 2s(t)) without the odd contribu-
tions ¢; and c3. The paths of the approach phase %z, < 0 and retract
phase Z, > 0 of the tip oscillation in the force field FZ(Z(t), Zs(t)) is
indicated by a blue or a green line respectively where an arrow indicates
the movement direction (see also Figurel4.3(c)). The conservative static
force F7(zs) = Fi2°%° (2) is indicated by an orange line. Parameters
used for calculation of the tip movement and force field F7%(Z(t), Zs(t))
are listed in Table and in Table respectively.

tip-sample force Fis which per definition is even. The coefficients for n > 1 are given
by the Fourier series definition [131] and are expressed via the sampled tip-sample
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4.3. Tip movement in the force field of the sample

force on the tip path Fis(Zs(t), Zs(t)) as

2 (T .
F, = Jim = /0 F2(Zs(), 51s(t)) coS(2mn fuxet + ) dt (4.3.28)
and
2 (T .
Flh = Jim = /0 F2(Z(0), (1)) sin(2mn fuet + @) dt (4.3.29)

Assuming the tip-sample interaction FZ(Z(t), Zs(t)) as perfectly periodic in 1/ fex
both relations can be simplified to one cycle, yielding

1/fexc .
i = 2foxe [ FL(alt), ut)) cos(2mn fusct + ) (4.3.30)
0

1/feXC .
FO —of. /0 F2 (Zea(t), 3s(£)) SI(270 furel + ) dt (4.3.31)

Defining the time average for a periodic function f(t) with period T' = 1/ fex. as

GO = e [ F0) a1 (4.3.32)

allows the description of both Fourier coefficients (4.3.30)) and (4.3.31)) in a shorter
form:

F), = 2 (FL(Za(1), (1)) cos(2mn fusct + ) (4.3.33)
and
Fiiy = 2 (F(us(t), 2s(1)) sin(2mn fexct + ). (4.3.34)

Inserting relation for the sampled tip-sample force into these relations shows
the validity of these definitions, as in the product between tip-sample force
and the cosine function extracts exclusively the even force contributions over the
time-average as non-zero. This is also the case for relation (4.3.34]) where the
product between all odd force contributions and the odd sine function is the only
non-zero term within the time-average. The corresponding calculations fully shown

in the Appendix [A.5]

Note, the simplification of the Fourier coefficients (4.3.28)) and (4.3.29)) to one oscil-
lation cycle 1/ fox. implies that the here derived solution ansatz describes
the tip-sample force FZ(Z(t), Zis(t)) exclusively in equilibrium states, where the tip
oscillates harmonically in interaction with fixed parameters g5, A, fexc and ¢ (as as-
sumed in the exemplification before). Hence, changes of the tip-sample interaction
during measurement are only described within the resulting theory by the differ-
ence between equilibrium states before and after the change. Consequently, when
measuring the tip sample force, the time at any mapped data point has to be suf-
ficiently large enough so that the force sensor oscillation can adjust to equilibrium
state in the currently given interaction.
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4. Quantitative AFM theory

4.4. Derivation of three fundamental AFM equations

The developed formalism is used to derive three fundamental AFM equations link-
ing physical properties of the sampled tip-sample force with measurable observables
s, A, fexe and ¢ of the tip oscillation and the sensor properties kg, Qo, fo [44]. The
first step is to calculate the time-averaged form of these equations by evaluating
the Fourier series . Assuming within the harmonic approximation that the
amplitudes are of all higher harmonics are negligible small, all terms higher than
the fundamental mode n = 1 are omitted thereby E| Evaluating the remaining
Fourier coefficients F) = F() "and Fo(ézl using of the equation of motion ,
the deflection (4.2.16)) and excitation (4.3.18)) given by the harmonic approximation
yields the time-averaged form of the three AFM equations (see in Appendix

and for all derivation steps)

<Feven(§tsa ZLts)>t == kOQs (4435)
N _ koA 2] RA
<Feven(Zts; Zs) - (G — QS)>t = 02 [1 — I ] — ; cos(p) (4.4.36)
3 z ~ k AQ 62xc .
(Foaa(Zis: 51s) - q>t = W + T faxe AFp sin () (4.4.37)

Where is the static part of the tip-sample interaction, (4.4.36[) describes
influence of the tip-sample force on the sensor oscillation and (4.4.37)) describes
the dissipation. All physical properties of the tip-sample interaction in their time-
averaged form are expressed via experimental accessible quantities (see Tab. .
While the sensor properties (as introduced in Sec. are determined indepen-
dently before the experiment [110} (120, [112], the measurable observables of the
sensor oscillation controlled by the PLL and amplitude control are recorded during
experiment. However, due to the time-averages the tip-sample force in relations
(4.4.35))-(4.4.37)) is a function of time. For determining the tip-sample force these
relations thus are of limited use in practice, as in experiment all parameters are
measured along the data recording path which is a function of the piezo position
zp. This can be addressed by transforming each time-average over the oscilla-
tion cycle into an spatial-average along the tip sampling path between the turning
points z. — A and z. + A of the tip oscillation. The resulting spatial-average of
the tip-sample force is then a function of the oscillation centre position z. which is
identical to the experimentally accessible piezo position z, except for the coordinate
zero point. The transformation of all time-averages yields the averaging functions
commonly used in AFM, wich will be presented in the next section.

'Tf higher harmonics of the tip oscillation in the sample force field are of interest, the Fourier
series has to be evaluated respectively further.
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4.5. Averaging functions in AFM and convolution

time-averaged physical measurable sensor
parameters observables properties
<Feven(2ts, gts>>t qs ko
(Foven(Ziss 216) - (0 — @), A, fexer 1 Fo Ko, fo
<Fodd(5ts,5ts) : q~>t A, fexe, ¢5 Fo ko, fo, Qo
of interest in controlled by PLL and determined before
spatial form amplitude control experiment

Table 4.3.: Assignment of the quantities linked by the three fundamental AFM
equations.

4.5. Averaging functions in AFM and convolution

For transforming the time-averages of all AFM equations (4.4.35))-(4.4.37) into
distant-dependent spatial-averages along the tip-sampling path parallel to zy a
projection of their time-dependency to zis has to be realised within the integration.
Due to the harmonic approximation, the time-dependent tip-movement Z(¢) and
velocity Z(t) are well known as and (4.3.21). Thus, at any point of time
t within one oscillation cycle T' = 1/ fo. the position [Z(t), Zis(t), FZ(Zs(t), Zs(t))]
on the circular path of the tip in the force field of the sample is well known (see Fig-
ure . The general approach for the projection is, to parametrise this movement
directly by the tip-sample distance Z instead of the time t. However, for any given
tip-sample distance Zi, of the harmonic tip-movement in the sample force field there
are two possible tip-velocities Zi(2s) and —Z(2) (see Figure which in respect
to the tip-sample force generally are not equal FZ(Z, Zis(Zis)) 7 F2(Zis, — s (21s))-
This is due to the fact that the tip-sample force F in general contains even and odd
contributions in respect to the tip-velocity as shown in relation . Gladly,
the first two AFM equations and exclusively consider Fyen. In
respect to Fyeen alone, the tip approach and retract path are equal meaning that
both tip-velocities Z(Zs) and —Z(Z) provide the same force Fuyen(Zis, Zs(3ts)) =
Froven(Zis, —2s(%s)). Hence for an even force in respect to Z can be defined

Feoven(gts@)) = Feven(gts(t)a 2ts(§ts<t))) = Feven(gts (t)7 gts<t>> (4538)

Where Fp,., (Z5(t)) is the force along the ellipsoidal tip sampling path parametrised
exclusively by zi. Based on this definition, the time-averages of the first two AFM
equations (4.4.35)) and (4.4.36) can be projected to the tip-sampling path parallel

to zs (see Appendix [A.6.2)).

Because the third AFM equation (4.4.37)) considers the dissipation due to F,4q, the
direct parametrisation as for the even force (4.5.38]) is not possible due to the odd
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parity in Z,. However, the odd force can be expressed as

Fodd(gts(t)a Zts(t)) = _’Yts(gts(t)a Zts(t)) : (j(t) (4539)

where the function vi(%s(t), Zis(t)) is a damping coefficient defined along the tip
sampling path, which is an even function in respect to Zs. In analogy to ,
the even function 7s(Zs(t), Zis(t)) on the tip sampling path can be exclusively
parametrised by the tip-sampling path Z(¢) yielding

755(2ts<t>> = 7(2ts (t)7 Z;ts(gts(t))) = 7(2ts(t>7 21:S<t)) (4540)

Inserting the relations (4.5.38) and (4.5.39) with (4.5.40) into the time-average

integrals of the AFM equations (4.4.35))-(4.4.37)) and transforming those into spa-
tial ones yields two weighted average functions [44] (see full derivations in Ap-

pendix |A.6.2)). These are the cup-average

+A
(f (ze) = /_A fe(ze + 2)wu(z) dz (4.5.41)
with the cup-averaging function
wo(2) = —e (4.5.42)
T aVAT = 2 o
and the cap-average
+A
(f ) (2c) = /_A fe(ze + 2)wn(z) dz (4.5.43)
with the cap-averaging function
2

The spatial weighted averages (4.5.41]) and (4.5.43)) are line integrals along the tip
sampling path projected to zs which is parametrised by z between the turning

points —A and +A of the tip oscillation with respect to z.. Thereby f° describes
the projection of an arbitrary even function f along the tip sampling path to z.
The coordinate z is the current position of the tip oscillation within the range
[ze — A, z. + A] considered in the integration. While here z is assumed parallel to
Zts, i chapter [6] the case of a tip oscillation direction not parallel to z is discussed.
The corresponding averaging functions wy and wq as function of the integration
parameter z are depicted in Fig. |4.5(a) and (b) respectively. The cup-averaging
function wy(z) as depicted in Figure [4.5{a) has the shape of a cup in the interval
z € [—A, A]. The averaging function wy(z) is big at the turning points of the tip
at 2z = —A and z = A where the tip velocity is the lowest and becomes small
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Figure 4.5.: Averaging functions in NC-AFM as function of the integration parame-
ter z. (a) The cup-averaging function wy(z) and (b) the cap-averaging
function wn(z). Both functions are only defined in the range [—A, A]
and become complex for |z| > A.

for high tip-velocities around the oscillation centre z = 0. In contrast, the cap-
averaging function wn(z) as depicted in Figure [4.5(b) has the shape of a cap. It is
zero at the turning points z = —A and z = A and becomes maximal at the centre
of oscillation z = 0. Both averaging functions wy(z) and wn(z) are only defined
within the interval z € [—A, A] and become complex for |z| > A. The cup- and

cap averages in the definitions (4.5.41f) and (4.5.43|) describe a convolution of the
function f° with either w,, or wn as kernel.

The transformation of the time-averages in the equations (4.4.35))-(4.4.37)) to the
spatial cup- and cap-average yields the final expression of the three AFM equations

(Appendix [A.6.2)

(Foven)u (2¢) = Kogs (4.5.45)
2
(kgs)n (ze) = ko [1 — ;}C] — ZZO cos(p) (4.5.46)
3 2
(i (20) = =5 f(())Qo ~ 5 feoc 4 sin(@) (4.5.47)

where . o
kss(zc + Z) — even(zc + Z) _ even(zts)

dz dzs

is the tip-sample force gradient along the tip-sampling path parametrised by z
parallel to zi. Inserting the AFM equations into the equation of motion
enables a similar solution as presented for the free harmonic oscillator as shown
in section providing an effective amplitude transfer function G} (fexc) and
phase ¢}, (fexc) (see Appendix [A.7). The solution leads the tip oscillation in the
sample force field back to to a free oscillation of the tip with an effective stiffness
k', damping " and force constant F.

(4.5.48)
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4. Quantitative AFM theory

In the AFM equations, the physical quantities Fy,. . ki, and ~;, are contained in

their convoluted forms (F5,..) ., (k&) (Vos)n- For extracting the physical quanti-
ties from the cup- and cap average, the inverse operation called deconvolution is

required.

4.6. Deconvolution procedure

Several different numerical recipes for deconvolving the cup- and cap-average are
proposed in literature [140, (141} 47, [142]. The basis for the deconvolution is to
obtain averages for several partly overlapping tip sampling paths in the force F7
measured along the data recording path. Thereby it is assumed that the overlapping
tip-sampling paths are parallel to the data recording path.

Far away from the sample at z,,, the force on the entire path of the tip is zero.
Hence, all averages in the AFM equations are also zero. By gradually approaching
the sample with overlapping tip sampling paths, at some point the tip will sample
on a path where FZ is not entirely zero. That sampled non-zero Fis gives rise
to a change of the three averages in the AFM equations due to the part of the
path in Fis that has not been sampled before. The difference to the previously
sampled path yields the tip-sample force at the lower turning point z, — A. Based
on this consideration, Sader and Jarvis introduced a formalism [47] from which the
following general deconvolution relations [69]

Zo0 2A d(f°), () 2d(f°),(z+ A)
_/ZCA|: z—(zC—A)( dz _\/; dz ) dz
(4.6.49)
for the cup-average and
: o - A :
et =—- [ N1+ s )
_J A o @]
2(z — (2. — A)) 0z
(4.6.50)

for the cap-average are derived. Here f° is the representative function which is
retrieved from distant-dependent cup-average data in equation (4.6.49)) and from a
distant-dependent cap-average data in relation (4.6.50). For a deconvolution it is
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4.6. Deconvolution procedure

required from f° to be a unique function of the tip-sample distance z, over the entire
interval probed by the tip. A criterion which is only fulfilled when f° is exclusively
even in respect to the tip velocity Z¢ [44]. The physical quantities Fy ., ko and

o, meet this requirement and therefore can be retrieved from distant-dependent
(Foven)s (2), (ko) (20) and (75,) (2c) data obtained via the AFM equations.

even

Experimentally, this can be realized by variation of the z-piezo displacement z,
for changing the tip-sample distance while the excitation parameters (Fp, fexc)
and observables (gs, A, ¢) are measured. Typically therefore z, is reduced from a
given interaction point Af(z,) < 0 to the point of small or vanishing interaction
Af(z,) =~ 0. Based on the resulting data, the AFM equations (4.5.45)-(4.5.47)
are used for calculating (Fg,...) ., (k&) and (y5,), as function of z,. Using the

even

deconvolution relations (4.6.49) and (4.6.50| the physical quantities Fy,  , k¢, and
Ve as function of 2, can be obtained.

Note, formally the cup- and cap-averages in the AFM equations are denoted by the
dependence of z. = 2y + ¢s + 2p. In experiment, however, the centre position z,
typically is not known, because of the inaccessibility of ¢s. Therefore here typically
the adjusted piezo position z, is directly used as coordinate having an unknown
offset. For indicating that unknown offset in deconvoluted experimental data, the
coordinate z, is used.

Considering the AFM equations, in theory, it is possible to obtain the even contri-
bution to the tip-sample force F  in two different ways. Either by deconvolving

even

distant-dependent (F2,,) (2.) data obtained from the first AFM equation (4.5.45))
via relation or by deconvolving (k) (2.) from the second AFM equa-
tion (4.5.46)) via relation (4.6.50)) with subsequent integration along zi. As g
typically lies below the detectability limits, the latter is the common approach in
FM NC-AFM for obtaining the tip-sample force curve F2_ (z™") and therefore is

exemplified in the following.

Figure shows the convolution of the tip-sample force gradient kf,(zis) and its de-
convolution into the force curve F2,_ (20"). The tip-sample force gradient k2, (2is)
as depicted in Figure (a) is calculated based on the model force Fi2%" () (see
equation and the parameters listed in Table . For calculating the convo-
luted cap-average (kg,) (z.) based on relation (4.5.43) as depicted in Figure [4.6{b),

an oscillating tip with amplitude A = 5nm is assumed.

o

An example for the convolution between kg, (z. + 2z) and wn(z) for z. = 6.5nm is
shown in the insets of Figure (a). The tip oscillation position z ranges between
—A and A, wherewith the tip-sample force gradient data ranges from kf,(z. — A) to
kg (z.+A) (black dashed line) around the current centre position z. and is multiplied
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Figure 4.6.: Example for the convolution and deconvolution in AFM. (a) Tip-
sample force gradient kg, as function of zis calculated from model force
Fmedelt (5 ) and parameters shown in Table . The inset shows an ex-
ample for the product of kg, (2. + 2z) with wn(z) for assumed oscillation
amplitude A = 5nm and centre position z. = 6.5nm. (b) Convolution
(ko) as function of z., the orange dot indicates the point resulting
from the convolution shown in the inset of (a). (c¢) Frequency shift
Af as function of z. calculated from (b). (d) Tip-sample force F2,.
as function of 2™ resulting from the deconvolution procedure based
on the Af(z.) data shown in (c). For comparison the model force

Fmedelt (pminy s shown as a black dashed line.

[e)

with wn(z) (black line) resulting in the function kg, (2. + 2)wn(z) (orange line). The
integration according to relation then yields the value of convolution at
the current centre position z. as indicated by the orange point in Figure (b)
Repeating this procedure along kg, (zs) for any possible centre position of oscillation
z yields the convoluted cap-average (kg,)n (z.) as shown in Figure [L.6[b). Based

on the second AFM equation (4.5.46]) the frequency shift Af(z.) = foxc(2c) — fo is
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4.6. Deconvolution procedure

calculated from the (kf,)- (z.) data, assuming a FM NC-AFM measurement with
an eigenfrequency fy = 300kHz, a modal stiffness ky = 45Nm~! and the phase
¢ = —m/2. The calculated Af(z.) curve is shown Figure [4.6|c), which would be
the result of a FM NC-AFM measurement for determining a tip-sample force curve.

This is the starting point of the deconvolution procedure for obtaining the tip-
sample force curve F2, (22") with 2™ = z. — A. Previous to the deconvolution,
the cap-averaged tip-sample force gradient (kg,)- (z.) has to be calculated from the
measured Af(z.) data using the second AFM equation (4.5.46|) with the param-
eters from experiment. Subsequently, the resulting (k) (2.) data is deconvolved
using relation yielding the tip-sample force gradient k2 (22"), which has

to be integrated along z™" for obtaining the tip-sample force F2  (20") as fi-

even

nal result. In Figure [4.6(d) the retrieved tip-sample force curve F2,,(22®) (blue

even
line) is shown in comparison with the true force curve represented by Frodeh (min)
(black dashed line). The tip-sample force curve F2 . (22") deconvoluted from the

measured A f(z.)-data reproduces the true tip-sample force with high precision.

While the retrieval of the tip-sample force curve based on theoretical Af(z.) data
is straight forward, the accurate quantification of the tip-sample force based on ex-
perimental Af(z,) data provides more of a challenge. This is due to noise, thermal
drift and piezo creep imposed on any Af(z,) curve measured in an FM NC-AFM
experiment. Hence, the force retrieval from a single taken experimental Af(z,)
curve will not necessarily provide the true tip-sample force curve, as systematic er-
ror remain unnoticed. However, several A f(z,) curves measured at the same lateral
position on the sample surface have to follow the same tip-sample force law and thus
have to align after their deconvolution if measured correctly. A perfect alignment
inherently indicates that the correct tip-sample force curve is determined. Based
on this idea, the force curve alignment method (FCA) [53] was developed in the
scope of this work which will be presented in the following chapter.
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5. Alignment method for the
accurate and precise
quantification of tip-surface forces

The quantitative interpretation of nanoscale forces requires utmost precision in
measuring and analysing force-distance curves. However, the conceptual difficulties
in describing tip-surface forces have to be seen alongside experimental challenges
that severely limit accurate force measurements with dynamic force microscopy.
Here, a procedure to determine accurate and precise force-distance curves in force
measurements with NC-AFM is introduced [53]. While a single force curve can
be prone to systematic, often unnoticed errors, here the self-consistent retrieval of
interaction forces by an alignment procedure using repetitive measurements with
the force probe oscillating at varied amplitudes is demonstrated. First, evidence
for the correctness of this procedure from model data is given. The force curve, the
actual oscillation amplitude, and thermal drift are correctly determined. Second,
the precision in force measurements by the force curve alignment (FCA) method
is demonstrated by processing experimental data. While the acquisition of single
curves reveals inconsistent results precise force data are delivered with FCA.

The following work initially was published in [53].

73



5. Alignment method for the accurate and precise quantification of tip-surface forces

PHYSICAL REVIEW B 103, 075409 (2021)

Alignment method for the accurate and precise quantification of tip-surface forces

Daniel Heile ®,” Reinhard Olbrich®,” Michael Reichling ®, and Philipp Rahe ®
Fachbereich Physik, Universitdit Osnabriick, Barbarastrasse 7, 49076 Osnabriick, Germany

® (Received 30 June 2020; revised 14 December 2020; accepted 15 December 2020; published 5 February 2021)

We introduce a procedure to determine accurate and precise force-distance curves in dynamic force mea-
surements utilizing a sharp tip. While single force curves are prone to systematic, often unnoticed errors, we
present their self-consistent retrieval by an alignment procedure using repetitive measurements with the force
probe oscillating at varied amplitude. By processing model data, we show that the procedure provides the valid
force curve, the actual oscillation amplitude, and fully compensates thermal drift. The benefit of the method is

demonstrated by application to experimental data.

DOI: 10.1103/PhysRevB.103.075409

I. INTRODUCTION

The understanding of binding in matter is a great success
of quantum mechanics and over a century, elaborate theories
describing the interaction between atoms and molecules by
electromagnetic forces have been developed [1]. While, for
systems up to a certain size, chemical bonds and physical
interactions can precisely be described by the interaction
between individual atoms, this is not practical and elucidat-
ing for the description of binding between mesoscopic and
macroscopic bodies. For such objects, binding is commonly
discussed in the framework of integral physical interactions
phenomenologically described as adhesion [2]. Most relevant
in nanoscale force measurements, there is no strict border
between these two types of descriptions.

The measurement of forces between atoms, molecules,
and nanoscale objects has been pushed to the physical lim-
its [3-5] and is of great interest in diverse fields of science
and technology including high-resolution analysis of inor-
ganic [6-8], organic [9—11], and biological surfaces [12-14],
three-dimensional (3D) force mapping [15—18], Casimir force
measurements [ 19], nanomechanical material characterization
[20-24], capillary force studies [25-29], hydration layer anal-
ysis [30-33], the study of atom-specific reactivity [34,35],
mechanochemistry [36-38], quantum dot microscopy [39],
and single-spin detection [40,41]. The technique of noncon-
tact atomic force microscopy (NC-AFM) allows dynamic
force measurements between an oscillating sharp tip and a
surface of any kind, with a resolution down to the atomic
scale [42—45]. Still, the interpretation of force measurements
at the nanoscale is most difficult as this is the crossover regime
where forces between individual atoms and molecules as well
as forces between mesoscopic bodies act together. In this
regime, the force-distance law is not a simple function of the
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body separation, but is often described as a sum of contri-
butions based on different models [46]. Utmost precision in
measuring and analyzing a force-distance curve is required to
test models and to quantify the nanoscale interactions.

The conceptual difficulties in describing tip-surface forces
have to be seen alongside experimental peculiarities severely
limiting accurate dynamic force measurements. First, the
primary measurement signal in NC-AFM is not the force,
but the shift in the resonance frequency of a high-Q force
probe oscillating in the force field above the surface [44].
The force curve is derived from frequency shift data by
numerical deconvolution, commonly referred to as force in-
version [47,48]. The result of this inversion can be ill-posed
[49], can exhibit large errors in a range of relevant am-
plitudes [50], or can include severely amplified detection
system noise [S51]. Second, the force inversion algorithms
yield valid results only if the oscillation amplitude is known
accurately [48,50]. Third, strong gradients in the force field
make the measurement susceptible to minute deviations of
the probe trajectory from the target curve as they result, for
example, from thermal drift even when applying active drift
compensation [52,53].

In the present paper, we introduce the force curve align-
ment (FCA) method facilitating the accurate and precise
measurement of force curves by circumventing experimen-
tal peculiarities and ultimately removing systematic errors
in widely accepted present practice. The central concept is
the repetitive measurement of the tip-surface interaction with
different probe oscillation amplitudes, delivering a data set,
which is robust against disturbing impacts. While the presence
of systematic errors can hardly be identified from a single
interaction curve, a match of the individual force curves by
an optimisation algorithm enables a self-consistent determina-
tion of the error-free tip-surface interaction force curve. A key
challenge for retrieving the force from frequency shift data
is accurately determining the probe oscillation amplitude A.
The physical oscillation amplitude A is derived from the mea-
sured voltage amplitude V, via the calibration factor S defined
as A = § - V4. The calibration is principally straightforward,
however, obtaining an accurate result is practically most
difficult. Among various methods suggested [54-61], those
involving the tip-surface interaction [55,56,58] ensure that the

Published by the American Physical Society
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FIG. 1. Stages of model data processing with the FCA method. (a) Simulated frequency shift A fi[z, + Az(t')] data for six ascending and
six descending voltage amplitudes V; (see inset) including thermal drift Az(r) (see inset). z, denotes the piezo position. (b) Curves F'(zyp) of
the normal force as a function of the tip position z;, derived from the Af"[zp + Az(t)] data using the starting value S, = 480nm/V, zero drift,
and the Sader-Jarvis force inversion algorithm [48]. z;, is defined as the minimum tip-surface distance attained in the lower turning point of
the oscillatory tip motion (see Fig. 4 in Appendix A). The dash-dotted line is the model force curve used for generating the artificial frequency
shift data. Black circles are optimization nodes used for the FCA correction. (c) Simplified FCA alignment (without considering thermal drift)
yielding Sgmple = 389 nm/V. (d) Accurate force curves resulting from applying the full FCA procedure yielding Spca = 415nm/V. The inset
demonstrates the excellent match between the Az(¢') corrections resulting from FCA and the artificial Az(¢) input. () Residual error egps as
a function of S together with the positions of the approximations S, and Sl as well as the accurate value Sgca.

calibrated amplitude corresponds to the position of the tip.
This is a most important aspect which challenges calibration
methods based on interferometry: Although the latter methods
yield in principle very precise distance measurements as they
use the wavelength or speed of light as a reference of unprece-
dented accuracy [54,59], a slight misalignment of the laser
spot on the cantilever will introduce a systematic error with re-
spect to the tip amplitude relevant for the force measurement.
Conceptually advantageous is the y-method [55], which is
based on an approximation by the normalized frequency shift
[62]. As demonstrated in Appendix B, this method may yield
reasonably good results under certain conditions, but may also
fail and is, therefore, not suitable when seeking for a highly
accurate calibration. The limitations of the presently available
amplitude calibration procedures have been a major driving
force for developing the FCA method that inherently yields
an accurate value for S. In the following, first the validity of
the FCA method is demonstrated by applying FCA to model
data that are based on measured force curves. Second, the
practicability of FCA is shown by application to experimental
data acquired on a CeO;,(111) surface decorated with gold
nanoparticles.

II. FORCE CURVE ALIGNMENT METHOD

Intermediate and final results of a model force measure-
ment run are compiled in Fig. 1 for demonstration and

verification of the FCA method. FCA relies on the measure-
ment of a set of 2N (here: N = 6) tip retraction and approach
cycles, with ascending (blue shadings) and descending (green
shadings) amplitude voltage values V.. A set of the corre-
sponding artificial frequency shift A f i(zp) curves [Fig. 1(a)]
is calculated from a model force curve Fyoq(2ip) resembling
an experimental measurement (see Appendix A) by applying
the appropriate transformation [44] for the set of voltage
amplitudes VAi [see inset in Fig. 1(a)] with S =415nm/V.
Furthermore, artificial nonlinear thermal drift Az(z) [see inset
in Fig. 1(a)] is added to the tip positions z;, with magnitudes
and velocities of the drift chosen to match values typically
found in experiments. As a result, the drift-influenced data of
a typical experiment is generated. While the resulting A f7(z,)
curves representing different V; as shown in Fig. 1(a) natu-
rally differ from each other due to the amplitude-dependency
of the absolute frequency-shift value [62], curves having the
same V; value differ due to the introduced thermal drift Az(¢').

An estimate for the amplitude calibration factor and ther-
mal drift parameters is used to calculate the corresponding
set of force curves as the starting point for the FCA opti-
mization. We choose S, = 480nm/V as the estimate from
the y-method [55] (see Appendix B) and start with zero drift.
The set of resulting force curves F' (ziip) calculated with the
Sader-Jarvis algorithm [48] is shown in Fig. 1(b). It is immedi-
ately apparent that all F'(z,) curves are shifted along the zgp
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axis relative to each other, differ in their slope and curvature,
and none of them coincides with the true force curve that is
known for this simulation and displayed as a dash-dotted line
in Figs. 1(b)-1(d). Similar results are obtained with the matrix
algorithm [47] (see Appendix H).

In a simple version of the FCA optimisation, force curves
Fi (z4p) are corrected for the error in S but not for thermal
drift. To this end, six optimization nodes are defined on each
curve [black circles in Figs. 1(b)-1(d)], each belonging to a
set of six given force values along the curve. With one free
parameter, namely S, the optimization procedure recalculates
the curves with iteratively optimized S so that the value for
erms representing the RMS value of the deviation between
the optimization nodes of each curve from a chosen refer-
ence curve (the first curve in the data set) is minimized. The
improvement by the optimization is evident from Fig. 1(c)
showing force curves with a reduced spread close to the
true curve. This optimization yields a better estimate for the
amplitude calibration factor of Sgmple = 389 nm/V, however,
the residual spread of the force curves is evidence for their
distortion by thermal drift.

To retrieve the true force curve, we apply the full FCA op-
timization procedure including the adjustment of a third-order
drift polynomial for approximating the thermal drift Az(z)
to the F i(Z[ip) curves from Fig. 1(b) with results shown in
Fig. 1(d) (see Appendixes E and F for the measurement and
analysis protocol, respectively, and the Supplemental Mate-
rial [63] for the program code). The full optimization yields
12 FF"C A(zip) force curves not discernible from each other
and perfectly matching the true force curve. In addition to
fully recovering the artificially obscured force data, the FCA
method yields the correct amplitude calibration factor Sgca =
415nm/V. The inset in Fig. 1(d) presents an excellent match
between the discrete drift corrections determined by the FCA
optimization and the artificially introduced drift polynomial.
The graph shown in Fig. 1(e) demonstrates the reliability of
the FCA method when applied to a perfect set of data: for
the full FCA optimisation, the function erms(S) describing
the residual error exhibits one sharp minimum allowing for a
precise determination of S and the true force curve. Note that
the value of erys corresponding to Spca is nearly ten orders
of magnitudes smaller than it is drawn in Fig. 1(e) and solely
represents the numerical error.

III. RESULTS AND DISCUSSION

The practicability of the method is demonstrated for the
real experimental data shown in Fig. 2. We performed mea-
surements on a well-prepared CeO,(111) surface exhibiting
large flat terraces separated by steps with the height of a
0-Ce-O triple layer [64-66]. Regularly shaped gold clus-
ters with lateral dimensions of typically 10 nm and measured
heights of typically 1 to 3nm were introduced as nanoscale
irregularities. Two strongly different tips were used to acquire
interaction curves representative for two typical experimental
conditions in dynamic force measurements at room tempera-
ture under ultra-high vacuum conditions (see Appendix D for
details). The first tip was a silicon tip subjected to sputtering
and potential contamination after exposure to the residual gas
and sample contact. This bare silicon tip acts as a represen-
tative for “sharp” tips typically used for NC-AFM imaging.

The second tip was a Pt/Ir-coated silicon tip as typically used
for Kelvin probe force microscopy with a usually larger tip
radius due to the coating. An NC-AFM image of the surface
taken with a silicon tip is shown in the inset of Fig. 2(a). The
two red dots mark typical positions where force curves were
acquired: Central on a single gold cluster (‘“on-cluster”’) and in
a region representing the flat surface (“off-cluster”). Care has
been taken in the latter case to measure forces far away from
clusters, step edges, or other disturbances.

In full analogy to the analysis steps applied to the simulated
data, the graphs in Fig. 2(a) show the original measurements
Af ’ (zp) taken with the bare silicon tip. At both positions, the
Af'(zp) curves were sampled in 12 approach/retract cycles
with ascending and descending voltage amplitudes V ranging
from 13.3 to 40mV. Note that data were deliberately not
acquired close to or beyond the minima of the force curves
to avoid any tip change that would severely compromise the
force measurement. The graphs in Fig. 2(b) show the F i(Z[ip)
data after force inversion but before the optimization. We used
a starting value of § =5, =480nm/V and assumed zero
drift for the start of on-cluster and off-cluster experiments.

Figure 2(c) represents the result using the full FCA pro-
cedure for this series of measurements. Individual data points
from the aligned force curves are shown as gray dots while
average curves determined for off-cluster and on-cluster mea-
surements are shown as green and orange lines, respectively.
It is immediately apparent that the off-cluster measurement
yields an excellent match of the aligned forces and unambigu-
ously provides the tip-sample force curve. The optimization
yields S = ngCfA = (414.6 = 1.9)nm/V as the accurate result
for this measurement. The specified error reflects the accuracy
of determining the minimum in erys as estimated from the
width of the egms(S) curve (see Appendix G for details).

The spread across the individual force curves is larger in
the on-cluster data shown in Fig. 2(c), in agreement with
observing a larger spread in the Az(¢%) values (orange line in
the left inset) and an erms(S¢, ) value larger by a factor of 4.4
than egyms (S;fcf ) (right inset). The amplitude calibration factor
of Sgt, = (383 £ 8)nm/V is furthermore smaller than ngCfA.
We attribute these differences to a systematic error introduced
by the inclination of the direction of probe oscillation from
the surface normal (o = 12.5° for our instrument). The incli-
nation is not compatible with the force inversion algorithm
integrating the weighted frequency shift along the surface
normal (see Appendix C for a discussion). On a homogeneous
and isotropic surface, where the force is a function of zgp
only, the inclination can be compensated by a projection of
the oscillation coordinate to the surface normal. However,
when measuring above a cluster with dimensions comparable
to the tip radius, the tip experiences lateral force gradients
and measurements with different oscillation amplitude will be
differently influenced by them, ultimately resulting in incor-
rect force measurements. This is convincing evidence that the
FCA method is able to unravel so far unnoticed sources for
inaccurate force measurements.

Measurements with the Pt/Ir-coated tip were performed
and analyzed in exactly the same manner with final results
for one representative measurement compiled in Fig. 2(d). For
this probe we find values of Spi, = (165.5 +0.9)nm/V and
ngCfA = (169.3 £ 0.5)nm/V, both significantly smaller than
the value for the silicon tip due to the high optical reflectivity
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FIG. 2. Experimental force measurements on a CeO,(111) surface decorated with gold clusters. Results compiled in (a)-(c) represent
measurements taken with the bare silicon tip while panel (d) displays the final results of measurements performed with a Pt/Ir coated silicon
tip. The steps of force inversion and full FCA optimisation were carried out in exactly the same manner as for the model data analysis shown
in Fig. 1. Measurements were performed for positions at the center of gold clusters (on-cluster) as well as on atomically flat terraces far from
step edges and other disturbances (off-cluster) and are coded with blue/green and black/orange colors, respectively. On-cluster and off-cluster
positions are exemplary shown as red dots in the inset of (a), which is a NC-AFM topography image of the gold decorated CeO,(111) surface
taken with the bare silicon tip. The green and orange curves shown in (c) and (d) are averaged curves of the force curve data plotted as gray
points. The left insets in (c) and (d) display the drift polynomial Az(¢) yielded by the FCA optimisation (solid line) and the deviations from
the mean curve found for the six optimisation nodes (circles). The right insets in (c) and (d) display erms(S), similar to Fig. 1(e), for on- and

off-cluster measurements.

of the metal coated cantilever. Other basic observations are
the very same as for the silicon tip, yet, the more slowly
decaying forces highlight the larger tip radius resulting from
the Pt/Ir coating. The difference between Spi, und Sl‘;foA is
tiny compared to the bare silicon tip measurement. This is
intelligible considering that a tip with a larger tip radius expe-
riences smaller lateral force gradients as the force is averaged
over a larger area.

IV. CONCLUSIONS

The measurements and their analysis in the framework of
FCA deliver a very consistent picture. For a set of high quality
data, the FCA method yields the true tip-surface interaction
force curve free from critical systematic errors as well as an
accurate and highly precise value for the amplitude calibration
factor. It is noteworthy that an accurate value for S is most
important for an accurate determination of the modal sensor
stiffness ko [67], another key parameter for force measure-
ments. The FCA method can easily be adapted to the needs
of the experiment, specifically, the user can tailor the FCA
optimization function. If a measurement is compromised by
any kind of disturbance that cannot be compensated for by

the user implemented optimization function, force curves will
not coincide what clearly indicates a problem with the dataset
or the chosen correction function. FCA offers great flexibil-
ity in its application as it is compatible with a direct force
measurement as well as with any force inversion algorithm.
This especially concerns force mapping experiments, where
thermal drift that is usually the major problem for long-lasting
measurements, is fully compensated by FCA. Hence, FCA
can equally well be used for static AFM, intermitted contact
AFM, and NC-AFM. It facilitates the quantitative analysis of
force measurements with unprecedented accuracy and preci-
sion in any environment and at any temperature provided the
force curve is deterministic what implies sufficient stability
of tip and surface. It can be anticipated that FCA will have a
significant impact in a large number of fields in physics, chem-
istry, and biology as well as in cross-disciplinary sciences and
nanotechnology.
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FIG. 3. (a) Interaction force F used for the simulations. A combined Morse (green line) and van der Waals (blue line) interaction [69]
is adjusted to fit an experimentally measured force-distance curve (circles). (b) Frequency shift A f and (c) normalized frequency shift y
calculated for different amplitudes from the force in (a). Experimental data included as circles.

APPENDIX A: MODEL FORCE CURVES

To create a model force curve for testing the FCA method,
we use a combination of Morse and van der Waals interaction
forces for all simulations

Finodel (Zis) = FMorse (Zis) + Fyaw (2is)s (A1)

similar to the separation of interactions in Refs. [46,68]. One
contribution is the force corresponding to the Morse potential

Watorse (@1s) = Ep[2€7 (7700 — g72@man)], (A2)
describing the short-range interaction by
Putorse (2s) = 2Epk [~ 77) 4 72070 (A3)

The van der Waals force derived by Argento and French [69]
as the force between a cone with half opening angle ®, termi-
nated with a half sphere of radius R, and Hamaker constant H
HR*(sin® — 1)[(R —2)sin® — R — 2]
622(R+ % — Rsin ©®)?
Htan O[(Z + R)sin ® + Rcos(20)]
~ 6cos(®)(2+R — Rsin®)?

Foaw (zis) = —

(A4)

is used to describe the interaction of the mesoscopic tip with
the surface. Here, Z = 2 + Zoffset, Where Zogrser describes the
height of the nanotip attached to the mesoscopic tip. Accord-
ingly, we find for the force gradients

Katorse (@) = 2Epk*[e7< 77 — 2e7@TW] - (AS)

H
623(R + 2 — Rsin ©)?
x [R{2R* + 3Rz + (2R — 3)

x (=2(R + 2) + Rsin(®)) sin ©} + 2’ tan® O].
(A6)

kvaw (zts )=

These terms are used within the quantitative AFM framework
[44] to calculate the frequency shift curve Af(zp). The start-
ing point is an experimentally obtained force curve shown as
orange circles in Fig. 3(a). The parameters H, ©, and Zqggse; Of
the van der Waals interaction were fitted (with R = 5 nm kept
fixed) to these experimental data acquired on a CeO,(111)

surface with a bare silicon tip. For the Morse potential we
adapted a model for the interaction between Si atoms [50]
with the herein used parameters specified in Table I.

Fiure 3(a) presents the experimental force data (Fexp, cir-
cles) as well as the calculated Morse (Fyorse, green), van
der Waals (Fyqw, blue), and total (Fpogel, red) force curves.
The latter curves are calculated using the parameters listed in
Table I.

The model force data Fiogel(zip) is used to calculate
frequency shift Af(z,) curves for representative oscillation
amplitude ranging from about 2 to 20nm [Fig. 3(b)] with
the quantitative AFM framework [44]. Experimental A f data
are included in Fig. 3(b) and match the simulation result for
A = 8.5nm as expected from the sensitivity factor and the
chosen voltage amplitude. In a further step, A f(z;,) curves are
converted into y(zp) curves using the definition of the nor-
malised frequency shift [62] [Fig. 3(c)]. This figure highlights
the limitations of the concept of the normalized frequency
shift: even for the two largest amplitudes of 8.29 and 16.6 nm,
the y (z,) curves do not match.

In Fig. 4 we explain the use of the symbols to describe
the probe position along z. Once the coarse approach is com-
pleted, the tip is positioned by adjusting the piezoposition z,
to yield a certain tip-sample distance z,,. While the relative
movement in z, is well known from a respective calibration,
the absolute position zis is @ priori not known. As the force
curve F(z;) does not have a well-defined endpoint, the origin
z = 0 cannot easily be defined and is practically chosen with
an arbitrary offset. In a dynamic measurement, z; is a function

TABLE 1. Parameters for the Morse and van der Waals interac-
tions used within the simulations.

Morse interaction

E, 4.638 zJ
0o 850 pm
K 2.50nm™!
van der Waals interaction

H 357.619 z)

® 29.7°

R 5nm
Zoffset 583.04 pm
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z piezo

FIG. 4. Axis system describing the vertical z positions. The no-
tation follows Ref. [44].

of time and zi(¢) is often assumed as a quasiharmonic oscilla-
tion around the center position z. with amplitude A [44]. The
Sader-Jarvis force inversion algorithm is implemented to yield
the force as a function of the tip-surface distance specified
by the lower turning point z;, of the oscillation. Therefore,
we plot measured frequency shift curves A f(z,) as a function
of the known coordinate z, with an arbitrarily chosen origin.
Likewise, the force curve F(zi,) determined by the force
inversion is plotted as a function of the coordinate z;, with
an arbitrarily chosen origin.

APPENDIX B: y-METHOD

The y-method is a well-established standard procedure to
determine the sensitivity factor S based on a sequence of
approach and retract cycles performed with a set of voltage
amplitudes Vg. These voltage amplitudes represent a priori
unknown physical oscillation amplitudes A' [55]. For each set
point representing a certain V/, the mean tip-sample distance
Zc = Zs 18 adjusted by changing the piezo position z:) to a
value representing the same predefined tip-sample interaction.
Crucially, the tip-sample interaction cannot be measured but
is commonly estimated by the normalised frequency shift
y = koA2Af/ fo where kg is the modal probe stiffness, A f
the observed frequency shift, and fj the probe eigenfrequency
[62].

In the calibration experiment, V, is stepwise increased
and decreased (up and down), while the given normalized
frequency shift y is kept constant by the choice of an ap-
propriate frequency-shift setpoint Af%,. As a consequence,
the topography feedback loop adjusts zl’; accordingly. The
amplitude calibration factor S, . = Az,/AVy is the slope of
the graph in a plot of the piezopositions zl’; as a function of the
voltage amplitudes V,/. An exemplary result of this procedure
for a silicon tip over the ceria surface is shown in Fig. 5. Note
that in this and all other measurements, the y-method does
not directly yield S, but S, . = S, cos(a) as the direction of
the oscillation is usually inclined by an angle of « (in the
present setup o ~ 12.5°) with respect to the surface normal
(see Appendix C for further details). The S, =S, ./ cosa
value derived from this calibration curve was used as the

0 : : : : : :
. up III
-0.57 « down ’,' 1
4| =~ -average & |
A |
E -157 & 1
(= e
:n. -2r ,”, AZP nm
LA s = =468.6—
25¢ Ut AV |28
2 S, . nm
3.7 =2 =480.022
r cosa V
35— : ‘ : : :

20 21 22 23 24 25
Vv, (mV)

FIG. 5. Determination of the sensitivity factor S utilizing the
y-method for a silicon probe over a ceria surface. S, ; follows from
the slope of a linear regression and S, from a correction for the in-
clination o between the cantilever oscillation and the surface normal
(a & 12.5° for the herein used system).

starting value for the force curve alignment in Fig. 1(b) of
the main paper.

The accuracy of the y-method is analyzed by simulations,
yielding results shown in Fig. 6 together with corresponding
experimental measurements. The realistic model force curve
as described in Appendix A is used for calculating y(z)
curves for different VAI; exemplary y(z) curves are shown in
Fig. 3(c). Several S, measurements were performed exper-
imentally with the same tip for a series of Y, values and
three different starting voltage oscillation amplitudes VA1 (start
values are increased by 25% for the y-method). Experimental
(circles) and simulated (lines) data for S, of these calibra-
tion cycles in Fig. 6 display the determined values for S,
as a function of yg and various starting voltage amplitudes
VAI. The horizontal line marks the true value of S = Sgca as
obtained by the FCA method. As evident from these data,
the y-method is prone to errors as the result for S, clearly
depends on the chosen parameters. Valid results can only be

900 — Sysimulation: Sy experiment:
1 1
—V!=10mv o Vl=10mv
800 A A i
—V,=20mV o Vy=20mV
s 700 vV, =40mv vV, =40mv 1
1_
Eeoof—VA—EmV 4
.
? 500 N /E 7
400F : N 1
s
300 1 1 1 1 1 1 1 1 FCA
16 14 12 -1 08 -06 -04 -02 0
1/2
Voor (INM'%)

FIG. 6. Simulation and experimental results for determining S
using the y-method. Experimental data are represented by circles
while solid lines are the result of simulations. The value §, =
480nm/V marked by “Fig. 17 is used as the starting value S, for
the FCA simulations in Fig. 1.

075409-6

79



5. Alignment method for the accurate and precise quantification of tip-surface forces

ALIGNMENT METHOD FOR THE ACCURATE AND PRECISE ...

PHYSICAL REVIEW B 103, 075409 (2021)

Azx™ =~ 2A2 tan(«) A?
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FIG. 7. Effect of the cantilever inclination towards the sample
surface. The lateral movement of the tip Ax" from the measurement
position above an Au cluster is a function of the oscillation amplitude
A},

expected for very large start amplitudes A and in the limit
of strong tip-surface interaction y,. For start amplitudes Al
below 5 nm, as are commonly used in NC-AFM imaging, we
note that the S, curves do not approach Sgca but are always
offset. In this case, the set point y,; cannot be further reduced
beyond about ys; ~ —1.5fN m!/? as the minimum of the y (z)
curve is already located close to this value. Experimental data
in Fig. 6 were taken with a fairly sharp silicon tip interacting
with the CeO,(111) surface. We find that the S, offsets and
deviations from Sgca are even larger when using a tip with
a larger tip radius such as a Pt/Ir-coated coated tip (data not
shown). In summary, the y-method yields an estimate of §
that may be close to the true value, however, it is not a reliable
procedure to determine an accurate value for S.

APPENDIX C: EFFECTS OF CANTILEVER INCLINATION

In many experimental setups, the direction of the probe
oscillation is inclined by a small angle « with respect to the
the surface normal (see Fig. 7). Hence the distinction between
two different amplitudes A and A, is important. The first
one, A, is the physical oscillation amplitude of the cantilever
beam end, while A, is the projection on the surface normal
vector with A, = A cosw. The oscillation voltage amplitude
V, is measured in the experiment. This voltage amplitude is
linked to the physical oscillation amplitude by the sensitivity
factor S = A/Va. Hence a sensitivity factor representing the
vertical component only can be defined as S, =S - coso =
A,/Va. Consequently, the cantilever inclination not only re-
quires the distinction between two physical amplitudes A and
A, but also the distinction between two sensitivity factors
S and S..

An inclination of the cantilever oscillation to the surface
normal is further relevant when measuring in the vicinity of
a small surface feature (see Fig. 7), as it results in a lateral
displacement Ax between the lower and the upper turning
point during every oscillation cycle. Increasing the amplitude
A, results in a larger lateral movement Ax of the tip, which can
be described by the relation Ax =~ 2A, tan(«) (for oscillation
amplitudes that are small compared to the cantilever beam
length, the circular trajectory can be well approximated by a

straight segment). While this lateral movement has no effect
on measurements on large, homogeneous, and isotropic areas
of the sample surface, it introduces a systematic error when
measurements of a small object such as a metal cluster are
performed. As Fig. 7 exemplifies, an increase of the amplitude
results in a lateral movement of the tip possibly beyond the
cluster surface area. Thus, the force gradient in the vicinity of
the cluster affect the force measurement, specifically for large
oscillation amplitudes. As the force inversion algorithm does
not take this into account, but rather considers an oscillation
along the surface normal, this results in an erroneous force
curve. As seen in Figs. 2(c) and 2(d) of the main paper, this is
a notable effect.

APPENDIX D: EXPERIMENTAL METHODS

Sample preparation and NC-AFM measurements were
performed in an ultra-high vacuum (UHV) system at a
base pressure in the 10~'!mbar regime. CeO,(111) sur-
faces were prepared on a single crystal (SurfaceNet GmbH,
Rheine, Germany) by cycles of argon ion sputtering (pa, =
10~3 mbar, U = 1.5kV, I = 15mA, 5min) followed by an-
nealing at high temperature (1150 =+ 25 K) for 15 minutes, see
Refs. [64,65] for further details. Gold was subsequently de-
posited onto the CeO,(111) sample held at room temperature
by using small gold pieces (Purity: 99.99 + %,Goodfellow)
in a crucible of an electron beam evaporator (type EFM 3i
from Focus GmbH, Huenstetten, Germany). Regularly shaped
gold nanoparticles (typical widths of 10 nm and heights of 1
to 3 nm) were formed in a postdeposition annealing step at a
temperature of about (520 £ 25) K.

NC-AFM measurements were conducted using a modified
[70] commercial ultra-high vacaum AFM/STM instrument
(ScientaOmicron, Taunusstein, Germany) connected to an
R9 (RHK Technology, Troy (MI), USA) SPM controller.
Additionally, an atom tracking system [53] enabled the mea-
surement and compensation of drift during the experiment.
Drift effects were further reduced by a dedicated temperature
control of the laboratory. Kelvin probe force microscopy [71]
with sideband detection was activated to minimize electro-
static background forces. A bias modulation at a frequency
of fo = 1567 Hz and with an amplitude of 1V, was used. On
the gold clusters, a local Kelvin signal up to Vkppm = 1.7V
larger compared to the terraces was observed during the mea-
surements presented here.

Experiments were performed with standard silicon (type
PPP-NCH, Nanosensors, Switzerland, specified tip radius
<10nm) and platinum iridium (Pt/Ir) coated silicon can-
tilevers (type NCHPt, Nanosensors, Switzerland, specified tip
radius <25 nm). To remove the oxide layer and contaminants,
cantilevers were subjected to argon ion sputtering with the
following parameters: Si cantilever: p4, = 10~ mbar, U =
0.5kV, I =15mA, 5Smin; Pt/Ir-coated cantilever: pu, =
108 mbar, U = 0.5kV, I = 15mA, 2 min.

A bare silicon and a Pt/Ir-coated silicon cantilever with pa-
rameters fy = 277523 Hz, ky = 57.43N/m, and Q = 22000
(bare silicon) as well as fy = 277203 Hz, ky = 18.58 N/m,
and Q = 18900 (Pt/Ir-coated silicon) were used during the
experiments. The cantilever-specific force constants were
measured using the thermal method [67] and the eigenfre-
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FIG. 8. Data acquisition protocol for FCA.

quencies determined with the tip retracted by about 60 nm
from the surface. Due to the system geometry, the direction
of the cantilever oscillation is tilted with respect to the surface
normal by o &~ 12.5°.

APPENDIX E: FCA MEASUREMENT PROTOCOL

A set of 2N distance-dependent A f(z,) curves is acquired
with ascending and descending voltage amplitude values
ViWLvE VN N v v,

Data acquisition is started when sufficient time has passed
after the initial approach to reduce piezo creep artefacts. At
this point, atom tracking is activated to measure the residual
drift and to compensate for the linear component by the feed-
forward technique [53]. It is helpful to acquire a “dummy”
curve before the first measurement curve to ensure that the
piezo scanner yields a similar response during the whole mea-
surement set.

An initial estimate for the sensitivity factor S is made using
the y-method. Using this estimate, a series VA', ...,VAN of
N voltage amplitudes is chosen in the physical amplitude
range of interest. For the first voltage amplitude V, and a
suitable frequency shift setpoint A f}, the unscaled normalised
frequency shift y* = y; - fo/(koS¥?) = (V} Y2 A is calcu-
lated. The data acquisition procedure for each amplitude value
proceeds along the steps schematically depicted in Fig. 8.
These steps are repeated 2N times for N different amplitudes
using ascending and descending voltage amplitude values.

(1) Atom tracking is used to measure lateral and vertical
drift. Based on this measurement, the linear drift vector for
the feed-forward compensation is updated, feed-forward acti-
vated, and atom-tracking stopped.

(2) The voltage amplitude is set to the next value and the
frequency-shift set point is adjusted according to y*. To re-
duce the risk of tip instabilities, the frequency shift setpoint is
increased after increasing the amplitude value and decreased
before decreasing the amplitudes value.

(3) The topography feedback is switched off.

(4) The NC-AFM signals are sampled while ramping z;,
through the given range. The z, ramp range has to be chosen
to be at least 2A .« for the largest amplitude A« for a reliable

Structure of the data file

N: Number of setpoints
p: Number of measurement points

example_data.mat
.mat-file
1x1 struct char array
Vamp
[Lx2N double|
in (V)
zp
1x2N cell
in (m) [ ko

1x1 double

Each cell contains N times
[px1 double] arrays.

Required unit is shown in ()

df L in (N/m) ]
1x2N cell

in (Hz) [ fo ]

1x1 double

TipParam L (GE
1x1 struct

Q

1x1 double

L nounit ]

[SzGamma]

1x1 double

L in(m/V) ]

FIG. 9. Schematic construction of the struct EXAMPLE_DATA.MAT
in MATLAB.

force calculation. In the present case, we choose amplitudes
up to about 20 nm with a z;, range of 60 nm in 25 pm steps.

(5) With the tip held at the largest separation to the sur-
face, the center frequency f; is readjusted in the phase-locked
loop to compensate for thermal drift of the center frequency.

(6) The tip is then moved back to the surface and the
topography feedback is reactivated.

(7) The procedure is repeated by starting with step 1 until
all voltage amplitude values are processed.

We typically measure a total of 12 or 14 Af(z) curves
per position, thus using six or seven different amplitudes. To
determine nonlinear drift and creep artifacts in the dataset,
it is most helpful to acquire the curves in equidistant time
steps. Hence, the complete FCA measurement protocol is
implemented in a script form to ensure that the curves are
measured in equidistant time steps Zeycle.

APPENDIX F: FCA DATA ANALYSIS PROCEDURE

The true force-distance curve is derived from the mea-
sured set of A f(zp) curves by a multiparameter optimization
algorithm. This algorithm is implemented in the MATLAB
method applyFCA explained here in detail. The applyFCA
function requires as input several arguments for the optimisa-
tion process. These are SGFILTPARAM, NODEPARAM, OPTIONS,
DATA_PATH, and SAVE_PATH. SGFILTPARAM is a MATLAB struct
containing information about the frame size and order of
the Savitzky-Golay filter [72] applied during the force in-
version for calculating the derivative [73]. All information
about the node placement on the reference force curve is
saved in the struct NODEPARAM. The OPTIONS struct contains
the options for the built-in MATLAB function FMINSEARCH
utilized by this implementation. Default values suitable for
FCA are included. The results of APPLYFCA are saved in
the directory set in SAVE_PATH and the data file is loaded
from the location given in DATA_PATH. By running the script
RUN_FCA.M, all parameters are set and inserted into the
function APPLYFCA. The complete optimization can directly
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FIG. 10. Schematic overview of the output data of FCA.

be run by using the example data provided in the file EX-
AMPLE_DATA.MAT (see Fig. 9). The corresponding results
(structure of the result struct shown in Fig. 10) are stored in the
file EXAMPLE_DATA_FCARESULT.MAT. This file resides in the
SAVE_PATH folder as the input data after running RUN_FCA.M.
The input data file (here EXAMPLE_DATA.MAT) is copied to
the output folder and thus stored with all generated output
data. The example data fulfill the minimum requirements of
one measured data set as outlined in Fig. 9. The minimum
requirements are matrices with the frequency shift data (field
df), the voltage amplitudes (field Vamp), the piezopositions
(field zp), the basic cantilevers properties determined in the
experiment (force constant k0, cantilever eigenfrequency f0,
and quality factor ), and an estimation of the sensitivity
factor S; which is here stored in the field SzGuess.

The flowchart in Fig. 11 depicts the work flow of the FCA
method as implemented in the script RUN_FCA .M. This script
executes the optimization process in APPLYFCA as the central
routine. In a first step, initial parameters for S, and for the
drift compensation are calculated. With an initial estimation
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FIG. 11. Flowchart for FCA analysis procedure.

for S; (e.g., by using S, ), the voltage amplitudes V; are
converted to the physical oscillation amplitudes A’. The drift
is approximated by a third-order polynomial. The initial S,
value and the polynomial coefficients pl, p2, p3 are saved in
INITPARAM. This four parameter tuple (S, pl, p2, p3) is opti-
mized to find a minimum deviation between nodes placed on
the set of force curves utilising the build-in MATLAB function
FMINSEARCH. The force conversion is executed by the script
FEVEN_DECONV.M using the inversion algorithm by Sader and
Jarvis [48]. In the set of force curves, six nodes with equiva-
lent forces are placed within the region of steep slope of every
force curve. To prohibit that the nodes are affected by data out-
liers, every node is averaged over five samples. As a measure
of the curve’s deviation, the RMS deviation (epsRMS) of all
nodes with respect to those of a reference curve is calculated.
Hence, the final EPSRMS value is a measure for the quality
of the optimisation. The reference curve is the first curve of
the measurement set, it is drift free and thus is not affected by
the drift correction but rather only shifted by S,. The nodes
are placed with respect to the smallest shared absolute force
value of the complete force curve ensemble. This optimization
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FIG. 12. Error analysis for the FCA method. The width of the
erms(S) curves 25% above the minimum egygs value is marked by
horizontal lines. Analysis for (a) silicon and (b) Pt/Ir-coated tip.

routine terminates when a specific threshold value for the
optimization or an iteration limit is reached. This termination
criteria can be set in the OPTIONS struct for FMINSEARCH. Note
that the code strictly uses S;, the conversion to S has to be
performed with the resulting value.

APPENDIX G: ERROR ANALYSIS

To quantify the quality of the FCA optimization, we in-
troduce an analysis based on the erms(S) curves as shown
in Fig. 12. The curves are the result of keeping the opti-
mized drift polynomial constant and calculating egys for S
values around the minimal value Sgca. The width of the
curves around the minimum can be interpreted as the un-
certainty of the optimized result due to experimental errors
where a narrow dip in erpms(S) reflects a small uncertainty
in the optimized force curves. As a conservative estimate
for the accuracy of Spca, we determine the full width of
the erms(S) curve at an egrms value 25% above the mini-
mum value. This is shown for the measurements with the

silicon [Fig. 12(a)] and Pt/Ir coated cantilever [Fig. 12(b)]
and yields S, = (414.6 £1.9)nm/V and S, = (383 &
8)nm/V for the bare silicon tip and ng:A = (1693 +
0.5)nm/V and Sp¢, = (165.5+£0.9)nm/V for the Pt/Ir-
coated tip. For both off cluster measurements, S varies by

less than 0.5%, highlighting the robustness of the FCA
method.

APPENDIX H: FCA WITH MATRIX FORCE
INVERSION ALGORITHM

All results in the main paper are based on the FCA method
utilizing the force inversion algorithm introduced by Sader
and Jarvis [48]. In this Appendix we demonstrate that FCA
can be performed equally well with the MATRIX algorithm [47]
for force inversion with the comparison reproducing known
differences between the two algorithms [50].

Figure 13 presents results of FCA with the MATRIX algo-
rithm applied to the datasets from the simulation [Fig. 13(a)]
as well as from the experimental off-cluster measurements
with the silicon [Fig. 13(b)] and Pt/Ir-coated [Fig. 13(c)] tips.
The input data for FCA with the MATRIX algorithm used in
Fig. 13 are identical to the data used in the main paper for FCA
with the Sader-Jarvis algorithm (see Figs. 1 and 2 of the main
paper) besides applying a Savitzky-Golay smoothing filter

[72] with frame size 22 and of order 2 to the frequency shift
A f data. We chose to apply this prefilter as a strategy to yield
similar noise levels in the resulting force data as achieved with
FCA+Sader/Jarvis. In the latter case, a Savitzky-Golay filter
is used at the derivation step (see also Appendix F), however,
a similar strategy for calculating the derivative in the MATRIX
algorithm is not provided. Thus, we revert to filtering the input
Af data.

The results for the sensitivity factor S are virtually identical
to the ones yielded with the Sader-Jarvis algorithm. The force
curves resulting from the simulated data [Fig. 13(a)] show a
perfect overlap and the residual error egrys represents again
solely the numerical error. An excellent overlap of the force

20 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 1
(a) simulation (b) silicon tip (c) Ptlr coated tip v
o ] of sttt of =1 [ ¢
o IS /Mm’w o
o (i .
=20 + e 10 f -50 i
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e ° £2-30 =
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FIG. 13. Results of the FCA method utilising the MATRIX force inversion algorithm [47] for (a) a simulated data set (identical model force
as in the main paper, see also Fig. 1) and experimental measurements performed with (b) a silicon tip [off-cluster, see also Fig. 2(c)], and (c) a

Pt/Ir-coated tip [off-cluster, see also Fig. 2(d)].
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curves with slightly smaller egys values are also found for the
experimental data acquired with the silicon and Pt/Ir-coated
tips. The slight differences in the resulting values, in the
noise levels, and the number of single outliers apparent in
Figs. 13(b) and 13(c) are explained by the different filtering
strategies as outlined before. We found that the sensitivity

values S calculated with FCA+MATRIX slightly differ at dec-
imal places when modifying the filter parameters, yet, these
fluctuations are well within the accuracy of the FCA method.
A detailed discussion on the differences between the two force
inversion algorithms has been presented before by Welker
et al. [50].
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6. Quantitative dynamic force
microscopy with inclined tip
oscillation

With the possibility to precisely measure forces with dynamic AFM using FCA
[53], its revealed that the inclination of the cantilever, leading to an inclination of
the tip oscillation path of usually 10° to 20° with respect to the surface normal, is
not considered in the prevalent description for dynamic AFM. Yet, this inclination
can have a notable effect on force measurements by causing systematic errors in
experimental force data.

In the following manuscript, therefore the mathematical description of dynamic
AFM is extended by a free orientation of the oscillation path and the measurement
of nanoscale forces with an inclined sensor not along the vertical direction z as
is common practice, but rather along an inclined axis w is proposed. This axis
is defined to be parallel to the inclined oscillation path in order to generate the
necessary overlap for the force deconvolution procedures. Using numerical calcu-
lations, first the effects of an inclined tip oscillation for prevalent data acquisition
and analysis protocols are simulated and the resulting systematic deviation are re-
vealed. Second, data acquisition and force recovery along the inclined axis w is
simulated yielding excellent agreement between the raw and recovered data. For a
conservative force field, the resulting force principally contains the same physical
information as a vertical measurement, yet it represents the projection along the
axis w.

Summarising, the following manuscript extends the theory of dynamic AFM by
including the angle of an inclined tip oscillation, discusses the physical consequences
from simulated data on force measurements, and introduces a modified protocol for
AFM-based force measurements with an inclined sensor.

The following work initially was published in [58].
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Abstract

In the mathematical description of dynamic atomic force microscopy (AFM), the relation between the tip—surface normal interac-
tion force, the measurement observables, and the probe excitation parameters is defined by an average of the normal force along the
sampling path over the oscillation cycle. Usually, it is tacitly assumed that tip oscillation and force data recording follows the same
path perpendicular to the surface. Experimentally, however, the sampling path representing the tip oscillating trajectory is often
inclined with respect to the surface normal and the data recording path. Here, we extend the mathematical description of dynamic
AFM to include the case of an inclined sampling path. We find that the inclination of the tip movement can have critical conse-
quences for data interpretation, especially for measurements on nanostructured surfaces exhibiting significant lateral force compo-
nents. Inclination effects are illustrated by simulation results that resemble the representative experimental conditions of measuring
a heterogeneous atomic surface. We propose to measure the AFM observables along a path parallel to the oscillation direction in
order to reliably recover the force along this direction.

Introduction

Atomic force microscopy (AFM) is a quantitative technique that
allows for probing the force field above a surface in one, two, or
three dimensions. While imaging in a plane parallel to the sur-
face provides nanoscale and atomic structural information [1],
force curves, usually acquired along a recording path
perpendicular to the surface, provide quantitative information
about the details of the tip—surface interaction when properly
analysed [2]. Recently, a universal description of quantitative
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dynamic force microscopy based on the harmonic approxima-
tion has been developed [3], yielding three central equations
that link the physical interaction parameters force Fy, and
damping ¥, with the measurement observables static deflec-
tion g, oscillation amplitude A, and phase ¢ as well as the exci-
tation parameters frequency fexc and force Fey.. This theory
specifically predicts the distant-dependent frequency shift of a
tip moved perpendicular to a surface for a given force curve.



Inversion formulae are available that allow for the extraction of

the interaction force from measured frequency-shift data [4,5].

A tacit assumption of all prevalent algorithms for force inver-
sion is that the axis of data acquisition (herein denoted as the
recording path, usually the axis of the piezo scanner, zp) is
parallel to the axis of the oscillation (herein denoted as the sam-
pling path). However, in a typical experimental setup this is not
the case. Instead, angles of 10° to 20° between these two direc-
tions are often present for technical reasons. Consequences of
this inclined AFM cantilever mount have been identified before,
in particular for atomic force microscopy performed in static
(“contact”) mode where an effective spring constant [6-8] has
been introduced and a torque [9,10] as well as load [11]
correction has been applied. Additionally, a tilted cantilever has
been found to lead to a modification of the tip—sample convolu-
tion [12], to enhance the sensitivity of the measurement to the
probe side [13], and to influence results of multifrequency AFM
and Kelvin probe force microscopy [14]. In the presence of a
viscous damping layer, in-plane dissipation mechanisms have
been found to cause systematic changes of the phase shift in
amplitude-modulation AFM depending on the cantilever incli-
nation [15]. Furthermore, it has been proposed to use the pres-
ence of a lateral component in the tip oscillation path for the in-
vestigation of in-plane material properties, such as the in-plane
shear modulus [16]. Last, the influence of the inclination be-
tween oscillation direction and surface plane has been used in
lateral force microscopy to determine the probe oscillation
amplitude [17].
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Here, we extend the established mathematical description for
dynamic atomic force microscopy [3] by including free orienta-
tions of the tip sampling and data recording paths. The result-
ing formulae are discussed and implications for precise force
measurements [2] are identified and quantified. Most important-
ly, the data acquisition with an inclined tip sampling path
requires modifications of the experimental procedures and data
analysis protocols for force measurements to avoid systematic
errors in the interpretation of force curve and imaging data.

Results and Discussion

Sensor positioning, sensor displacement, and
tip position

Prerequisite to quantitative force microscopy is a precise defini-
tion of the involved probe and sample coordinates as well as
probe dynamical parameters that are outlined in the following.

In dynamic AFM, the force F acting between a sharp tip and
the surface under investigation is measured as a function of the
tip position 7 that is usually described in Cartesian coordi-
nates with the origin placed in the sample surface and the z-axis
with unit vector €, oriented perpendicular to the surface as
shown in Figure 1. Lateral movements of the tip as applied for
imaging are associated with the x and y axes, while the tip—sur-
face distance zg is measured along the z-axis. In most AFM
implementations, the force measurement is restricted to
nominally measuring the normal component of the tip—sample
force F = Fts -&,, often denoted by Fy. The ideal force curve

(c) (d)
static mode dynamic mode
F.<0 F,=F 1)
z,<0, g=q(f)
z ZP Zﬁp
—
crs_” ------------------ ,_O
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q
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Z, =Zg<q; +z |
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. b Zip
ro
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=q5—A+zp+zo+E‘>z0

Figure 1: Coordinates describing the one-dimensional tip positioning and movement. See main text for description.
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6. Quantitative dynamic force microscopy with inclined tip oscillation

is a measurement of Fé(zls) while the measurement of
Fi (xts,yts,zts) is referred to as force mapping.

To measure the tip—surface force in a dynamic measurement,
the force probe acts as a high-Q oscillator and elastically
responds to Fy, by static and dynamic displacement described
by ¢=g-¢, with ¢, being the unit vector along the tip sam-
pling path. This path is usually straight and assumed to be
strictly parallel to &,. Furthermore, we assume an infinitely stiff
sensor in directions perpendicular to €, as well as a linear
sensor response along &,. Then, the static probe response
follows Hooke’s law FJ (xts,yts,zts)=kq, with k being the
static sensor force constant [18]. In dynamic mode operation,
the sensor is excited to periodic displacement g(¢) = g(t + 1/foxc)
along the g-axis at an excitation frequency fexc.

To bring the tip in the desired range of interaction with the sur-
face and to perform the movements required for imaging, force
mapping, and taking force curves, the sensor is moved by
coarse and fine positioning elements acting at least along the
z-axis. To accomplish this, the sensor is attached to a piezo ele-
ment allowing for fine positioning that, in turn, is attached to a
coarse positioning system. The respective sensor positioning
movements, the sensor oscillation, and its response to the mean
tip—surface force are illustrated in the sketches of Figure 1 for
the case of parallel tip sampling and data recording paths.

Initially, the sensor assembly is moved towards the surface by
the coarse positioning system so that the relaxed piezo rests at
position z.¢ and the tip at its starting position z (Figure la). In
its relaxed state, the z piezo and the force sensor have a length
of lg and lso, respectively. Applying a voltage to the z-piezo
results in an extension of the piezo length /, that is described as
a piezo position zj, on the separate axis z, with unit vector &,
and with the origin chosen to coincide with the z.. position
(Figure 1b). As the unit vectors €, and €, are chosen to point
into the same direction, a piezo extension zp < 0 results in an
approach of the tip towards the surface while z, > 0 indicates a
tip retraction. Coarse and fine approach define the sensor posi-
tion zge, = z( + zp, Which is at this point identical to the tip posi-
tion (tip—sample distance) z as the force Fig acting on the tip is
unmeasurably small for sufficiently large z. Upon further ap-
proach of the sensor, however, the tip experiences a measure-
able force, yielding a static sensor displacement g, described on
the g-axis with the origin chosen at zg,, corresponding to the tip
centre position z¢ = zgen + ¢ (Figure Ic). As €; and €, point in
the same direction, a sensor displacement ¢ < 0 corresponds to
a tip movement towards the surface. Note that the tip centre po-
sition z. cannot easily be set or determined as the static sensor
displacement is governed by the a priori unknown force curve.
Furthermore, g, is usually so small that it is at or beyond the
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limit of detectability for most NC-AFM implementations. In
dynamic NC-AFM operation, the sensor oscillates with an
amplitude A symmetrical to the static displacement g; with
turning points g; + A and g; — A (Figure 1d). The momentary tip
position at time ¢ can either be described as the displacement
q(t) or as the position zy(#), whereby the lower turning point
zg‘i“ is the point of strongest tip—surface interaction.

While the tip position and sensor dynamics can principally be
well described by the respective positions on the z-axis, this
axis is practically of limited use as its zero point cannot be
defined or determined in a reasonable way. This is due to the
fact that neither z.. nor lg can be determined with atomic-scale
precision, which would be needed for properly taking into
account the force curve Fé (zts)' Furthermore, it is conceptu-
ally difficult to define the position of the surface at the atomic
scale. As every force curve acquired on a surface diverges for
zys — 0, the natural choice of the z-axis origin would be the z
value approached by the diverging force. This point is, howev-
er, experimentally not accessible. Instead, precise values for the
piezo position z;, and the sensor displacement g(7) are experi-
mentally available. To derive a force—distance curve experimen-
tally, the usual procedure is therefore to apply dynamic AFM
and to measure the distance-dependent shift in frequency,
Afizp), of the sensor excitation frequency fexc that results when
phase resonance for the sensor oscillation is maintained
throughout the measurement [19]. The resulting curve Af(zp) is
a convolution of the covered part of the force curve F (zts)
and a kernel depending on the stabilised sensor oscillation
amplitude A. A sophisticated analysis of the Af(z;,) curves
measured with different oscillation amplitudes A yields a
precise result [2] for the force curve, yet with an arbitrary origin
along the z-axis. In theoretical modelling and analysis of
tip-sample interactions, it has been established as a standard to
represent force curves as Fy; = Fy. (zg’i" [4,5]. As z{‘s’i" is prac-
tically not accessible, for the representation of force curves we
introduce an axis z;, that is identical to the z-axis except for an
unknown offset 0z for the tip starting position and describe a
force curve resulting from the analysis of measured data as
F (Ztip) where z, = ZMi 5z,

Geometry for the inclined sampling path

A tip sampling path inclined relative to the z-axis implies that
the direction of oscillation € is tilted with respect to &; as illus-
trated in Figure 2. We introduce the inclined axis w parallel to
the tip sampling path with ¢, pointing in the direction of &,.
Assuming an inclination angle of a (with 0 < a < 1/2) between
é, and Eq, any position on the w-axis can be expressed by the
respective position on the zy,-axis by a simple geometrical
transformation. This implies that any sensor movement along z,

is not in line with the tip sampling path. Therefore, one has to

612



take into account that the inclined oscillatory motion of the
sensor can invoke significant lateral movement of the tip when
describing the Af signal formation and force deconvolution. If

the force field Fi(7g)=F,

ts(xts,yts,zts) above the surface is

homogeneous and isotropic with respect to the lateral coordi-
nates x¢s and y, the inclined axis of sensor oscillation can
be taken into account by using transformed position variables

Zp = Zp COSAL OF Zjp = Zgjp COSAL.

inclined oscillation
Fts = Fts(t)
2,<0, G=g)

lzﬁp

e ~10

crs —

z

C

min
z Mnl.

ts

Figure 2: Coordinate system for considering an inclined oscillation by
introducing the vector &, and the axis w.

If no such homogeneity is present, however, the w-axis has to
be taken explicitly into account. The definition of a zero posi-
tion of this w-axis goes along the same lines as the definition of
zero dz for the zyj,-axis by introducing w{;‘i“ and the uncer-
tainty dwy.

For the further discussion, we define the vectorial sensor dis-
placement g as

q(1)=a(r)-¢ ()
Within the harmonic approximation [3], ¢(#) is given as

q(t) =g+ A-cos(2nf t+0) 2)

with the static deflection g, the oscillation amplitude A, the ex-
citation frequency fexc, and the phase ¢ [3]. In its vectorial
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form, the momentary position of the tip 7 (t) is given as

(1) =747+ (0) v
=7 +A-cos(2ﬁfexct+(p)'é‘1 @

with the centre position 7, =7 +7;, + g€, start position 7, and
piezo position 7. These quantities generalise the previously
introduced z coordinates z, zo, and zp, respectively. We further
introduce the reduced amplitude A, as the projection of A on the
surface normal [2]

A, =A-coso. 5)

Equation of motion for the inclined sampling
path

Next, we derive the three AFM equations [3] linking the AFM
physical parameters with the experimental observables and ex-
citation parameters for a straight tip sampling path with arbi-
trary oscillation direction. The starting point is the differential
equation describing the displacement ¢(z) in presence of the
tip-sample force field Fi (Fts,?,s) and excitation force FZ_ as
follows

k . k
; > q—koq—z :
(Zn:fo) chOQO

q+Fe‘§(c (t)+Ft(sI (6],6?) (6)

with the sensor parameters fundamental eigenfrequency fj,
modal sensor stiffness kq [18], and modal sensor quality factor
Qo- This equation of motion is a one-dimensional differential
equation depending on the tip—sample force component
F{ = F(Fig.Fis ), following the description in [3,15,16]. The
vectorial tip—sample force can generally be expressed by the

sum of an even, F

wven> and an odd, F_;4, component

~Eq + Foqd €. (7)

The deflection ¢ is periodic with Teyxe = fe;lc and the tip—sam-
ple force component Ft‘S’ can, therefore, be expressed by the
Fourier sum

q _ 9.0
Fts_F

even

< . ®)
+z |:Fec‘l;e"n cos(21‘gfexct + (p) + F(:h’g sin (21'rfexct + (p)}
n=1
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6. Quantitative dynamic force microscopy with inclined tip oscillation

with the coefficient forn =0

T,

€Xxc

Fe%gn = fexc _[ ﬁeven (’7ts (t)j'ts (t))’éq dr )
0

and the coefficients forn > 1

I‘CXC
Fe%elllzzfexc J. Fis ('715 ([)’Fts (t)) 'éq COS(2Tmfexct+ (p)dt 10
0
T‘CXC = .
Fii=2fexe | Fis (7 (£). 7 (1)) €, sin(2mnfeuet + 0)dr. (1)
0

With the time average defined by [3]

T, T,

exc exc

(7-20) = (1) =foxe | £9(0)d0=Foxe [ F(0)-,01. 12)
0 0

for an arbitrary function 7 with projection f9=f-é , the
Fourier coefficients for n > 1 can be expressed in terms of time

averages
0 _ /7 s\ =
Fe(i/en = <Feven ¢y >t = <Fez/en >t (13)
Fl= 2<Fts "¢ c0s(2nnfexct + (P)>t (14)
F(?d’g = 2<FtS -, sin(2nnfexct + (p)>t . (15)

AFM equations for the inclined sampling path
The three AFM equations follow from evaluating the Fourier
coefficients FE0, F&L
culate the time-averaged form of the three equations (see

and Fo‘ldé. The first step is to cal-

Appendix section for the derivations)

<Feven 'éq>t =kog, (16)
. koA*( f2.)| AF4
<Feven'eq (q_qs)>t :02[1_;);0 —%COS({) (17)
0
2 2
= . T[koA f .
<F0dd .eqq>t :f(TOem+nfechFe‘§(c sing.  (18)
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In a next step, the time averages are transformed to spatial aver-
ages similar to the formerly introduced cup and cap average

functionals [3].

The harmonic approximation constrains the tip movement
within the (Fts,?ts) phase space to a closed trajectory. Conse-
quently, the parametrisation with a spatial coordinate along
this sampling path requires a parametrisation of the velocity
by this coordinate as well. To reflect this dependency, we
introduce the even force nge“ (Fts), formally defined by
Foen (Fts)=ﬁeven (Fts,ﬁs(ﬁs)) as the force along the tip sam-
pling path. Then, we further define the projection of an arbi-
trary function f° along the tip sampling path on the oscillation
direction ¢, as f °d = fe -&, and perform the integration along
the sampling path symmetrically to the centre position 7, of this
projected quantity £°?. The cup and cap averaging functionals

are then written as

These averages have now the structure of line integrals along
the tip sampling path parallel to e, spanning the range —A to A
as parameterised by ¢'.

We furthermore define the tip—sample force gradient along the

oscillation path, kg,
oscillation direction, namely

by the derivation of the force along the

o (7 +q’éq):d%ﬁc°vcn(fc +4,). @n

The three AFM equations follow now from Equation 16, Equa-
tion 17, and Equation 18 as

(Foven-2y) (%) =hots. 22)
s\ fexe |_ Fko
<kts'eq>m(c):k0 1- 2 ) cose 23
0
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whereby the vectorial damping coefficient y,; and the damping
coefficient ¥, along the oscillation path have been introduced
to write the odd force as

Fodd(as”%ts):_yts(’jtsjts)'q.:?:s(as)'q' (25

Force response for the inclined sampling
path

By reinterpreting the cup and cap averaging functionals as line
integrals along the inclined tip sampling path, three AFM equa-
tions were found that represent the general case for a probe
oscillating in an arbitrary direction. A probe orientation differ-
ent from the surface normal and its oscillation in the vector
force field above the surface has important consequences on the
measured force response and appropriate data analysis proce-
dures.

We demonstrate these consequences by simulating the frequen-
cy shift Af = foxe — fo in the frequency-modulated AFM mode
for different cases using a Morse potential

Morse (4) = Ep {—2 expr(d*GO)-i— expfzK(d*GO)] (26)

as a model that describes the interaction between two atoms at a
distance d by the parameters E, = 0.371 aJ, g = 0.235 nm, and
k =4.25 nm™! (adapted from [20]). We use this model for the
pairwise interaction between a tip with a heterogeneous surface
section. The surface section is built by arranging N, = 5 atoms
at zyg = 0 nm along the x-axis (with unit vector €,) at an
atom—atom distance of d, = 0.5 nm. To model a second atomic
species for the heterogeneous surface section, Ej, of the central
atom is scaled by a factor of four. A sixth probe atom at posi-
tion 7 representing the tip is moved within the force field

F,

ts (7ig) calculated from

N{l
Fts (ﬁs) = _VZVMorse (’Fts - (Fa +id e, )’) e

i=1

Vector 7, defines the origin of the surface section. In the
following, the central atom is placed at 7, = (x5, Y1, Zts) = (0.35,
0, 0) nm. The potential Vyjorse and the force components
FY=F-¢, as well as F; = F-&, are shown in Figure 3a, b,
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and c, respectively. A vectorial representation of the force field

in the x—zs plane is included in Figure 3a.

To illustrate the effects resulting from an inclined tip oscilla-
tion, four cases are discussed. Common to all cases is that the
data recording path, described by the oscillation centre posi-
tions 7, remains oriented parallel to the &, -axis, that is, perpen-
dicular to the surface as indicated by the dotted lines in
Figure 3b and Figure 3c. This represents the common experi-
mental protocol. In turn, the sampling path describing the tip
oscillation is inclined by different angles a within the xy—z
plane with the normalised inclined oscillation vector Eq = [sina,
0, cosa]. The tip trajectories during single oscillation cycles at

one fixed 7.

7 are indicated for each case by dashed lines in

Figure 3b and Figure 3c.

The force component F along the tip path is a scalar quantity
and shown for a = 45° in Figure 3d. Compared to the vertical
component F: (see Figure 3c), the shape at the atom positions
is asymmetric and the absolute contrast is diminished as a result
of projecting the vectorial force Fig onto e,

The force gradient k{’sq along the tip path and projected to Eq is
calculated by numerical differentiation along éq of the F,‘S] force
field. The result is used to calculate frequency shift Af data from
Equation 23 for ¢ = —1/2. As an example, we use parameters for
a sensor often used in low-temperature environments (tuning
fork sensor [21] with f = 30 kHz, kg = 1800 N/m, and A =
0.45 nm). However, similar effects can be present when using
parameters for other sensors as well. Frequency shift Af data are
calculated with the piezo axis located at xis = ys = 0 and moving
the tip along z, for data recording, while data are plotted as a

min

function of z

The solid blue curve in Figure 3e represents case (1) of a per-
pendicular oscillation with éq =[0,0,1]. When positioning the
tip along the & -axis for data acquisition, this case allows for a
reliable determination of the interaction force F; by applying
known inversion strategies [2,4,5].

Next, the tip inclination is set to o = 12.5° within the x—z
plane as case (2) shown in yellow in Figure 3b and Figure 3c.
The corresponding Af(z)(zgi") curve (dash-dotted yellow in
Figure 3e) is different from the blue Af(l)(zgi“) curve. This is
expected as the lower turning point moved sideways and the cap
averaging is performed along a different path than in case (1).
Note that in contrast to case (1), the tip sampling path has no
overlapping segments when moving the tip along z,. In case (3),
the lateral movement of the lower turning point is compensated
by subtracting the vector 571[p = [Ax, 0, Az] with Ax = —Asina
and Az = A(1 - cosa) from 7. The resulting Af(3)(zg’i“) data
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Figure 3: (a) Potential, (b) lateral force component, and (c) vertical forces for a pairwise Morse interaction summed over five surface atoms (positions
of two atoms indicated by red points in (a), further atoms are located outside of the shown region to model a surface section). The sampling paths
along the oscillation (dashed lines) as well as data recording paths (dotted lines) are included for four cases in (b,c). (d) Projection of the interaction
force on the &, -axis. (e) Af( zi'") curves calculated for four different inclination angles and starting points.

included as a dashed red curve in Figure 3e deviates from all
other curves.

When further increasing the inclination angle a as in case (4),
the deviation becomes larger as presented by the violet dotted
curve in Figure 3e for a = 45°. Last, we note that lateral compo-
nents are virtually absent for large tip—sample distances in this
model, leading to a convergence of the Af(zt“;i“) curves in the

min

regime zg'" > 1 nm.

Force deconvolution for the inclined sampling
path

The difference in the orientation of &, and &, violates a funda-
mental assumption of the commonly used inversion algorithms
[4,5]: The tip sampling path segments are not overlapping when
moving the tip along the data recording path for an inclined
oscillation. The resulting error in the force recovery is shown in
Figure 4c, where the red dashed curve presents the recovered

94

force for the case of an oscillation inclined by a = 12.5° and Af
data recorded along é,. As is apparent, the force curve does not
match the model reference curve, F (zgﬁ”), included as the
solid black line. In contrast, the force curve recovered for the
vertical oscillation and vertical data recording (e, = [0,0,1],

blue curve) matches the reference curve.

As a solution to this issue, we propose to orient the recording
path for acquiring the AFM observables and parameters parallel
to the tip sampling path éq describing the tip oscillation. This
modification leads to an overlap of the tip sampling path seg-
ments for nearby positions along the data recording path. There-
fore, the deconvolution using the known algorithms can be per-
formed in the usual manner. Naturally, the result will not repre-
sent the perpendicular force Fi, but rather describes the force
component F‘SI along the w-axis, parameterised by the scalar
variable w{;"‘“. For a conservative force field, the vertical inter-

action force could in principle be calculated from this result.
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Figure 4: (a) Heterogeneous surface potential with the tip-sample force vector field indicated by arrows (same as Figure 3a). (b) Vertical force com-
ponent with the tip sampling path (dashed lines) and data recording path (dotted lines). (c) Tip—sample forces plotted with respect to the vertical coor-

dinate zg". (d) Tip—sample forces plotted with respect to the parameter w,

" along the inclined oscillation direction. Remaining small deviations be-

tween the (c) black and blue curves and (d) black and green curves are explained by the approximations present in the Sader—Jarvis algorithm [20].

Additionally, if the full force field is of interest, this can be
extracted by systematic measurements of many Af curves using
the appropriate experimental procedures [22].

Simulation results for moving the tip along the inclined path
during data acquisition and extracting the force along this path
are presented in Figure 4d by the green curve. The force along
this data recording path is correctly recovered as shown in
Figure 4d where the green dash-dotted curve closely matches
the model curve (in solid black) extracted along this path. Note
that the force along an inclined w-axis is different from the
vertical interaction force along z™"
Conclusion

Several conclusions can be drawn from extending the mathe-
matical description of dynamic force microscopy by arbitrary
tip sampling and data recording paths. For a typical inclination
of a = 12.5°, the minimum force was calculated to differ by

more than 5% when compared to a result not taking the inclina-
tion into account. The magnitude of this difference depends on
the model parameter choice and geometry: The difference can
be amplified or reduced depending on the oscillation amplitude,
on the interaction potential strength and decay, as well as on the
atomic geometry. For example, edges of finite atomic slabs or
larger atomic clusters generate significant effects. In practice, a
model calculation is required to determine the uncertainty in the
measured force due to the inclined tip oscillation.

Precise forces are measured if the data recording path, here
introduced as the axis w, is aligned parallel to the tip sampling

path, here described as the vector &,
force represents the component F[‘S] (w) of the tip—sample force

. The resulting measured
along this direction. Despite the formal and quantitative differ-
ence from the commonly considered vertical component

FZ(z), the component along w delivers identical physical
insights into the tip—sample interaction.
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Appendix: Mathematical Derivations
AFM Equation 1

The first AFM equation follows from evaluating the Fourier
coefficient F30 | defined by

0 _(F g\
Fio =(Fi-3,) = (Fd >t~ 28)

The tip—sample force can furthermore be written as a sum of an
even and an odd force

(29)

By definition of an odd force, the time average <Fodd -Eq> eval-
t

uates to zero. We compare this equation by introducing the

equation of motion (Equation 6) for F{ and using the fact that

the time average is a linear functional

_ ko iy ek (g +
——(2%)2(4% ko (a),

ko
2100y

(@), ~(Fexe )+ 30

With the harmonic approximation (Equation 2) it can directly
be shown that <q)t :<ij)t :<Fexc>, =0 and g5 = {g),. The first
AFM equation directly follows as

<Feven'éq>t:k0qy (31)
AFM Equation 2
The Fourier coefficient Fe‘l’eln is defined as
Bl T
Fe?/en = 2<Fts €y COS(ZTEfexct + (P)>t : (32)

Within the harmonic approximation (Equation 2), this term can
be written as

2

=~ (Fs-5(a-4,)), (33)

and Fi  be expressed by even and odd forces

(Foven &, (a=4y)), +£<ﬁodd g,(a-4,)), @

2
4 A

whereby the average <Fodd'éq (q—qs)>’ evaluates to zero.

Using the equation of motion (Equation 6), the Fourier coefti-
cient can be written as
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2o _Ttag), 0,0, ]+ 2] (), -0, @),

2
A(2
(ZZfO) 2 G
+FJIEQ()|:<q-q>t 4 <q>, :| 7;[<Fexcq>, 4 <Fexc >t j|
In full analogy to [3], this equation evaluates to

fz
=kyA| 1 f% —F . cosp (36)

0

whereby the identities <q>t :<Q)t :<éj)t :<c'1q)t :<Fexc>, =0
are used.

AFM Equation 3

The Fourier coefficient Foqc{(li is defined as

,1 T3 o
Fo%d = 2<FtS "8 sm(anexct + (p)>t 37
which can be written as
) ~
=——— = [F .24
anech ts qq>t (38)

by using the harmonic approximation, Equation 2. The force is
again expressed as a sum of even and odd contributions

o znfjch RF even &), * (Foaa ‘%qﬂ (39

whereby <Feven ~éqq> evaluates to zero. Using the equation of
¢
motion, Equation 6, this is equal to

__ 2 ko ... .
 2exed| (2ny ) ) oo

P (g2) —<Fexcq>t}-

(40)

21Oy

With the identities <q‘q>r = <qq>t =0, this term evaluates to

ko A .
:_5—0f;—’;°—Fexc sin . @1
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7. Quantitative CFM theory

Charge force microscopy (CFM) is a method for the quantification of nanoscale
charges on, in or above a the sample substrate. It implementation is a major
achievement of the present thesis. In its technical realisation, CFM is similar to
FM-CL-KPFM. However, the quantitative signal evaluation in CFM is based on
the electrostatic model introduced in chapter and therefore does account for
all charges located in the tip-sample capacitor. As the classical KPFM theory only
considers the contact potential difference voltage Vipp, it is the fringe case of CFM
theory if no charges are located in the considered tip-sample capacitor. In this
chapter, the full formal derivation of the quantitative CFM theory is presented [68|
69, 70].

For formally describing a CFM experiment, the AFM theory has to be expanded
to consider additional spectral components in the displacement spectrum F [¢(t)]
which are due to the electrostatic interaction caused by modulation of the potential
difference V' between tip and back electrode with frequency fo. To include that
electrostatic interaction in the equation of motion of the tip , the tip-sample
force F7(zs(t), 2s(t)) is expanded by the electrostatic force derived from
the model introduced in section 2.3.2] Considering the resulting tip-sample force
F%(zs(t), 2(t), V) within the equation of motion of the tip in case of a
modulation of V' with frequency f. yields all additional spectral components in
the displacement ¢(t) occurring in a CFM experiment. Limiting the harmonic
approximation to the tip movement only and allowing the displacement ¢(t) to
remain an arbitrary function of time, allows to solve the resulting equation of
motion and to obtain a quantitative description of the full displacement spectrum
F [q(t)] of a CFM experiment containing different mixtures of both frequencies foy.
and fq.

For a shorter notation, in this chapter, Fy) represents the force F SOdy describing the

electrostatic body-body interaction between the conductive tip and the metallic
sample support as introduced in section [2.3.2]
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7. Quantitative CFM theory

7.1. Modulated electrostatic force contribution to
the tip-sample force

Consider the electrostatic tip-sample force during an CFM experiment as
described in section where a modulated external voltage is applied
between the tip and the metallic back electrode of the sample. Based on the elec-
trostatic model introduced in section the voltage V', between tip and sample
support generally is given by relation ([2.3.16|), where inserting the modulated ex-

ternal voltage (3.3.10]) provides
V' = —Vepp + Vhias + Ver cos(27 fat) (7.1.1)

Inserting this into the electrostatic tip-sample force (2.3.29) and rewriting the re-
sulting relation by further using the theorem cos(z)® = £ (1 + cos(2z)) yields the
relation for the electrostatic force in the CFM experiment |70]

Fel(ztsa V) = Fel,a(zts) (712)
+ Fop(zts) cos(27 fat)
+ Fac(2ts) cos(2m(2fa)t)

where
1 aC’voi
Fel,a(zts> = 5 8ztsd |:(Vi)ias - VCPD) 2‘/6% (713)
al a(i)voi r;
- (Vbias - VCPD) Z Qiad()
i=1 Zts
1 Al a¢1nd rlarj)
2¢g 12213221 i) 0%
aC VoI N 8&?‘,01 I
Fap(zs) = Va oa & (Viias — Verp) — Z%ad()] (7.1.4)
Zts i=1 Zts
1 8Cvoid 2
= = 1.
Fel,c(zts> 4 azts ‘/el (7 5)

Due to the externally applied modulated voltage the electrostatic force ex-
hibits three spectral components related to the modulation frequency f.;. The term
F,» describes the static part of Fy, the second term Fy}, is the first harmonic in
respect to fo and F . is the second harmonic of the modulation at frequency 2 f,.
However, these spectral components of Fy only apply for a static tip (foxe = 0)
at a fixed tip-sample distance zi. In a dynamic AFM experiment there will be
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7.1. Modulated electrostatic force contribution to the tip-sample force

more spectral components due to the additional oscillation of the tip z(t). For
obtaining these spectral components, it is required to consider the modulated elec-
trostatic force as an additional contribution to the general tip-sample force
FZ(zs(t), 2s(t)) in the equation of motion describing the tip oscillation
in the interaction field of the sample. Therefore the tip-sample force is written

analogous to (7.1.2)) as [70]

Fi(zs(t), 2s(1), V) = Fa(2s(t), 2s(0)) (7.1.6)
+ Fip(21s(t), 245 () cos(2m fart)
+ i o (2s(t), Zs(1)) cos(2m(2ar))
Where F?

ts.o includes all voltage-independent contributions to the interaction force
and Fgj,. Hence this term is equal to the tip-sample force considered generally in
the previous chapter [4] but is now extended by the static electrostatic interaction
term Fi, of equation (7.1.2)). In return, this means, that F,,, cannot a priori
be distinguished from all other tip-sample interaction forces by measuring foxc.
The other two terms are due to the modulation of the voltage V' between tip and
sample support by f. and thus exclusively describe electrostatic interactions which
provides the identities F, = Fqp and Ff . = Fu.. Because the electrostatic

force ([2.3.29) is conservative, it does not depend on the tip velocity Zs in contrast
to some force contributions of F? .. Hence F7 , is a function of both, tip-sample

ts,a” ts,a
distance and tip velocity F, , = F{. ,(2(t), Zis(t)), while Fyp, and Fp . only depend

on the tip-sample distance zts( ). Consequently, the tip-sample force containing the
modulated electrostatic interaction can be represented as

Fi(zs(t), 2s(1), V) = Fia(26s(1), Zs(2)) (7.1.7)
+ Fap(zs(t)) cos(2m fat)
+ Fac(2s(t)) cos(2m(2fa)t)
Inserting this result into the equation of motion (4.3.17)), yields an relation de-

scribing movement of the tip in interacting with the sample force field and the
modulated electrostatic force applied for CFM detection as

(2:;())24@) =~ hoa(t) — o I;ZQOW) (7.1.8)
+ Fexc(t)
ts a(zts(t) Zts( ))
+ Fel b(2ts(t)) cos(2m fart)

+ Foe(2s(t)) cos(2m(2fa)t)

As explained in section an analytical solution of equation (|7 is generally

not possible, because the unknown tip-sample force Fy , and the electrostatlc con-

tributions Fgp, and Fi . are dependent on the tip—sarnple distance z(t), which in
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7. Quantitative CFM theory

return is a function of the sensor displacement ¢(t) (see section . In the chapter
the harmonic approximation is employed by consequently replacing ¢(t) with
G(t) and z(t) by Zs(t) for solving the equation of motion. However, for describing
a CFM experiment based on the equation of motion this approach would
not be expedient, as it would eliminate all spectral components other than the
static deflection ¢ and the first harmonic at frequency fec. from the solution. To
prevent this, the application of the harmonic approximation has to be modified in
the following calculation.

7.2. Harmonic approximation in CFM

For enabling arbitrary spectral components in ¢(t), the harmonic approximation
is only employed on the tip movement in the force field, but not the sampled
interaction. By doing so, the tip is allowed to sample any spectral component
due to the interaction in ¢(¢) while moving on the fixed path defined by Z(¢) and
Zis(t). Formally, this means replacing FZ , (2i(t), Zs(t)), Fap(2is(t)) and Fuo(zs(t))
by FZ (Zs(t), Zis(t)), Fap(Zs(t)) and Fel,c(zts( )) while keeping ¢(t) as an arbitrary
function of time. Employing the harmonic approximation in that way, the equation
of motion ([7.1.8]) is transformed to

(2:;0)24(’5) =~ hoq(t) — QWfCSQOq'(t) (7.2.9)
+ Fexc(t)
ts ~ts<t) Zts( ))

a(
+ Fel b(Zis(t)) cos(2 fat)
+ Fac(Zs(t)) cos(2m(2fa)t)

Where the displacement ¢(t) can contain any spectral component additional to fexe
while the tip moves in the force field on the fixed path given by Z(t) and Z(t)
which are well defined by and (4.3.21). Note, that z4(¢) is a function of
q(t) (see Sec.[L.1), hence, it has to be assumed here that the deflection ¢(¢) behaves
harmonically and its additional spectral components do not significantly affect the
sampling path of the tip [%s(t), Zs(t)]. Based on this assumption, the equation
of motion can be solved and all spectral components occurring in a CFM
experiment can be derived.
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7.3. Fourier series development of the periodically sampled force contributions

7.3. Fourier series development of the periodically
sampled force contributions

The tip-sample force is sampled periodically due to its dependency on the
harmonically oscillating tip-sample distance Zi(¢). Therefore, its contributions
FE L (Zs(2), Zis(1)), Fap(Zis(t)) and Fy o(Z5(t)) are periodic functions as well, having
a cycle time T' = 1/ fox. and phase ¢ in respect to the excitation Fioe (t). All the pe-
riodic functions (due to the dependency on Z(t)) can be developed in Fourier series
for solving equation in an ansatz similar to that presented in section [£.3.3]

Here, the tip-sample force FZ ,(Zs(t), Zs(t)) is equal to the tip-sample force con-
sidered in the AFM chapter {] containing all voltage-independent tip-sample in-
teractions but also Fya(Zs(t)). Consequently FZ,(Z(t), Zs(t)) can be generally
decomposed into an even and odd part thsa(zts( ), Zs(t)) = Fevena(its(t) Zs(t)) +
Flaa.a(Zs(t), Zis(t)) in respect to the tip-velocity Z (see section 2| for example).
The complete force contribution FZ , (Zs(t), Zs(t)) can be developed in an Fourier

series equal to relation (4.2.5)) yielding
Fo(Zis, 2 Zis) = even 2t Z Fe(‘ln o COS(27N foxct + ) (7.3.10)

+ Z Fég()m Sin (270 fexet + ©)

n=1
where Fevena is the static force and the Fourier coefficients for n > 1 can be ex-
pressed as
Fo = 2 (Fia(Gis(t), Zs(t)) cos(2mn fset + ) ), (7.3.11)
Fiida = 2 (Fia(Gus(t), 26(1) sin(2mn fucet + ) (7.3.12)

using the definition of the time average for functions periodic in 1/ fey. In
the same manner, the periodic electrostatic contributions Fe p(Zs(t)) and Fy o(Zs(1))
can be developed. However, as the electrostatic model (see section provides a
purely conservative force ([2.3.29), also its components Fup(Zs(t)) and Foo(Zs(t))
are conservative and, hence, independent of the tip-velocity Zis. For that reason,
both contributions Fyp,(%s(t)) and Fy(Z(t)) are even in respect to Z and con-
sequently their Fourier series exclusively consider even contributions as

Fap(Zs) = Fél?% + Z Fe(ffg cos(27n foxct + @) (7.3.13)
n=1
Fac(Zs) = elc Z Feﬁ,} COS(27N foxet + ) (7.3.14)
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7. Quantitative CFM theory

where the Fourier coefficients for n > 1 are given by

Fe(ﬁ)) = 2 (Fap(Zs) cos(2mn fexct + ¥)), (7.3.15)
FYY = 2 (Fuc(Zis) cos(2mn foxet + 9)), (7.3.16)

As in the considerations of chapter [4] the time-averages over one oscillation cycle
1/ fexe have to be transformed into spatial-averages along the tip-sampling path
[2¢ — A, z. + A]. This is the next step for deriving the CFM relevant spectral
components of the deflection ¢(t).

7.4. Application of the AFM averaging functions

Within the harmonic approximation, Fourier series (7.3.10)), (7.3.13)) and (7.3.14)
are truncated after n = 1. Further projecting the time-averages of the remaining
coefficients to the tip-sampling path parallel to zi; and inserting these into the
respective Fourier series by also using identities

1
COS (2T fexct + ) :Z(Zts(t) — Z) (7.4.17)
and
SIN(27 foxet + ) = — mzt (7.4.18)
yields the relations
FialBio 516) & (Foena) | (20) + (kia)  (26) - Giolt) = 2e) = (Wea) - (26) - Fis
(7.4.19)
Fop(Zs) = <Feol,b>U (2) + <k§1,b>m (2c) - (Fas(t) — 2c) (7.4.20)
Fue(Zi) & (Fie) (ze) + (Kae) . (20) - (Bus(t) — 2) (7.4.21)

The respective calculations are similar to the derivations carried out in chapter [4]
and appendix . The tip-sample force Fy,. . . (Z(t)) and the electrostatic con-
tributions Fj(2(f)) and Fg (Z(t)) along the tip-sampling path are introduced
analogous to equation . Further, the tip-sample force gradient kg, , and the
electrostatic force gradients kg ), and kg . along the sampling path are introduced

analogously to equation (4.5.48]) as
L OFgena(Ze +2)  OF g a(2ts)

e = even,a even,a 7 4.99
ts,a 82 aZts ( )
OFS,(ze +2)  OF3,(2ts)
oL = = = = 7.4.23
el,b Oz azts ( )
OFS (zc +2)  OF3 (zs)
kS = e = e 7.4.24
el,c 0z azts ( )
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7.4. Application of the AFM averaging functions

As the parameter z describes sampling along zi; within the oscillation range 2. — A
and z.+ A, the derivation in respect to z is effectively an derivation in respect to zs.
Hence, the electrostatic force gradients kg, and kg, . are directly given by derivation
of the modulated electrostatic force in respect to zy. Furthermore, the odd
force is described by

Fodd,a(gts(t)7 th(t» = _/yts,a(gts(t)a th(t)) . 2t5(t) (7425)

in analogy to relation (4.5.39)), where i (Zs(#), Zs(t)) is the tip-sample damping
which is even in respect to Zi. Based on this, the tip-sample damping along the
tip-sampling path 75, ,(Zs(t)) can be introduced similar to relation (4.5.40). Note,

however, that the direct derivation of the AFM equations by evaluating F)

even,a’

FO F ((11217& with the the equation of motion (7.2.9)) is not possible here due to

even,a’ ~ o

the unknown deflection ¢(¢) and the additional electrostatic interaction terms Fyy,

and F, .. Consequently the terms <F:V€n’a>u, </<:fs,a>m and <7§S7a>m will generally
not be equal to the AFM equations (4.5.45)), (4.5.46) and (4.5.47) as they contain
additional contributions of the modulated electrostatic force. These results are
valid under the assumption that the electrostatic modulation does not affect the
tip-sampling path but the spectral components of it appear in the harmonic dis-
placement ¢(¢). In other words, the electrostatic modulation contributions to the
tip-sample interaction detected at fo. are miniscule so that the AFM equations

(4.5.45)-(4.5.47)) describe the interaction in good approximation.
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7. Quantitative CFM theory

7.5. Solution of the equation of motion

Inserting relations ([7.4.19)-([7.4.21)) and the harmonic excitation (4.3.18)) into rela-

tion (7.2.9) and, further, using the identity cos(z) cos(y) = 3 (cos(z — y) + cos(z + y))
yields

ko
(27Tf0)2

i(t) ~ — (ko — (k%) (2)) a(t) (7.5.26)

<2W;SQO (18ea) <Zc>> q(t)
+ Fo cos(27 fexct)
+ (Faena), () = (Kia),
< e1b> (zc) cos(2m feit)
<Feol c> %) cos(2m(2fu)t)

+ (
Ao
+5 <kelb>m (2¢) co8(27 (fexe + fa)t + ¢)
A
+ 5 (Kap), () cos2m(fexe = fa)t + )
A
+5 (Kare)., (ze) cos(2m(foxe + 2fa)t + )
A
+ 5 <k 1C>m (2¢) cos(27( fexe — 2fa)t + )
Where the approximations Z(t) —z. ~ q(t)—¢s and Z(t) =~ ¢(t) are used. These are

due to the way the harmonic approximation is employed here. As it is considered,
that the main sampling path Z(t) of the tip is not affected by the modulated
electrostatic contribution, the deflection ¢(t) will mainly follow that path whereby
the modulation causes small additional spectral components. In analogy to the
equation of motion solution with the AFM equations as shown in section [A.7] the
terms

k= ko — <kt> (2) (7.5.27)
! k o

73, - ZWfOQO + <f)/ts,a>m (ZC) (7528)

Fs/ - <Feoven a> ( ) <k§s a> ds (7529)

can be considered as effective spring constant k, effective damping 7/ and effec-
tive force offset F;, of the harmonic oscillator in the force field of the sample with
the additional electrostatic contribution. Inserting these into the equation of mo-
tion directly shows, that the tip movement in the force field of the sample
with additional contributions of the modulated electrostatic force can be described
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7.5. Solution of the equation of motion

within the harmonic approximation by a freely oscillating tip with effective param-
eters. Contributions due to the modulated electrostatic force are considered
as additional parts of the excitation force. Thus, while the tip is mainly driven to
oscillate at fq.. it experiences additional driving forces at distinct frequencies given
by the contributions in (|7.5.26]) which are due to the electrostatic force modulation.
As these contributions are now independent of Zis(t) but depend on z. due to the
cup and cap averages, the approximated equation of motion can be solved
analytically for the resulting deflection ¢(t) in an analogous manner as presented in
sectlon . Therefore, using the Fourier transformation with the identities

and - leads to
Flat)] = Ghou HF [+FL, (7.5.30)
+ F coS(27 foxct)
< elb>u 2¢) cos(2m fort)

<Fe°LC | (2¢) cos(2m(2fq)t)
A
_|_§ <k§1’b>m (z¢) cO8(27 (fexe + fel)t + @)
A
_|_§ <k§l,b>m (z¢) o827 (fexe — fa)t + )
_1_1;1 <k§1’c>m (zc) co8(27(fexe + 2fa)t + )
A
+§ <k§1,6>m (ZC) COS<27T(fexc - 2fel)t + QO):|
where
! 1 0}
ho,a(f) = f2 ‘Gho a ‘ eXp (ngho,a(f)) (7531)
(k’ — ko5 1 ) + 27 fiv,
0

is the corresponding complex amplitude transfer function of the driven harmonic
oscillator in interaction with the sample force field and the modulated electrostatic
force. At the current excitation frequency f, |Gi,.(f )‘ is the length of a vector
in the complex plane pointing in the direction of the corresponding phase angle
Phoa(f). Both quantities can be calculated analogously as shown in section
considering the real and imaginary part of Gj,.(f). The phase angle oy, ,(f)
is analogue to m but here dependent on k! and ~. instead. Considering
equation ([7.5.30)), all spectral components of the sensor deflection F [¢(t)] (f) are
directly linked via the transfer function Gy, ,(f) to the spectral components of the
excitation force and thus are given by

« a static deflection due to the static force components in F.

s,a?

« a first harmonic mode following the external excitation with fe,
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7. Quantitative CFM theory

o a first and second harmonic of the electrostatic modulation at the frequencies
fel and 2fel;

o and the sidebands fe. £ fo and fexe = 2fa

Each of these spectral components can be experimentally measured if a modulated
external voltage (13.3.10)) is applied between tip and sample support. In CFM the
spectral components at both sideband frequencies are detected and evaluated.

7.6. CFM detection

A Lock-In amplifier detects a Fourier component F [V{] (f) of its input signal V; at
a fixed frequency f within a given bandwidth while filtering noise. For that the
Lock-In requires an additional, well-defined reference signal V;, which determines
the evaluated frequency f. The Fourier component of the input signal is defined
on the complex plane as

FIVI(F) = IF VI ()l explidg()) (7.6.32)
— A(f) exp(ide(f) (7.6.33)

where A(f) = |F[Vi] (f)| is the real amplitude and Ap(f) the real phase shift
of the input signal V; in relation to the reference V; at the frequency f which
are output by the Lock-In amplifier. Considering the sensor displacement ¢(t) as
the input signal for a Lock-in amplifier in baseband detection, any of its spectral
components F [¢(t)] (f) given in equation can be quantitatively measured
by setting the frequency f of the reference signal accordingly. Thereby the Lock-in
detected amplitude and phase of the Fourier component F [¢(¢)] (f) at frequency f
will be dependent on the transfer function G, ,(f) and the spectral component of
excitation force at the same frequency. For CFM, the spectral components of the
displacement ¢(t) at frequencies foxc £ fo and fexe £ 2f are detected using two
separate Lock-In amplifiers for side-band detection |I| . The signal within Lock-in
detection at frequency fexe £ fo is given by

Flat)] (fexe £ fa) = A(fexe £ fa1) exp(iA@(fexe + fe1)) (7.6.36)

!Note here, that in an experimental FM-CL-KPFM setup the spectral components F [¢(t)] (foxc £
fa) and F[q(t)] (fexe = 2fa1) typically are not directly detected from the deflection signal
q(t). Instead the deflection signal ¢(t) is demodulated at the excitation frequency foxc by
multiplying it with a reference oscillation cos(27 fexct) from the PLL before it is given as input
signal to the Lock-In amplifiers. Effectively that demodulation resembles a shift of all spectral
components of the deflection by fexe. Hence the Lock-in detection of spectral components in
the demodulated signal q(t) cos(27 fexct) at reference frequencies fo and 2f, is equivalent to
detecting the spectral components of the deflection ¢(t) at frequencies foxc + fo1 and foxe +2fal
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7.6. CFM detection

where

A(fexc + fel ‘Ghoa fexc + fel)

Kk;b} | (7.6.37)
and

Agp(fexc + fel) = Soilo,a(fexc + fel) =+ 7Tlr_[step(_ </€§1,b>m) (7638)

are the amplitude and phase shift output by the Lock-In amplifier. It is assumed,
that the frequencies of all other spectral components near f... = fo are outside of
the set bandwidth of the Lock-in amplifier and, therefore, are completely filtered
out. The amplitude A(fox. £ fa) of the spectral component of the deflection at
excitation frequency fe £ fo detected by the Lock-in amplifier is given by the
product between the transfer function absolute ‘G’hoa( fexe £ fel)‘ as gain and the
magnitude of the first spectral component of electrostatic force gradient ‘<k§1,b>m’

times A/2. The evaluation of the phase shift Ap(fexc + fo) provides information
about the sign of the corresponding spectral component. It consists of the phase
shift of the harmonic oscillator in interaction ¢, ,(fexe = fa) and an additional

phase shift which is 7 in case that tip-sample force gradient is negative < ;’17b>m <0
and zero all other cases. In the equation this additional phase shift therefore is
considered as product with the Heaviside step function Hggep(— <k§1’b>m)‘

The second Lock-In detects the signal at frequency fer. + 2fa which is given by

Flq(t)] (fexe £ 2fa) = A fexe + 2fa1) expiAQ(fexe + 2fe)) (7.6.39)

with

A(fexc + 2fel ‘Ghoa fexc + 2fe1) A’<kglc> ‘ (7640)
AP(fexe & 2fa) = Phoa(foxe  2fr) + THaep(— (K1) ) (7.6.41)

where the Lock-in detected amplitude A( foxc £2fa) and phase shift Ap( foxe £2fe1)
contain information about <k§170>m. By this approach both spectral components of

the electrostatic force gradient <k§17b>m and <k§17c>m at frequencies fere + fo and
fexe + 2fq are obtained in a CFM experiment.

which means

F [q(t) cos(27 fexct)] (fa) & F [a()] (fexe = fo) (7.6.34)
F la(t) cos (27 fexct)] (2fe1) < F [a(t)] (fexe * 2fe1) (7.6.35)

As the outcome is equal independent of the exact detection approach |70], this rather technical
detail is left out here for a better readability.
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7. Quantitative CFM theory

7.7. Interpretation of CFM signals

In CFM, the bias voltage V. is adjusted in a feedback loop to equalize the Lock-In
detected amplitude of the spectral component of the deflection signal at
frequency fexc £ fo. The adjusted bias voltage Vi.s which minimizes the amplitude
A(fexe + fa) of that spectral component is the resulting CFM signal V2. For an

S

active feedback loop ideally adjusting Vij.s = ViR the spectral components ([7.6.36))

S

vanish as shown in Figure [3.4(b), which yields

F [q(t) cos (27 fexet)] (fa) = 0
& Flq(t)] (foxe T fa) =0
& A(fexe £ fa) =0

& (kgp) =0 for Vi, = Ve

bias

Considering the contributions in CFM detection, the spectral component ([7.6.306|)
only can be minimized if the electrostatic force gradient vanishes due to the adjusted

bias voltage Viias = V{22, Thus, based on equation (7.1.4) and (7.4.23), a relation
for the CFM signal V2 can be derived as
PP roia (1)
022, A

bias
) N
Voime = Vepp + Y 4 0.
< >m

i=1
2
0z

(7.7.46)

By introducing the weight function for charges Wy (r;) [69] evaluated at the charge
position r;, the relation (7.7.46) can be written in the compact form

N
Viins = Vepp + Z G Wy(ry) (7.7.47)

bias
i=1

The CFM signal Vi is the voltage which nullifies the cap-averaged electrostatic

bias
force gradient <k§1,b>m detected at frequency fexed fo- In terms of the cycle-averaged
force Fup,, Viin represents the bias voltage where the repulsive charge-dependent
force best counteracts the capacitive force. Hence voltage V2 defines the point of
minimum attractive cycle-averaged electrostatic force (Fep),,.

The voltage V2 contains information on the charges ¢; located in the tip-sample

capacitor and the contact potential difference Vopp between the tip and the sample

support. Therefore, the voltage Vi measured in presence of any charge ¢; in the

tip-sample capacitor will not be equal to Vepp. The correct evaluation of Vi data

requires the precise calculation of the weight function Wy (r;) at each charge position
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7.7. Interpretation of CFM signals

r;. This, in return, requires precise characterisation of the tip-sample capacitor
geometry and its description by accurate tip-geometry models for calculating the
electrostatic capacitance Cyoiq(2ts) and potential @Void(zts). In chapter |8| different
tip-geometry models are analysed and important model parameter influences on
the voltage V2! are identified. For a given electrostatic model, the charges ¢ and
the contact potential difference Vepp present in the tip-sample capacitor can be
quantitatively retrieved from distant-dependent Vi (z) data (see chapter [§)).

While in model calculations the parameters describing tip-sample properties are
well defined and known, in experiments, the parameters required for the consid-
ered model for representing the tip-sample capacitor have to be retrieved from
experimental data. This leads to the second important signal required for the in-
terpretation of experimental CFM data, which is the spectral component ((7.6.39
at frequency fe £2fo detected by a second Lock-In. Considering equation ([7.6.40

with relations (7.1.5)) and (7.4.24)) provides the relation

A 2 oi
~v2 <a & d> (7.7.48)
n

A(fexc + 2fel> = ‘Gilo,a<fexc + 2fel)

8 ¢ 022,

for the amplitude of each spectral component af frequencies fe. +2fe. As the sum
of both amplitudes is measured, the full amplitude at frequency fexc + 2fo is given
by

A2fe1 — A(fexc + 2fel) - 'Gim,a(fexc + 2fe1)

A 2 82Cvoid
4v;1< 5 >ﬁ (7.7.49)

Hence, the signal Asg yields information on the capacitance Cl;q of the tip-sample
system. Measuring Asgy and VP as function of 2z allows the quantification of
charges ¢ located in the tip-sample capacitor on the foundation of a sufficiently

precise electrostatic tip-geometry model in two consecutive evaluation steps (see
chapter @[)
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8. Modelling nanoscale charge
measurements

Here, a detailed investigation of numerous factors that contribute to the measure-
ment observable Vi are presented which, consequently, need to be considered
when aiming for quantitative charge measurements. In particular, a dependence on
the oscillation amplitude is unravelled and the influence of the tip geometry and
system parameters such as the dielectric constant are analysed. Furthermore, the
influence of charges depending on their lateral and vertical position is discussed. As
CFM is a non-local technique, it can be shown that charges far away from the tip
position still give a contribution. The conclusive findings are, that charge quantifi-
cation from regular imaging bears many ambiguities, while mapping the progress
min

of V2 with respect to the vertical tip position 2™ allows to untangle many of

these contributions on the path to charge quantification.

The following work initially was published in [143].
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The quantitative measurement of charges at the nanoscale yields important insights into fundamental physical,
chemical, or biological processes. In principle, charges can be probed by the sharp tip of a dynamic atomic force
microscope, however, quantitative measurements are still a challenge as a large number of parameters and effects
contribute to the measured signal. Here, we introduce the fundamental framework for charge force microscopy
(CFM) and investigate charges located in, on, or above the surface of a dielectric substrate supported by a
metal electrode. We present a comprehensive analysis of CFM signal generation and, in particular, unravel the
dependency of the CFM signal on the probe oscillation amplitude, on system parameters such as the substrate
dielectric constant or the tip geometry, and on the vertical and lateral position of charges. Most importantly, we
untangle the influence from nearby charges when quantifying the magnitude of a central charge of interest in
presence of many surrounding charges. We find that charge quantification from regular imaging bears many
ambiguities, while mapping the CFM signal perpendicular to the sample surface allows to untangle many
signal contributions. Thus, by accounting for measurement parameters and nonlocal influences, quantitative

measurements are possible with CFM.

DOI: 10.1103/PhysRevB.108.085420

I. INTRODUCTION

Measuring and controlling the charge state of nanoscale
objects is paramount in a large number of research fields in-
cluding catalysis, organic and molecular electronics, quantum
sensors, or energy storage [1-3]. A change in the charge state
of a nano-object can well be detected by dynamic techniques
of measuring forces between a fine tip and the object of
interest with a sensitivity down to single electrons [4—8] and
atomic-scale resolution has been achieved [9,10]. In contrast,
the quantification of the static charge magnitude accumulated
in a nano-object is still most challenging [11]. In addition to
the long-range character of the electrostatic force, the elec-
tric potential distribution governing the tip-surface interaction
critically depends on the nanoscale size and shape of the tip
that can hardly be produced or characterized with the desired
precision.

Here, we address fundamental aspects for an experimental
quantification of charges below, on, or above the surface of
an electrically insulating substrate. Charge measurements are
implemented using the technology of frequency-modulated
(FM) closed-loop (CL) Kelvin probe force microscopy
(KPFM), a nanoscale imaging technique that is rooted in the
measurement of the work function difference between tip and
sample for metal and semiconductor surfaces [12—-14]. The
KPFM measurement signal is generally referred to as the con-
tact potential difference (CPD) [15] and the spatial resolution
power is reflected by introducing the concept of both a local
work function [16] as well as a local contact potential differ-
ence [15]. The central measurement parameter in KPFM is the

“prahe @uos.de
2469-9950/2023/108(8)/085420(17)

114

085420-1

bias voltage Vi;as applied between the electrically conducting
tip and the conducting sample.

In this work, we investigate charges near a dielectric sup-
port and W, refers to the voltage applied between the tip
and a metallic counter electrode. The primary outcome of a
charge measurement experiment is the force-minimizing bias
voltage Vb’f‘;: that is the response in the FM-CL force mea-
surement. For our analysis, we build on previous work where
a formalism was outlined allowing a simple representation
of Vi in terms of the charges ¢; and the weighted average
of the second derivatives of the tip-surface electric potential
d,iq at the charge positions 7; as well as the weighted average
of the second derivative of the void capacitance Cyeiq along
the tip-sampling path [17]. Together, these averages provide
a weight function Wy(7;) [18], which de;termines the contribu-
tion of the respective charge to the V)" voltage signal. For a
valid interpretation of measurement data, the contact potential
difference between tip and sample support Vepp that is part
of the measured signal V,mn has to be taken into account.
Measuring V1" is further on referred to as the method of
charge force microscopy (CEM).

Here, we investigate by extensive modeling how a static
charge magnitude can be measured by monitoring the CFM
voltage Vb‘}j: when approaching the tip to the surface in the
vicinity of the charge. In particular, we use three different
geometric models for the tip and investigate V;™I for differ-
ent oscillation amplitudes, different dielectric properties of
the substrate, different charge positions, and different charge
distributions around a central charge of interest. We find that
the CFM voltage acquired as a function of the tip-sample
distance z;s is key to charge quantification, while commonly
used imaging bears many ambiguities.

The paper is organized as follows: In Sec. II we review the

physical model, introduce three tip geometries that are used

©2023 American Physical Society
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q)void (77)
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FIG. 1. Geometry of a tip in proximity of a dielectric support
fixed on a metallic counter electrode. Point charges ¢; (red spheres)
are located between tip and metal electrode. The void (charge-free)
tip-sample capacitor is physically described by the electrostatic po-
tential ®,,;q(7). An external voltage Vi, is applied between tip
and metal counter electrode, while a voltage —Vcpp is generated
upon electrical contact between the two metals. The vector 7, =

[xis, Vis» 2is] describes the momentary tip position with z, being the
tip-sample distance.

for the simulations, and discuss the electrostatic quantities
relevant for W,(7;). The influence of the probe oscillation
amplitude A, the impact of the dielectric constant € of the
substrate, and effects of the tip geometry on the charge
measurement are analysed in Sec. III. In Sec. IV, we inves-
tigate the influence of the lateral and vertical positions of a
single point charge on the distance-dependent CFM signal.
Section V addresses charge quantification by introducing a
methodology to retrieve the charge of a central pointlike ob-
ject in the vicinity of secondary charges from Vb‘}f;‘ data. We
conclude in Sec. VI with a summary of major results and
propositions for a successful implementation of CFM mea-
surements.

II. ELECTROSTATIC MODEL AND CFM FUNDAMENTALS

A model representation of the tip-sample geometry is
shown in Figs. 1 and 2. The system is described in the
sample coordinate system 7 = (x, y, z) where the tip is po-
sitioned at 7g = [, Vis» 2s]. Following previously outlined
definitions [19], the z axis is perpendicular to the substrate
surface, its origin z = 0 is at the surface, and z is the closest

i S SC

cone -

sphere

0D
Zte spherew

@cone

Tsphere

tip-sample distance during one tip oscillation cycle. The tip is
brought into close proximity to the surface of a thick dielectric
support with relative permittivity €, that is fixed on a metal
plate acting as the counter electrode with respect to the tip.
Charges ¢; placed at positions 7; in, on, or above the dielectric
support represent point charges or charged nanoscale objects
that are subject of investigation. The model works under the
assumption that the tip is an ideal metal free of excess charge.
The surface of the tip is assumed to be smooth as well as
bare of atomic structure and the tip can be described by a
macroscopic model [20]. A variable voltage Vi, is applied
between tip and counter electrode, while the voltage —Vcpp
appears upon establishing electrical contact between tip and
counter electrode.

The electrostatic force F acting on the probing tip is
the central quantity for charge quantification as it is funda-
mental for determining the voltage Vb‘}gs“. This force can be
calculated from the electrostatic energy of the full physical
setup, whereby the tip-sample system, the point charges, as
well as the external bias supply have to be taken into ac-
count. For the tip-sample system, the electrostatic energy can
be calculated from solving the electrostatic problem for the
given tip and sample geometry including the point charges
and the dielectric support. Additionally, the work performed
by the external bias supply has to be taken into account in
the energy calculation. A solution of the more general elec-
trostatic problem, namely, a system containing an arbitrary
number of metal objects and point charges with an external
battery, has been given before [21]. For our purpose, this
analysis has been reduced to the case of two metals, one
representing the tip and the second the counter electrode, as
well as N point charges [17]. This allows to write the total
electrostatic energy U, as a sum of four contributions [22],
namely,

U = UC+Uq-C +Uq-q+Uim- (])

The first term Uc describes the capacitive interaction between
tip and metal electrode with an interjacent dielectric medium.
This energy is independent of the point charges, but estab-
lishes the quadratical dependence of the interaction force on
Voias- The quantity governing this contribution is the void
capacitance Cyoiq(7is), where 7 is the momentary tip position.
By void we denote all quantities of the charge-free system.

T'sphere

€s

dielectric support

FIG. 2. Cross sections of the three model tips and system geometries: sphere (S), half-sphere and cone (SC), as well as half-sphere and
cone with lever (SCL). The sphere is parametrized by the radius rgphere, the cone by the cone height hcqne and half opening angle ®ope, and the
lever by the radius ryer and the thickness /eve;. The tip-sample distance z;; (marked by the dotted line) is defined as the distance between the
surface of the dielectric support with relative permittivity €, and the point of the tip closest to the surface.
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FIG. 3. (a) Capacitance Cy,iq as well as (b) first, (c) second, and (d) cap-averaged second derivative of the capacitance for tip models S, SC,
and SCL. Data in (a)—(c) are plotted with respect to the tip-sample distance z;;, while data in (d) are plotted with respect to the tip oscillation
center position z. [19] for oscillation amplitudes A in the range of 2 to 18 nm. Tip model parameters listed in Table I and €, = 24 are used in
the calculation. For geometry S, results calculated by the analytical [25] (S1) and numerical [24] (S2) codes are depicted by black dashed and
straight red lines, respectively. Results for the SC and SCL models are depicted in green and blue, respectively.

The system is modeled by two metals representing the tip and
the counter electrode with the potential difference V between
these two metals. Further analysis shows that the capacitive
term is an important experimental parameter but not directly
relevant for charge measurements. Instead, the second energy
contribution Uy.c is central for charge quantification as this
term describes the energy required to bring the point charges
g; into the capacitor at positions 7;. In particular, the energy
for each point charge i can be expressed by a product between
the point-charge magnitude g; and the electrostatic potential
of the point-charge free capacitor ®,q(7s, 7;) for a given
tip position 7 and at the position of the charge 7;. For the
ease of calculation, the electrostatic potential is normalized
by the potential difference V, resulting in the normalized elec-
trostatic potential évoid = Dypq/V. The Coulomb interaction
between the point charges is described by the third term Uqq.
Descriptively, this is the energy required to introduce each
point charge into the field of the other point charges. The
fourth term Uiy, describes the energy contribution of all image
charges at the metal surfaces that are generated by the point
charges.

Using Eq. (1), the electrostatic force F;; is calculated from
the negative derivative of the total energy U, with respect
to the tip-sample distance zi. The restriction of the deriva-
tive to the coordinate z is justified by the constraint of the
probe solely oscillating along zi, without any other degree

of freedom. The electrostatic force consists of four terms,
namely [22],

N ~
19Cid 5 0D yoia (7)) 0Uqyq
F V== Ve — i vV —
A V)= 5 Zi:l T 02
N
1 0D (7)
oY g 2
> gq ” @

The first term follows from the capacitive contribution to the
electrostatic force and is always attractive as ”BC%"* <0 as
shown in Fig. 3(b). This term enables the measurement of
the voltage Vepp in KPFM experiments [14]. The second term
is the key contribution to CFM measurements as it describes
the force acting between the charges and the metal objects.
The third term vanishes (B;}Z 4 =0) as electrostatic forces
and counterforces compensate‘; each other in an ensemble of
charges held at fixed positions. The fourth term is caused
by charge redistribution on the metal surfaces, commonly
referred to as the image charge. The related potential ®;p, is
independent of the potential difference V and, therefore, does
not contribute to Vb'i“;: as the force minimizing bias voltage is
derived from the derivation with respect to V.

The basic principle of CFM is the variation of Vs to
find the point of minimum attractive force at Vil where
the repulsive charge-dependent force best counteracts the
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TABLE I. Parameters for the tip models S, SC, and SCL utilized
for all calculations unless otherwise noted.

Fsphere ®cone hcone Fever hlever
Model ~ (nm)  (deg)  (um)  (um)  (um)
S 30.0
SC 30.0 233 12.5
SCL 30.0 233 12.5 34.6 4.0

attractive capacitive force under conditions of a dynamic
measurement. For a measurement with frequency modulation
and closed-loop force minimization, the total potential differ-
ence V between tip and sample is represented as

3

with the contact potential difference Vcpp, the bias voltage
Vhbias» and a bias modulation with amplitude V;; and frequency
fe1- The negative sign for Vepp is used to follow the common
convention in the KPFM literature [15]. As a result of the
bias modulation, the electrostatic force measured by the tip
is a modulated signal with spectral components at f; and 2 fq,
namely [22],

V' = Vhias — Vepp + Ve cos (2 foit)

Fy = Faa + Fap coSQ2T fait) + Ferc cos2r2fat).  (4)
(@
---S1
—82 |
08 —8C
—SCL
<06 1
S
A
04 g
0.2 7
0
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zts (nm)
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0.25
~ 02}
£
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Terms F, and Fq . are given in Ref. [22]. The term

N

9Cyoi D yoia (7))
Fap = Vel( o % (Voias — Verp) — Z%;;) %)
i=1 ts

is relevant for CFM as this component contains the full infor-
mation on the charge distribution. It can be shown [22] that
the dynamic measurement with FM detection yields a signal
proportional to the cycle-averaged force gradient

0Fap v 3%Cyoia Vo — Vern)
aZts R = Vel 32‘25 R bias CPD

XN: 8 q)vcnd(rt)
azts A '

(6)

whereby (...)n denotes the cap-weighted average func-
tion [23]
A
(f)ﬁ(zc): ?/ f(zc+Z)VA2_Zz dz (7
-A

with the tip oscillation center position z. and the oscillation
amplitude A as introduced in Ref. [19]. The CFM signal
voltage V" directly follows from setting Eq. (6) to be equal
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FIG. 4. (a) Normalized electrostatic potential d,0iq as well as (b) first, (c) second, and (d) cap-averaged second derivative of the normalized

electrostatic potential evaluated at position 7y

= [0, 0, 0] for tip models S, SC, and SCL. Data in (a)—(c) are plotted with respect to the tip-sample

distance z;5, while data in (d) are plotted with respect to the tip oscillation center position z. [19] for oscillation amplitudes A in the range of 2 to
18 nm. Tip-model parameters listed in Table I and €, = 24 are used in the calculation. For geometry S, results calculated by the analytical [25]
(S1) and numerical [24] (S2) codes are depicted by black dashed and straight red lines, respectively. Results for the SC and SCL models are

depicted in green and blue, respectively.
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FIG. 5. Weight function Wy as a function of the tip oscillation
center position z. [19] calculated at the position 7, = [0, 0, 0] for
models S, SC, and SCL as well as for amplitudes A in the range from
2 to 18 nm. Increasing amplitudes are represented by successively
tinted colors (colors with increased lightness) as indicated by the
color bars.

to zero. Technically, this is usually realized by a feedback

loop adjusting Vyys to the point of vanishing signal (aaF;“;")m
with respect to Vias; this signal can be measured from the
fe1 component in the frequency-shift signal A f. Narrow-band
and phase-sensitive detection of this component yields a high
signal-to-noise ratio for measuring Vb’i“;s“ as the small voltage
modulation amplitude V;, effectively produces a differentia-
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tion with respect to Vyi,s. The CFM signal then reads as [17]

N <32<i>voi2d(7i)>
i 0z n
i Vo + 3 gt ®)
=0 <32Cvoid >
= 0z [n

This equation can be written in a compact form by introducing
the weight function for charges W(7;) [18] evaluated at the
charge position 7;:

N (azémd(?,-)>
: i W &
Vi = Verp + D aiWa(F) with Wo(F) =~
=0 2% |n
©

Two electrostatic quantities contribute to the weight function
Wy, namely, the normalized electrostatic potential <i>void eval-
uated at charge positions 7; and the capacitance Cyiqg, both for
the given tip position 7. To evaluate these quantities, the tip-
sample system has to be defined in all details, namely, the tip
geometry (formally described by a set of parameters {pp}),
the tip position 75 = [xis, Vis, Zsl, the dielectric constant e
of the dielectric support, and the tip oscillation amplitude A
via the cap-average (...)n. The vertical tip position of the
averaged quantities is parametrized by either the tip oscilla-
tion center position z. or the position of the lower turning
point during the oscillation cycle z™" = z. — A [19]. Taking

ts
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FIG. 6. V;min yoltage calculated for models S, SC, and SCL as a function of (a) z™" for amplitudes A in the range from 2 to 18 nm as well as

bias

(b), (c) as a function of the oscillation amplitude A at fixed minimum tip-sample distances of (b) 3 nm and (c) 30 nm. Equation (8) is evaluated
at 7y = [0, 0, 0] for a single point charge ¢ = —e (with the elementary charge e > 0) located at this position. Tip-model parameters listed in
Table I, €, = 24, and Vpp = 1V are used in the calculation. Increasing amplitudes are represented by successively tinted colors [see color
bars in (a)]. For clarity, only the V,™" curves for the smallest and largest amplitudes are depicted in (a).

bias
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FIG. 7. Dependency of V{lin(zi) on (a) the sample permittivity € with ryhee = 30 nm and on (b) the sphere radius rphere With € = 24,
both for the SCL model. An oscillation amplitude A = 5 nm, parameters from Table I, ¢, = 24, and Vpp = 1 V are used. One negative charge
q = —eisplaced at 7y = [0, 0, 0]. The successive tint of the line colors represents (a) the different permittivity values (e, = 6.8, 24, and 100) or
(b) the different sphere radii (rgphere = 10, 30, and 50 nm). Insets show the corresponding cap-averaged second derivatives of (I) the capacitance

and (II) the normalized electrostatic potential.

account of all parameters, we find

<Cvoid)ﬂ = (Cvoid)ﬂ(xts’ Yis» Zcs €s, {ptip}’ A)v (10)

(Droia)n = (Proia)n(Fi, Xiss Vess Zes €ss (Prip), A)y (1)

Wq(7i) = Wq(7is Xtsy Yts» Zcy €ss {plip}s A). (12)

For homogeneous, atomically flat surfaces, the vector 7 in
Eqgs. (10)—(12) could be substituted by the scalar coordinate
7. However, for the general case of a structured surface, the
lateral tip position has to be taken into account. Depending
on the context, different parameters for the electrostatic quan-
tities will be relevant in the following sections. To highlight
the respective relevant dependency for the different cases,
we refrain in the following from explicitly listing the full
parameter list for the quantities in Egs. (10)—(12), but give
the relevant ones instead.

For the evaluation of the electrostatic model for the void
system, we consider three model tip geometries as sketched in
Fig. 2: a tip consisting of a sphere with radius rphere (denoted
by S), a half-sphere with radius rgpere attached to a cone with
height Aeone and half opening angle ®.qne (denoted by SC),
and a half-sphere and a cone, as in the SC model, attached to
a lever with area Ajeye; and thickness /jeve; (denoted by SCL).
The model tips have different sets of parameters {py,}, but
all bear rotational symmetry with respect to the z axis. To

maintain this symmetry, the lever in geometry SCL is modeled
by a disk of radius rjeyer With an area Ajeyer = y'rrlzever chosen to
be the same as the one of a typical rectangular cantilever. As
the sensitivity to the cantilever size is neglectable when using
FM detection [24], we do not consider the different oscilla-
tion amplitudes of the elements along the one-side clamped
cantilever beam [20], but assume that the beam oscillates as
one element. We apply two algorithms to numerically evaluate
byoia and Cyoi, namely, an implementation of the analytical
model originally calculated by Smythe [25] for geometry S
as well as the CAPSOL code [24] for geometries S, SC, and
SCL. To check the consistency of our methods, we perform
calculations using both the Smythe (denoted by S1) [25] and
CAPSOL (denoted by S2) [24] methods for the sphere model
and find perfect agreement. Note that the Smythe method
assumes a dielectric half-space, while we choose 1 mm thick-
ness of the dielectric support for calculations based on the
CAPSOL code. Assuming a finite dimension for the dielectric
support has negligible effect on the results as the length scale
of the relevant interactions is orders of magnitudes smaller
than 1 mm.

Clearly, geometry SCL is expected to resemble the ex-
perimental situation closest and, therefore, is expected to
yield the best results. However, the comparative evaluation
of geometries S, SC, and SCL yields insights into the rele-

vance of the tip parameter set for the evaluation of V1. We
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FIG. 8. Vit ag a function of the tip-sample distance z™™ for different vertical charge positions zq of a single point charge ¢ = —e (with

the elementary charge e > 0) located at ¥ = [0, 0, z,] with the tip positioned at x,, = y;; = 0. Vertical charge positions z, are chosen in the
range from —45 to 2nm. The SCL model, an oscillation amplitude of A = 5nm, tip-model parameters listed in Table I, ¢, = 24, as well as
Vepp = 1V are used in the simulation. Inset (I) represents V™" as a function of the vertical charge position Zq at constant minimum tip height

bias
min

zg™ = 3 nm, while inset (II) is a sketch of the tip geometry and the charge positions.

start the exploration by performing the intermediate steps of
L) n(ze) and () (z.) for the
different models and by mvestlgatmg contrlb{mons of the dif-
ferent tip elements to these quantities. The dimensions listed
in Table I are adapted from commercially available cantilevers
with metal coating that are commonly employed for KPFM
experiments and are, unless otherwise noted, used for the
following numerical evaluations. The results for the capaci-
tance and electrostatic potential including their gradients and
respective weighted averages along the tip oscillation path
are presented in Figs. 3 and 4, respectively, for €, = 24. The
averages are plotted as a function of the tip oscillation center
position z. [19]. The colors correspond to the tip geometries:
S in red, SC in green, and SCL in blue, while the different tint
of these colors indicate the respective amplitude as depicted
by the color bars in Figs. 3(d) and 4(d).

Naturally, the capacitance Ciyuq(zs) as a function of the
tip-sample distance z; is found to be a monotonically de-
creasing function and capacitance values of the sphere model
tip (S) are several orders of magnitude smaller than those of
the SC and SCL model tips [see Fig. 3(a)]. The focus here
is calculating the weight functions W;(7;), where rather the
curvature than the absolute value of the capacitance is rele-
vant. With each step of differentiation with respect to zs, the
curves for the different models come closer to each other [see
Figs. 3(b) and 3(c)]. The differences are further reduced when
calculating (dzc“““)m(zc) as shown in Fig. 3(d) for a series of
oscillation amphtudes

calculating quantities (

The normalized electrostatic potential <i>w,id (%), evaluated
at 7, =7 =[0,0,0] for the tip at 75 = [0, 0, z], shown
in Fig. 4 as a function of the tip-sample distance z ex-
hibits a decaying behavior. Here, potential values are of the
same order of magnitude for the different tip models, yet,
we find qualitative differences. While & V(,,d(zt;) for model
S quickly decays towards zero over the shown range, the
decay of the other models is much slower. However, dif-
ferences between the models vanish upon differentiation.

Notably, the cap-averaged second derivatives (” q’“’“‘)m(zc)

shown in Fig. 4(d) are almost identical for the different tip
geometries.

To explore the situation relevant for a CFM measurement,
we now assume that a charge is placed at the position 7; =
7o and the tip oscillates along the z-axis symetrically to z.
The weight function W, at the position 7, as a function of z.
is calculated for models S, SC, and SCL and for amplitudes
A varied in the range from 2 to 18 nm with results shown in
Fig. 5. A strong dependency of W, on the oscillation amplitude
and on the tip model is apparent and further dependencies will
be investigated in the following sections. These dependencies
will directly translate into the CFM signal V™" via Eq. (9)

1as
and it is, therefore, evident that V7" values dbeiermlned with
different oscillation amplitudes or under otherwise different
conditions cannot be compared to each other.
In summary, when calculating properties along the surface
normal through the tip center, the cap-averaged capacitance

gradient exhibits a more critical dependence on the tip model
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than the cap-averaged electrostatic potential gradient. As
modeling a realistic tip at the nanoscale is a most difficult
endeavor, for the practical exploitation of the CFM method,

PCait)(zc) directly
from the experiment rather from a model. lsurthermore, the
cap-averaged second derivatives of the electrostatic capaci-
tance [Fig. 3(d)] and the normalized potential [Fig. 4(d)] both
exhibit a strong dependency on the oscillation amplitude A,
translating into a strong amplitude dependency of the CFM

signal Vb?:f:-

it would be most desirable to determine (

III. PARAMETERS DETERMINING THE CFM VOLTAGE

Now, we investigate the dependency of V"' on experimen-

tal and material parameters for the case of a negative charge
q = —e (with e > 0) positioned at 7y = [0, 0, 0]. In particular,
the CFM voltage Vb‘i‘,‘;;“ is calculated as a function of the tip
position along the z axis with 7s = [0, 0, z;s] for ¢, = 24 and
Vepp = 1V unless otherwise noted.

A. Oscillation amplitude

‘We start by investigating the dependency of Vb‘}:;‘ on the 0s-
cillation amplitude A that is varied in the range of 2 to 18 nm.
Vb'i“;;‘ is plotted in Fig. 6 as a function of (a) the minimum
tip-sample distance z™" for different oscillation amplitudes
and (b), (c) as a function of the oscillation amplitude A at
fixed minimum tip-sample distances z{;‘i“ = 3nm and zg‘i“ =
30 nm, respectively. The position z™" = z. — A represents the
minimum tip-sample distance during the oscillation cycle and
can be chosen to be zero as Wy always attains a finite value at
Z{?m =0.

The CFM voltage exhibits the largest deviation from Vepp
at very small tip-sample distances [see Fig. 6(b)], while
the deviation for the sphere S is largest at large tip-sample
distances [see Fig. 6(c)]. We attribute this behavior to the
simplicity of the sphere tip model creating an electric field that
is qualitatively different from the more realistic tip models SC

and SCL. As the central result, we find a scaling of Vmin with

bias

the oscillation amplitude A over a large range of z3". Con-
sequently, the oscillation amplitude A is a critical parameter
for CFM measurements and it is important to experimentally
determine this parameter for CFM measurements [26-28]. All
further analysis will be focused on the SCL tip model.

B. Substrate dielectric constant

Results in Fig. 7(a) highlight the influence of the substrate
dielectric constant €5 on Vb‘}“ai;‘. While keeping all other param-
eters constant, we vary the relative permittivity to €, = 6.8,
24, and 100 to cover the range from insulating to almost
metallic samples. As expected, Vb‘i‘;i;‘ values are close to Vcpp
for large €. This corresponds to the situation of a Kelvin
probe measurement on an electrical conductor, where a single
charge present at the surface has only a minute effect on the

work function measurement. The deviation of V" from Vcpp
is increasing with decreasing €, and we yield the plausible
result that most sensitive charge measurements are possible on
a strongly insulating substrate. This behavior is qualitatively

the same for the other tip geometries as shown in Appendix A
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FIG. 9. Effect of the lateral charge position on V;min,

(a) Model geometry including charges at radial positions Rf1 =
V/(xq.i)* + (yq,1)* for zqg = 0 and the tip at position 7; = [0, 0, Zmin],
(b) V,Min data as a function of the tip-sample distance z™" for single
point charges g = —e at selected radial positions Rir The SCL
tip model, an oscillation amplitude of A = 5nm, parameters from
Table I, ¢, = 24, and Vepp = 1V are used for the simulation. The
inset in (b) represents V™M as a function of the radial displacement
Rqatz" = 0.

[Fig. 13(a)] and can be traced to an increased sensitivity of
the cap-averaged second capacitance gradient to €, [see inset
(D in Fig. 7(a)]. As the actual € of the substrate is often
not well known, this finding points to the importance of an

. . . 92 .
experimental determination of (2 acjz*““ ) (Zis)-
Zis

C. Sphere radius

The impact of the sphere radius ryphere ON Vb‘{,‘j;‘ is shown
in Fig. 7(b). When exploring V" within realistic ranges
of {pip}, we find that the sphere radius is the most critical
parameter of the tip geometry, while a change of cone and
lever dimensions within the same order of magnitude has a
significantly smaller effect (data not shown). Larger devia-
tions of Vb‘i“ai: from Vcpp are found' for smaller sphere radii.
Furthermore, a rapid decay of V' with increasing z™" is
found for large tip radii Fyphere, yet the absolute signal is
smaller. This behavior is attributed to strong lateral averaging
of a large tip [29] and the differences highlight that the tip

radius is a critical parameter for charge quantification.

IV. CFM VOLTAGE AS A FUNCTION
OF THE CHARGE POSITION

Aside from the system parameters, the magnitude of Vb'}‘ai:
has a clear dependency on the charge position relative to the
lateral position (xis, ys) and the lower turning point z&““ of the
tip oscillation. In particular, the following analysis will high-

light the nonlocal character of the CFM detection principle.
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FIG. 10. Results of the optimization routine for a charge distribution with three point charges ¢g;, ¢», and g3 at different distances to the
central charge of interest g,. (a) Point-charge position map (PCPM) illustrating the charge positions. (b) Artificially generated measurement

data Vmin

bias,meas ts

as a function of the tip-sample distance z™". The curves are generated for oscillation amplitudes A = 5nm (dark blue), 10 nm

(lighter blue), 15nm (dark green), and 20 nm (light green) using €, = 24, Vepp = 1V, and parameters from Table 1. The V" curves fitted to

bias

these data by the optimization algorithm are depicted by gray dashed lines. (c) Model and resulting values for the fit parameters gy and Vcpp
as a function of the amplitude A. (d) Model and resulting values for the surrounding charges ¢; (i = 1, 2, 3) and their sum for the different

amplitudes A indicated by the same colors of the points as in (b).

A. Vertical charge position

First, the CFM signal Vb'l“;:‘ is investigated with respect to
the tip-sample distance z;" for a single point charge located
at different central vertical positions with results presented in
Fig. 8. Vertical charge positions z4 in the range from —45 to
2nm for the SCL model (see inset II in Fig. 8 for a sketch
of the geometry) and an oscillation amplitude of A = 5nm
are chosen. The vertical position range includes the dielectric
boundary and extends along the negative direction up to a
vertical distance of more than the tip radius. In all cases, the
Vb‘i“;:(z{‘;i“) curves exhibit the largest deviation from Vcpp at
small tip-sample distances and approach Vcpp for large z ™.
The CFM voltage as a function of the charge position zq but
at a fixed tip height of zg"™ = 3nm is presented in inset (I)
of Fig. 8. The slope with respect to zq differs on either side
of the dielectric boundary: Due to the high electric field at
the tip apex, a large slope of V;Ri(z™") js present in the gap
between tip and dielectric. The polarization of the dielectric

medium surrounding the point charge at z; < 0 leads to a

slow decay towards Vcpp for large z,. A similar behavior is
found for the S and SC tip models (see Appendix A, Fig. 14).
This example particularly shows that charges buried inside the
dielectric substrate, such as charged defects or vacancy sites,
contribute to the Vb'i’,‘;: voltage and, therefore, can compromise
the CFM measurement of charges of interest.

B. Lateral charge position
Second, the CFM signal V,min(zMin) js evaluated for dif-

bias
ferent lateral point charge positions at the substrate surface
(zg = 0) with results shown in Fig. 9. Since the SCL tip
model bears rotational symmetry along the z axis, any lateral

charge position (x4, yq) can be mapped to one radial coordi-

nate Ry = vx7 + y; measured from the lateral tip position.
Consequently, with a rotational symmetric tip, it iS not possi-
ble to distinguish between charges present at different lateral
positions of identical radial distance Ry. Instead, the Vb‘i‘:f: volt-
age of several charges located at the same radial distance R
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FIG. 11. Results of the optimization routine for a complex charge distribution with 13 point charges ¢; surrounding a central charge of

interest go. (a) Point-charge position map (PCPM) illustrating the charge positions. (b) V;it

data as a function of the tip-sample distance

bias,meas

Z{’S““. The curves are generated for oscillation amplitudes A = 5Snm (dark blue), 10nm (lighter blue), 15 nm (dark green), and 20 nm (light

green) using €; = 24, Vepp = 1V, and parameters from Table 1. Vb‘}”:s“

curves fitted to these data by the optimization algorithm are depicted by

gray dashed lines. (c) Model and resulting values for the fit parameters gy and Vcpp as a function of the amplitude A. (d) Model and resulting

values for the surrounding charges ¢; (i =1, ...,

are equal to the Vb‘i‘}li: voltage corresponding to the sum of their
charge magnitudes. We expect that the rotational symmetry
is a reasonable approximation for experiments as AFM tips
are usually fabricated with the aim to being rather symmetric.
Figure 9(a) visualizes the tip geometry and the model charge
positions on the radial axis with charges positioned within

(i=1...6) and beyond (i ="7...10) the xy-projected tip
sphere. Vbﬂf(zg"“) curves calculated for exemplary individual

charges are shown in Fig. 9(b) whereby the charges are named
by their radial positions R.

All curves exhibit their maximum deviation from Vcpp at
or close to zM" = 0. The CFM voltage at z™" = 0 is closer
to Vepp for large radial charge positions. Th1s is in agreement
with a reduced sensitivity to a point charge located far away
from the lateral tip position as is further highlighted by the
inset in Fig. 9(b), where me‘:‘ (zm'“ = 0) is plotted as a function
of the radial charge position R,.

At larger tip-sample distances bias VOltages approach
Vepp, however, Vb‘l“;;‘(z{‘;‘“) does not converge against Vepp
within the investigated tip-sample distance regime. Instead,
the VMn vyoltages differ, depending on the lateral charge

bias

lel"l

13) for the different amplitudes A indicated by the same colors of the points as in (b).

position, by several mV from Vcpp even at me = 80 nm.
Moreover, not all Vb‘:‘;f(z‘;““) curves are strrctly monotonic

with respect to z{", but may exhibit an intermediate ex-

tremum [see, for example, Vit (zMi") data for R5 in Fig. 9(b)].

The positions of these extrema shift towards larger ZMn with
larger radial charge position R, what can be explarned by
the form of the weight function for charges W, specifically
by the transition in the electrostatic quantities between the
sphere-dominated and the cone-influenced regimes. An inter-
mediate extremum, and a qualitative agreement with all other
observations discussed in this section, is also observed for
the other tip geometries S and SC as shown in Appendix A,
Fig. 15.

As expected, the strongest contribution of a point charge
to Vbrl“llf is found for positions close to the tip apex, while
the influence diminishes for positions further away. How-
ever, even charges located at radial distances of Ry > 100 nm
contribute to the V" signal. As is apparent for R} or R}
in Fig. 9(b), the contrlbutlon is rather constant w1th respect
to the tip-sample distance ZMn and effectively appears as an
offset to Vi ‘: Consequently, if multiple charges are present
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FIG. 12. Introduction of effective charges ¢¢" for the charge distribution in Fig. 11. (a) Point-charge position map (PCPM) showing the

full charge distribution with point charges ¢; (black points, identical positions, and magnitudes as in Fig. 11) used for V;mir

generation as well as the effective charges g¢

ranges in which the effective charges ¢ are placed. (b) V;min

i bias,meas

(zMiny data

bias,meas

(red circles) used as parameters for the fitting routine. The blue segments represent the different
data as a function of the minimum tip-sample distance z™™". The simulation

is performed for oscillation amplitudes A = 5 nm (dark blue), 10 nm (lighter blue), 15 nm (dark green), and 20 nm (light green) as well as for

€; = 24, Vepp = 1V, and parameters from Table I. The corresponding

V,min curves resulting from the optimization algorithm are depicted by

gray dashed lines. (c) Model and resulting values for the fit parameters g, and Vcpp as a function of the amplitude A. (d) Model and resulting

eff

i

values for the surrounding effective charges g
points as in (b).

in the system, it is likely that these have to be considered
when determining the magnitude of a point charge centered
underneath the tip and that their contribution can hardly be
distinguished from Vcpp. These observations underline the
necessity of performing charge quantification by distance-
dependent measurements on a central charge while taking the
surrounding charges into account.

V. CHARGE QUANTIFICATION

Based on the previous understanding of the CEM voltage,
we introduce in this section an approach to determine the
charge state of a central charge ¢ positioned at 7y = [0, 0, 0].
In particular, we demonstrate that the central charge gy can be
retrieved with high accuracy even if a number of surrounding
point charges ¢g; are present, a situation frequently given in
experiments.

(i=1,2,3,4) and their sum for the different amplitudes A indicated by the same colors of the

A. Optimization algorithm

The central approach for charge determination lies in the
fitting of Vb‘{‘;:(z{‘sli“) data with the charge magnitudes and the
contact potential difference as free fit parameters. Here, we
demonstrate the robustness of this approach by numerical
simulations. Along these lines, we implement an optimization
algorithm for fitting Eq. (8) to Vbrl-“;:meas (z{;‘i“) data of a simu-
lated measurement of a charge distribution with N 4 1 point
charges g, at positions 7;. The MATLAB® function fminsearch
is used to iteratively reduce the root-mean-square (rms)
difference between the measured Vi (") and calcu-
lated V;2in(zMn) data with ¢; (i =0...N) and Vepp as fit
parameters. We consider charge distributions of different com-
plexity and generate corresponding artificial Vb‘i";s'fmeas (zminy
data. These data shall represent experimental situations where
a nano-object like a metal cluster is charged by some or some
10 elementary charges. For testing the optimization routine,

we utilize tip model S evaluated by the Smythe formulas [25].
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Tip model S is chosen here to reduce computational time, yet
other reasonable tip models are expected to work as well.

First, we introduce a charge distribution consisting of
a central charge gy at 7p = [0, 0, 0] and three surrounding
charges g1, ¢, and g3 placed at radial positions Rcl1 = 20 nm,
Ré = 80 nm, and Rg = 160nm, all at z; = 0. The geometry of
this distribution including the tip sphere is shown in top view
in Fig. 10(a) what we further on denote as the point-charge
position map (PCPM). Charge magnitudes g; are randomly
chosen in the interval between —30e and —60e (with the
elementary charge e > 0). We do not see any fundamental
limitation of the charge magnitude in further simulations with
different charge magnitudes (see Appendix B, Fig. 16 for
one example with smaller charge magnitudes). The distance-
dependent data are calculated for the given charge distribution
using amplitude values A =5, 10, 15, and 20nm parame-
ters listed in Table I, ¢, = 24, and Vpp = 1 V. The resulting
Vo eas(Ze™) curves are depicted in Fig. 10(b). Note that for a
simulation with all g; having the same sign, the nonmonotonic
behavior in the CFM data is characteristic to the S model tip
and does not represent a physical property of the distribution
of charges under investigation.

Second, we test the optimization routine by recovering the
“unknown” charge magnitudes qo, g1, g2, and g3 as well as
Veep by fitting ViRin(zMin) (o the data generated in the first
step. Starting values are chosen for Vepp as zero and for
qi as one negative elementary charge. The optimization is
performed until one of the two following termination criteria
is reached: (1) The optimization exceeds 5000 iterations, (2)
the difference (TolX) in ¢g;/e and Vcpp/ V between two sub-
sequent optimization steps is less than 10~® and the change
(TolFun) in the rms difference between Vyur . (z™") and
vb‘;;ig (zM") is less than 1 pV for two subsequent iteration steps.
For a reliable charge quantification it is necessary to reach
criterion (2). The resulting Vb'gi:(z{?i“) curves are included
in Fig. 10(b) as dashed gray lines and perfectly match the
original Vb‘;;i:meﬂs(zgi“) data. Correspondingly, the values for
quantities qo, g1, g2, and g3 as well as Vepp are retrieved
with high accuracy for all amplitudes as shown in Figs. 10(c)
and 10(d). Thus, for a central charge and a small number of
surrounding charges, the optimization routine perfectly recov-
ers the charge magnitudes.

B. Concept of effective charges

Much less favorable results are obtained when increasing
the number of surrounding charges; in this case the opti-
mization problem is overdetermined. We first illustrate this
challenge by a model calculation for an extended charge
distribution and in a second step introduce the concept of
effective surrounding charges as a solution.

First, 13 point charges g; are randomly placed in the sim-
ulation at radial distances Ra ranging from 25nm to more
than 230nm, in addition to the central charge go. Charge
magnitudes are randomly chosen between —30e and —60e
and the corresponding PCPM is presented in Fig. 11(a). The
generated Vit (z%") curve data including the Vj? (zf0™)
fits for different amplitudes are shown in Fig. 11(b). The
fits are in excellent agreement with the simulated V;in(zmin)
data and the central charge q¢ is accurately determined for

all oscillation amplitudes as shown in Fig. 11(c). In contrast,
the quantity Vcpp [see Fig. 11(c)] as well as most of the
surrounding charges ¢; [see Fig. 11(d)] strongly deviate from
the original values and the sum of surrounding charges is not
reproduced correctly [see Fig. 11(d)]. These observations can
be traced to the properties of the weight function for charges
W, averaging over charges in near proximity to each other
and the subsequent overdetermination of the optimization
problem.

A particularly illustrative example for the insensitivity of
W, to neighboring charges can be identified from charges gs
and ge. As both charges are placed in close proximity to each
other at large Ry, their specific contribution to Vi (zMin) via
their respective Wy (7;) function is virtually indistinguishable.
Consequently, the large negative charge of gs is counterbal-
anced by the large positive charge gs and the fit routine aborts
after reaching the maximum number of allowed iterations.
Furthermore, we find that the z{;‘i“ dependence of W, is not
significant for charges positioned at R; > 100 nm. In the cur-
rent example, the fit routine finds a solution with charges at
Rg > 200 nm having very large magnitudes while Vcpp is set
to a value close to zero.

Note, however, that the magnitude of the central charge
of interest is nonetheless well reproduced. This result sug-
gests that go yields the key contribution to Vb‘;}li: with a
zMin dependence that is characteristic enough to provide the
correct result for the central charge. Based on this find-
ing, we seek for a stable solution yielding more realistic
results for the surrounding charges. To remove surplus fit
variables, we reduce the number of surrounding charges
by replacing them with effective point charges. In particu-
lar, all point charges at Rél > 200nm are excluded as their
contribution is small and indistinguishable from Vcpp. The
remaining point charges are subsumed into segments along
the R, axis and reduced to effective charges. Positions of
these effective charges are determined as follows: The range
ARq = R{™ — Rg‘i“ is calculated from the two point charges

positioned at the minimum radial distance Rg‘i“ and at the
maximum radial distance Rg‘a" < 200 nm. Next, this range is
segmented into four intervals of increasing width, namely,
of 0.1ARy, 0.2ARy, 0.3AR,, and 0.4AR,. Finally, one
effective point charge is placed in each of these segments
at the average radial distance of point charges within the
respective segment. The use of an averaged position is most
reliable if the charges are of the same order of magnitude.
For the example in Fig. 11, the reduced PCPM is shown
in Fig. 12(a), consisting of the central charge and four ef-
fective surrounding charges (in red). This PCPM is used to
fit the Vb*r;;meas(zgﬁn) data calculated for the complete charge
distribution. As depicted in Fig. 12(b), fit results based on
the effective PCPM perfectly match the Vb‘;::meag (z™n) curves
calculated for the full PCPM. Most importantly, the central
charge ¢qq is determined as —54.98 ¢ [see Fig. 12(c)], in ex-
cellent agreement with the actual value of —55.00¢, while
Vepp is found to be 0.96V, with a deviation of less than
5% to the actual value of 1V [see also Fig. 12(c)]. Due to
neglecting the charges at Ry > 200 nm, the latter deviation is
°ff are presented

expected. Values for the charge magnitudes g5
in Fig. 12(d), together with the values of qiﬁfnodel that were
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calculated from the sum of all charges g; in the corresponding
interval. Both quantities are in good agreement for the inner
segments, while they deviate stronger for the outer segments.
This results in a slight overestimation of the sum of effective

charges )" ¢ compared to the sum " g5 . We explain
eff

these observations in particular by the effective charge g3 and
the Vepp value both compensating for the omitted charges at
Rq > 200 nm. By testing different tip models and by perform-
ing cross-check calculations covering a large set of charge
numbers and positions, we find that four effective charges
positioned as described yield the most reliable results.

In conclusion, the introduction of effective charges to re-
duce the number of dependent parameters to avoid unphysical
results is a robust approach for the quantification of the central
charge. For the herein presented model data, the reduction of
the 13 surrounding charges ¢; to four effective charges ¢
as shown in Fig. 12 is found to give the best result. While
less effective charges reduce the fit quality, more charges
lead to the described effects of dependent fit parameters. The
determination of the central charge magnitude gy proved to
be robust in all trials, even if a single charge is located nearby
the central charge for a small number of surrounding charges
(see Appendix C, Fig. 17). Be aware that finding a stable
solution for difficult cases can necessitate a modification
of the starting parameters for the optimization routine.
However, the selection does not lead to a bias in the resulting
values. Instead, unphysical solutions are easily identified
from comparing the results for different probe oscillation
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FIG. 13. Extended version of Fig. 7 highlighting the dependence of

amplitudes: if the optimization algorithm is stuck in a local
minimum, single outliers are present for specific amplitudes.

VI. SUMMARY AND CONCLUSIONS

The analysis in this work identifies a number of param-
eters that influence the absolute value of the VM voltage
in a charge force microscopy (CFM) experiment. It is found
that the CFM voltage signal is dependent on the oscillation
amplitude and the CFM technique yields best results for tips
with a small radius as well as substrates with a small dielec-
tric constant. Furthermore, the analysis confirms a substantial
contribution of charges in close vicinity of the tip apex to the
V,Iin gignal, while the effect of charges far away from the tip
apex (including charges buried inside the dielectric sample)
are likely to appear as an offset to the contact potential differ-
ence in the ;M signal.

First and foremost, it becomes clear from this analysis that
taking a lateral map of Vbri‘,f: is insufficient for charge quantifi-
cation. Instead, the acquisition of vertical V)1 (zg™) data is
necessary for obtaining reliable CFM results. For the general
case of a complex charge distribution at the surface or within
a sample, charge quantification can be realized by the follow-
ing four steps: First, the electrostatic model is determined,
for example, by a measurement of the cap-averaged second
capacitance gradient, to yield the weight function for charges.
Second, the point-charge positions are identified from
image data and the effective charge distribution is determined
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T'sphere- Data for models S (SC) are presented in red (green) while data for model SCL are depicted in blue. Tinted colors are used to express the
respective parameter modification. Parameters are otherwise identical to those of Fig. 7.
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red (green) while data for model SCL are depicted in blue. Tinted colors are used to express the different vertical position values. Parameters

are otherwise identical to those of Fig. 8.

from these data. Third, V;Rin(zMi") data are systematically
acquired at the position of the charge of interest for different
amplitudes of the cantilever oscillation. This approach enables
an inherent consistency check. Fourth, an optimization routine
is used to fit V7 curve data to the measurement results with
the charge magnitudes ¢; as well as Vcpp as fit parameters.

In conclusion, the CFM method holds the strong promise
to offer charge quantification in numerous systems of funda-
mental and applied research, and by further refinement of this
method, it can be expected to obtain accurate results for all
relevant experimental situations.
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APPENDIX A: PARAMETER ANALYSIS FOR FURTHER
TIP GEOMETRIES

Simulation results for the S and SC model in addition to
the SCL geometry are presented in Figs. 13—15. In particular,
Fig. 13 presentes the dependency of Vb'};is“ on the dielectric
constant of the substrace €, and on the tip sphere radius rgphere-
Data for only the SCL model are shown in Fig. 7 in the main
text. In Fig. 14, the Vbri‘:f: signal is evaluated for different verti-

cal charge positions and for the S, SC, and SCL models. This

figure is a generalisation of Fig. 8 in the main text. Figure 15
shows V.2 for different vertical charge positions, also for the
S, SC, and SCL models as an extension of Fig. 9 in the main

text.

(a) 40 . S
30 - tip sphere « charge position | _

_

£ 20- R
G /

Na

N

L min |
10 Zig

Rl R3 RI} Rﬁ

7 8 9 10

Sa St fq g Rq Rq Rq Rq\
1
|
10 L L |

25 50 75 100 125 150
Ry (nm)
amn=o] |
40 60 80 100 120 140 i
R, (nm)
. . . .

0.92 I I I I
0 40 50

= (nm)

60 70 80

FIG. 15. Extended version of Fig. 9 highlighting the effect of the
lateral charge position on V", Data for models S (SC) are presented
in red (green) while data for model SCL are depicted in blue. Tinted
colors are used to express the lateral position values. Parameters are

otherwise identical to those of Fig. 9.
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FIG. 16. Exemplary CFM experiment simulation with point charges in the range of —1le to —5e. (a) Point-charge position map (PCPM),
(b) Vb‘;‘”fs‘fmeas data as a function of the minimum tip-sample distance zgﬁ“, (c) model and resulting values for the fit parameters g, and Vcpp as a
function of the amplitude A and (d) model and resulting values for the surrounding charges ¢; (i = 1, 2, 3) and their sum as a function of the

amplitude A.

APPENDIX B: SIMULATION WITH SMALL CHARGE APPENDIX C: SENSITIVITY TO NEARBY CHARGES

MAGNITUDES As shown in Fig. 17, CFM delivers excellent fit results for

Figure 16 presents one example of a simulated CFM ex- few charges located nearby the tip even if these charges are
periment with point-charge magnitudes randomly chosen in separated by only 2 nm.
the range of —1le to —5e. Excellent fit results are obtained.
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9. Nanoscale charge quantification
using CFM

The capability of CFM for charge quantification using a two-step procedure is
demonstrated by measuring the static charge state of a gold nano-particle supported
by a CeOy(111) substrate. Therefore distant-dependent Agg(2¢s) and V22 (z) data
are systematically measured above the particle position (onP) and an empty terrace
(offP) for a set of oscillation amplitudes using the FCA method and post-processed
by the two-step procedure. In the first step, the Asg(2is) data is evaluated giving
the parameters for the electrostatic model. In the second step, the electrostatic
model is used for evaluating the V2 (z) data yielding the charge contained within
the investigated gold nano-particle.

The results discussed in the following are currently in preparation for submission,
the shown manuscript is a preliminary version from 22.06.2023.
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The static charge of a ceria supported Au nano-particle is determined using charge force mi-
croscopy (CFM) performed with the tip of a non-contact atomic force microscope as the force
probe. The charge is retrieved from systematically acquired measurements of the CFM signal as a
function of tip-surface distance. Being a dynamic method involving the oscillation of the force probe
as well as an oscillating bias voltage, CFM allows charge quantification in a two-step procedure by
side-band detection at the bias voltage oscillation frequency and its first harmonic. In the first step,
distance-dependent data of the tip-surface capacitance signal are retrieved from analysing the signal
at the first harmonic of the bias modulation frequency. These data yield parameters for the electro-
static model. In the second step, the weight function for charges is calculated from the electrostatic
model and the charge of the nano-particle of interest is retrieved from a fit of the weight function to
the CFM signal measured at the bias modulation frequency. The technique is demonstrated for the
measurement of the charge of a gold cluster on the surface of a heavily reduced ceria substrate that
is surrounded by further similar gold clusters. While the procedure yields a negative charge for the
central and surrounding nano-particles, the surface nearby the particles is found to accumulate a
positive charge. This directly demonstrates charge transfer from the substrate to the nano-particles.

As a key enabler of catalytic activity, metal nano-
particles on reducible oxides are of critical importance
in catalytic research and application [1, 2|. Particularly
with regard to the catalytic capabilities, the material,
size and shape [3| as well as the charge state [4] of the
metal nano-particles have a strong influence. Among the
particle-supporting materials, cerium oxide (ceria, CeOs)
is central in heterogeneous catalysis with the well known
redox properties [5] following from the Ce3*-Ce** switch
of the cations [6]. In particular, gold/ceria catalysts are
exploited for many reactions, including low-temperature
CO oxidation [7], water—gas shift reactions [8], or hy-
drogenation of COy to methanol [9]. For this system,
the excess charges of oxygen vacancies that are always
present in reduced ceria at (sub-)surface positions [10—
12] strongly influence the nano-particle charge state and,
thus, the reactivity of gold nano-particles [13]. Conse-
quently, a local measurement of the charge state is key
for understanding the catalytic activity of these metal
nano-particles [14-19].

First approaches to experimentally quantify the to-
tal charge in metal nano-particles have been pursued
by means of electron holography with transmission elec-
tron microscopy [20] as well as by photoelectron spec-
troscopy [4]. Additionally, it is common practice to im-
age oxide surfaces covered with metal nano-particles by
both scanning probe microscopy (SPM) to investigate
structural characteristics [21] and Kelvin Probe Force Mi-
croscopy (KPFM) to map electric properties [22]. How-
ever, the surprisingly little consistency in KPFM data
for metal nano-particles on surfaces [18, 23| can directly
be explained by the large number of contributing fac-
tors, including the cantilever dynamics [24, 25], the tip-

* These two authors contributed equally
t prahe@uos.de
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sample geometry [26], and the measurement parame-
ters [27]. An approach to describe the KPFM detec-
tion in terms of a point spread function has recently
been proposed [28, 29|, but it became clear that an ex-
tensive model is required when aiming for quantitative
measurements [30, 31]. Very recently, charge force mi-
croscopy (CFM) has been proposed to challenge these
difficulties [27].

Here, we experimentally apply CFM to a metal nano-
particle/oxide system and develop a two-step proce-
dure for charge quantification. Fundamental to CFM is
the measurement of distance- and amplitude-dependent,
data. In the first step, system parameters are determined
from these data that describe the tip geometry and enable
the evaluation of the electrostatic quantities. These pa-
rameters serve for the determination of the charge mag-
nitude of a single gold nano-particle in presence of the
support and further surrounding nano-particles in the
second step. We find that the introduction of a posi-
tive charge in the vicinity of the nano-particle of interest
is required to match the experimental data by the model.

The target quantity in CFM is the bias voltage V;1in
measured upon minimising the electrostatic interaction
in non-contact atomic force microscopy (NC-AFM) [27,
30, 31]. While the experimental detection scheme of CFM
is adapted from KPFM [32], the signal interpretation in
CFM relies on a description of the sample system in terms
of metal electrodes and point charges [27, 30, 31, 33].
This is different to measuring work function differences
with the Kelvin Probe technique [34]. A general equation
for Vin of a system containing N fixed point charges ¢;
at positions 7; at the surface of a dielectric substrate and
a contact potential difference Vopp between the substrate

back contact and the metallic tip is given by using the
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FIG. 1. Images of the ceria CeO2(111) surface with gold nano-particles after the post-annealing step. (a) Topographic (zp)

min

NC-AFM image and (b) corresponding Vit data. (c) Line profiles extracted across 13 exemplary nano-particles from panel (a).
A typical height of the gold nano-particles of (2.0 £ 0.5) nm is found.

weight function for charges Wy [30, 31]

N
Vitas = Vorp + Zquq(ﬁ-). (1)
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depending on the normalised electrostatic potential <i>v0id
and the capacitance Cygiq of the void (charge free) tip-
sample system as well as the tip-surface distance that is
the probe oscillation centre position z. for the dynamic
measurement. Note that the weight function for charges
Wq(7;) is evaluated at the position of each point charge
position 77, but depends on the electrostatic model of the
point-charge free (void) system.

The central challenge for quantitative charge measure-
ments with CFM is an accurate characterization of the
experimental tip-sample system to evaluate the weight
function for charges W,. Here, we exploit the signal Ao
measured at twice the bias modulation frequency, 2 fe,
for the determination of the electrostatic model. As
shown in the appendix Sec. A, this signal is given by

with

(2)

A 02C0i
Aot = |Gho(fexe + 2| Zve%< 0 d> ®)
“ts I n

with the transfer function of the harmonic oscillator when
interacting with the sample G}, [35], the sensor excita-
tion frequency fexc, the bias modulation voltage V¢ and
the oscillation amplitude A. Within the harmonic ap-
proximation, the transfer function Gj,, can be approx-
imated by the undisturbed version Gy, that is directly
given from the sensor properties [35]. Central to Eqgs. 2

and 3 is the cap averaging function (.) defined by [35]

2 A
(e (ze) = m[Af(zc+Z)VA2—ZQdZ, (4)

which describes the averaging of the physical quantities
due to the movement of the oscillating tip. Furthermore,
Egs. 1 and 2 highlight that the CFM voltage Vil has a
complex dependency on electrostatic and sensor param-
eters. A detailed analysis of these dependencies can be
found in [27].

The fundamental approach in this work is to determine
the electrostatic model parameters from fitting the elec-
trostatic model to experimental data Asge(z,) (The ex-
perimental adjustment parameter z, describes the piezo
position, which is identical to the tip oscillation centre
position z. except for the zero point of the coordinate
axis and the static sensor deflection [36]) We use an elec-
trostatic model [25] for calculating Cyoiq and ®,0iq that
describes the tip as a combination of a half-sphere, a cone,
and a disk as well as the sample as a dielectric slab of
1 mm thickness with dielectric constant e¢;. The robust-
ness of our approach and the reliability of the resulting
parameters is confirmed by analysing data for different
oscillation amplitudes [37] and at two different lateral
surface positions, namely at the position of the particle
of interest (“onP”) and on a particle-free terrace (“offP”).

Surface preparation and CFM measurements are per-
formed under ultra-high vacuum conditions (base pres-
sure < 1 x 10~%mbar). First, clean CeOy(111) sur-
faces are prepared by sputter/anneal cycles. Second, gold
material is deposited from an electron beam evaporator
(type EFM 3i from Focus GmbH) on the sample held at
room temperature. Third, small Au nano-particles are
formed in a post-deposition annealing step. NC-AFM
imaging and CFM charge quantification measurements
are conducted with Ar-sputtered Si and Ptlr-coated Si
tips, respectively. CFM measurements are performed in
the frequency-modulated closed-loop (FM-CL) mode [38]
and the data acquisition of distance-dependent Af(zp),
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FIG. 2. Determination of the electrostatic model parameters with distance-dependent Asg1 data acquired on a single gold nano-
particle (position onP marked in inset (I)). A total of 14 Asgei(ztip) curves are acquired using 7 different oscillation amplitudes
(data for three oscillation amplitudes shown, see appendix Sec. B for experimental details). Data are fitted (dashed black lines)
using Eq. 3 with ¢; = 24 and three fit parameters Ryip (see inset II), zomset (see inset III), and Ag‘f*:f‘ (see inset IV).

Vimin(z), and Asge(2,) data using different sensor oscil-
lation amplitudes A is executed at the two sample posi-
tions onP and offP. Seven increasing and decreasing os-
cillation amplitudes are used for pre-processing by the
force curve alignment (FCA) [37] method. With this
method, the oscillation amplitude A is precisely deter-
mined and thermal drift is corrected, ensuring a precise
relative alignment of all curve data along the z, axis and
allowing to plot data against the coordinate of the lower
tip oscillation turning point 2, [36]. Further experimen-
tal details are given in appendix section B.

The topographic overview image in Fig. 1(a) shows
the ceria surface after completing the sample prepara-
tion. The image reveals the surface step edges and many
small terraces having a width between 5nm and 60 nm.
Single gold nano-particles are identified as bright pro-
trusions and are distributed homogeneously over the sur-
face although a tendency for nucleation at or nearby step
edges is observed. The line profiles of selected nano-
particles are shown in Fig. 1(c). In the corresponding
Vi data (tip bias, see Fig. 1(b)), dark spots are visi-
ble at the particle positions. The Viid' voltage is simi-
lar for all particles, highlighting that they have similar
properties. In addition, the CeO9(111) step edges ap-
pear as dark lines in the V1" data. We note in passing

that the difference in V2 at step edges on the related

bias

CaF(111) surface has been explained by the different
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step orientation [39]. While the more negative voltage
suggest negatively-charged nano-particles and step edges,
we need to highlight that the absolute values are strongly
dependent on the imaging and system parameters [27].
Thus, an interpretation first requires a determination of
the electrostatic model parameters.

In the first step of the charge quantification procedure,
the measured and FCA-corrected Asgei(zp) data acquired
at the position of one single gold nano-particle are fitted
with Eq. 3 using three fit parameters: the tip radius Ry;p,
the offset zomser along the z axis relating the experimen-
tal piezo position z, to the model coordinate system, and
the amplitude-dependent offset ASTSet which is an effect
of the lock-in detection of the modulated Asge-signal in
presence of measurement noise (see appendix Sec. C).
While FCA ensures a correct relative alignment within a
set of force-distance curves, the parameter zogset deter-
mines the absolute alignment relative to zyp = 0 repre-
senting the dielectric-vacuum boundary. Consequently,
after fitting it is possible to plot A data in Fig. 2 with
respect to the position of the lower turning point of the
tip oscillation, zj, [36].

Fig. 2 presents exemplary Aogei(2iip) data for three
representative amplitudes for one data set acquired at
an exemplary gold nano-particle position (see inset (I)
in Fig. 2, together with the corresponding Asge (2tip) fit
functions (see appendix Fig. D.2 for the full data set).
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FIG. 3. Charge quantification from V{2 (z,) data. (a) Model geometry including the positions of the central charge (gc) and
the effective surrounding charge (¢s). While the central charge is fixed at (pc,z.) = (0,1nm), the analysis is performed for
different positions of the surrounding charge ¢s along the six axes r1 to 76 (see appendix Tab. D.1 for all results). (b) Distance-
dependent AV{I® (z4:p) data calculated by subtracting Viii® (z;p) measurement data at the offP position from data acquired
at the onP position (see inset (I) in Fig. 2). A total of 14 Asse(zp) curves are acquired using 7 different oscillation amplitudes
at each position; data for three exemplary amplitudes are reproduced. Model and fit results (black dashed line) are given for
a position of (ps,2s) = (44nm, 1nm) (marked in (a) by an orange circle) for the surrounding charge. Resulting fit parameters
for all amplitudes are shown in inset (I) and the statistical variation of the central charge magnitude ¢. across a total of three

min

measurement sets (42 Viias (ztip) curves in total) is shown in inset (II). As the main result, the central charge magnitude is

determined to g. = (—7.4+£0.4)e.

Data were acquired at the onP position of a gold nano-
particle, measurements at the offP position are repro-
duced in the appendix Fig. D.3. The monotonically de-
creasing Asfel (2ip) curves differ depending on the oscil-
lation amplitude. These differences are expected as they
are a result of the cap averaging function (Eq. 4). For the
electrostatic model [25] used to calculate the fit function,
we keep the tip cone opening half-angle fixed at 23.3°,
the cone height at 12.5pm, the cantilever disk radius at
34.6 pm, the cantilever disk thickness at 4 pm, and the
substrate dielectric constant at e = 24. These tip and
cantilever parameters are adapted from the values given
by the manufacturer, while the dielectric constant for re-
duced ceria has been determined before [40-42]. In pre-
vious simulations [27], we found only a minor effect in

A when varying the tip geometry parameters except
for Ryip.

The insets (II)-(IV) in Fig. 2 present results for the
fit parameters as a function of the oscillation amplitude
for one data set; values for the curves presented in the
main figure are marked by large spheres. The tip ra-
dius Ry, expresses a slight dependency on the oscillation
amplitude with a systematic increase from about 38 nm

to 44nm (see inset (II) in Fig. 2). Due to the excellent
agreement between the experimental data and the model
curves, we assume that this scaling corrects for short-
comings of the oversimplified geometry of the tip model
by influencing the cap-averaging in the calculation. The
progress of the fit parameter zomset (see inset (III) in
Fig. 2) has no physical meaning as it is subject to the
experimental strategy of keeping the lower turning point
at roughly the same tip-sample distance [43] during the
data acquisition. However, as the lowest measurement
point of each curve will be at larger z than the nano-
particle top facet, a particle height of less than 2.6 nm
can be concluded, in agreement with the typical height
of 2 nm retrieved from Fig. 1(c). The fit parameter ASf5et
(inset (IV) in Fig. 2) is rootet in the detection principle
and does not deliver insight into the electrostatic model
as explained in appendix Sec. C.

With the electrostatic model parameters determined,
the weight function for charges W (see Eq. 2) can be
evaluated at the charge positions 7;. The central provi-
sion within the second step of the charge quantification
procedure is the identification of feasible charge positions

for surface species contributing to the Vi (z;,) signal.
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Initial fits are performed with a central charge gy rep-
resenting the investigated gold nano-particle, four effec-
tive surrounding charges ¢5 describing its surroundings,
and the contact potential difference Vopp between tip
and sample as fit parameters [27]. The charges are po-
sitioned at z; = 1nm above the surface, in centre of the
gold nano-particles considering the typical height of 2 nm
(see Fig. 1(c)). Charge redistribution at the step edges
and other electrostatic inhomogeneities are also covered
by the effective charge approach.

The model with five charges yields an excellent match
between the experimental V2 (z;,) data and the model
curves (see appendix Fig. D.5(b)) and a magnitude of
qo = (—6.7 £ 1.8) e (with e representing the positive ele-
mentary charge) is found for the charge of the centre gold
metal nano-particle under investigation by evaluation of
three data sets (see inset of Fig. D.5(b)). Still, the com-
parably large error for the charge magnitude goes along
with a large spread of the effective charges representing
the surrounding nano-particles. We find that a decreased
signal-to-noise ratio in V18 (2;,) at tip-sample distances
Zip > 30nm that is the result of a greatly reduced signal
strength causes a large uncertainty of the surrounding

charges and, ultimately, leads to instable fits.

Therefore, we reduce the number of fit parameters by
taking advantage of the homogeneous distribution and
identical character of the gold nano-particles on the sur-
face that allows to adapt the “on-minus-off” approach
that is commonly used in site-specific force measurements
with NC-AFM [44]. This approach is justified as the
Vilin(z:5) signal at large tip-sample distances is domi-
nated by charges located at large radial distances from
the lateral tip position as well as by the contact po-
tential difference. The first influence is expected to be
on average identical irrespective of the lateral tip posi-
tion for a homogeneous particle distribution, while the
second parameter is fundamentally independent of the
lateral tip position. Calculating the difference between
Viin(z:,) data taken onP and offP yields AVR(z,),
which, therefore, is free from the influence of remote
species as well as the contact potential difference.

Experimental AV () data in Fig. 3(b) (green and
blue curves) present the difference for three amplitudes
between a V{23 (z;,) measurement acquired at the onP
and the offP position. A prerequisite for calculating this
difference is the correct alignment of the data along the
z axis. Here, this alignment is precisely ensured via the

FCA method and the determination of the zygse; param-

eter by fitting the Asg) data. We find that placing a
single point charge ¢. at the centre position below the
tip (i.e. at pg, = 0) does not reproduce the curvature
of the experimental Vil (z;,) curve at intermediate dis-
tances around zp, ~ 25nm correctly (see Fig. D.7). Al-
though the presence of only one single fit parameter g,
renders the fitting routine very robust, this model does
not correctly represent the physical system. It appears
that charge in the vicinity of the investigated gold nano-
particle needs to be included in the model.

Therefore, we introduce an additional charge ¢s and
test the fit by systematically placing this charge at po-
sitions (pg.,2q.) along five axes 71 to rs as shown in
Fig. 3(a). The results can be classified into two groups
(see appendix Tab. D.1 for a full overview). In group A,
the central charge magnitude ¢, is found to be between
—T7e and —8e, while the surrounding charge is positive
with magnitudes between 10e and 20e and is located
at lateral positions of pg, ~ 40nm (positions marked by
green dots in Fig. 3(a)). For these cases, the agreement
between the experimental data and the model curves is
excellent with one example presented in Fig. 3(b). For
the second group B, the agreement between the exper-
imental and model data is reduced. In particular, the
curvature at intermediate tip-sample distances around
zip = 15nm does not match and the V1! values at
small tip-sample distances deviate. Therefore, we under-
stand the models behind these results to not correctly
represent the physical system.

It is clear that ViRt data at small 2, have a critical
influence on the charge magnitude value g. of the central
gold nano-particle. Thus, to arrive at a reliable measure-
ment for ¢., the charge measurement is repeated with
different values for the lowest position adjusted by the
frequency-shift set-point during the experimental data
acquisition. The Asger (24ip) and Vil (z1) curves are fit-
ted for all data sets as shown in Figures D.2, D.3 and
D.8 with the resulting fit parameters presented in the
appendix Fig. D.9. The statistical distribution for g¢.
across all amplitudes and all measurement sets (total of
42 measurements) is included as inset (II) in Fig. 3 and
yields a final value of (—7.4 £ 0.4) e for the charge mag-
nitude of the central gold nano-particle. In particular,
as there is no apparent bias with respect to amplitude
and lowest sampling position, we deem this measure-
ment to be robust. In addition, a positive surrounding
charge is found and excellent fits are achieved when po-
sitioning a charge of magnitude (11.3 +1.0) e at position
(qu7 qu) = (44 nm, 1 nm)'
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Appendix A: The signal amplitude at 2fe): Aafel

The probe displacement g can generally be described
by solving the equation of motion for an externally
driven, damped harmonic oscillator with an external
force [35]. Commonly, the solution is based on the
harmonic approximation, namely on the ansatz ¢(t) =
qo + A cos(27 fexct + ¢). For the case of CFM, additional
components are present in ¢(¢) due to the bias modu-
lation with V' = Vhias — Vopp + Vel COS(Qerlt). While
the frequencies of these components are identical to the
method of KPFM, the interpretation of the magnitude
differ significantly. The Fourier analysis of ¢(t) yields:

Flal(f) = Gro(f)x
F [Fo cos(27 fexct)
+ (Feven,a)
+ (Fa,p), cos(27 fait)
+ <Fel,c)U cos(2m2 fart)
+ A/2 (ketb) c08(27(fexe + fel)t + )
+ A/2 (kerp) n cOS(27 (fexe — fe)t + ¢)
+ A/2 (kelc)  €OS(2T(fexe + 2fe)t + )
+ A/2 (ke e), €082 (fexe — 2fe)t + )] (A1)

The signal contains one static as well as four harmonic
components, the latter at frequencies fo1, fexc, fexc = fel,
and fexc £ 2fe;. The amplitudes of these components
are defined by force contributions given by the excita-
tion force Fy, the even tip-sample interaction Feyen,a, as
well as components of the electrostatic force (Fej b, Felc)
and the electrostatic force gradient (kei,b, kel,c). The full
derivation has been given before [38].

The Vmin signal evaluated in closed-loop frequency-

modulation CFM follows from the condition [38]

0 = F [qcos(27 fexct)] (fe1)- (A2)
From eq. Al, this reduces to the equation
0 = (kei,b) (A3)

which is a function of V{2, The quantity ki, depends
on both, the electrostatic system parameters as well as
the point charge positions and magnitudes. It can ex-
plicitly be written as [38]

N

2
aZts 822ts

(A4)

The signal at fexe = 2fe; can be measured by lock-in
or sideband detection techniques. This signal is of rel-
evance as only the averaged capacitance gradient con-

tributes; this signal is independent of the point charges
in the system. In particular, kel is given by [38]:

19*Cyoia
4 024

826'voi 82(i)voi 7_"1
Fetp = Vel ( < (Vhias — Vern) — Zqzd()> :

i=1

kel,c = ‘/j (A5)

8

We define Asge as the amplitude of this component at
frequency fo 4 2fe in the spectrum of ¢

A2fel = |G{10(f0 + 2fel)| . ‘A . <kel,c>n’ .

(A6)
In this equation, we only consider the positive frequency
axis and include a factor of 2 to account for the signal
power at fexe — 2fe. This is justified as the input signal
is a real signal. The transfer function of the harmonic
oscillator, G, is defined by [35]

1
2mf)2m + 2mi f

Gho(f) = 77— (A7)

and describes the oscillator slightly disturbed by the tip-
sample interaction using the effective force gradient and
damping coefficients

k/ = kO - <kts,a>m
¥ =7 - <'Yts,a>m

(A8)
(A9)

The averaged tip-sample force gradient is, in the case of
CFM and KPFM, usually very small as only long-range
forces contribute to the measurement. Therefore, the
approximation

;m(f() + 2fel) ~ Gho(f() + 2fel) (AlO)

can be used. For (ks a)- = 0.02Nm, the difference be-
tween Gy, (fo+2fe) and Guo(fo+2fe) is of the order of
0.1 %.

Appendix B: Experimental Methods

Sample preparation and NC-AFM measurements are
performed under ultra-high vacuum (UHV) conditions in
the same system at a base pressure in the low 10~! mbar
range.

A ceria single crystal (SurfaceNet GmbH, Rheine, Ger-
many) is used as substrate for gold nano-particle deposi-
tion and growth. The crystals are prepared with several
cycles of Argon ion sputtering (U = 1.5kV, I = 15mA,
par=5 x 107° mbar) followed by annealing at high tem-
peratures (1100K to 1200K) for 20min to 30min. A
detailed description of the annealing procedure can be
found in refs. [10, 45]. This procedure results in a clean
surface rich of small terraces separated predominantly
by one triple layer (TL, O-Ce-O) high step edges as also
observed for ceria single crystals from a different source
[46].

The deposition of gold (purity: 99.95%, Goodfellow,
UK) on the ceria sample is carried out with an electron
beam sublimator (EFM 3i, Focus GmbH, Hiinstetten,
Germany) which was carefully degassed prior to the ex-
periments and operated with the settings: U = 600V,
TEmission = 20mA, Igjy = 2A. After a constant flux of
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9. Nanoscale charge quantification using CFM

approx. 320 nA is achieved for several minutes, gold is de-
posited for 60s on the sample held at room temperature.
The deposition time of 60s results in a surface nearly
completely covered by very small Au particles. Larger
nano-particles are formed in a post-deposition anneal-
ing step at temperatures between 520 K to 620 K and for
times between 20 min to 30 min.

NC-AFM and CFM experiments are performed at
room temperature using a modified [47] commercial
ultra-high vacuum AFM/STM system (Omicron Nano-
Technology, Taunusstein, Germany) controlled by a RHK
R9 controller (RHK Technology, Inc., Troy, USA) and an
atom-tracking system [48] for drift compensation. Stan-
dard silicon cantilevers (PPP-NCH from Nanosensors,
Switzerland) as well as Ptlr-coated silicon cantilevers
(NCHPt from Nanosensors, Switzerland) are used for
the experiments. Both cantilevers have a resonance fre-
quency in the range of fy = 230kHz — 350kHz and a
typical force constant of 42 Nm™!. The standard Si can-
tilevers have a lower conductivity but a sharper tip, re-
sulting in higher resolution during imaging.

CFM measurements are performed in the frequency-
modulated (FM) closed-loop (CL) mode with fq =
1567 Hz and Vg = 1V using PtIr-coated Si probes. V;min
refers to the voltage at the tip with respect to the sample
back contact. The sideband detection of the R9 system is
used for detection of the components at fo and 2f, and
the CFM voltage V™D is adjusted by a feedback loop
such that the spectral component at fe is minimised.

CFM data are acquired as both, images in parallel to
regular topography mode imaging as well as distance-
dependent measurements at well-controlled sample posi-
tions. Distance-dependent measurements are performed
using the same measurement protocol as introduced as
force curve alignment [37]. With this protocol, a total
of 2N curves (here: N = 7) with ascending and de-
scending amplitude values are acquired. Here, ampli-
tude values of Ay = 5.0,7.14,9.29,13.57,17.86,20.0 nm
are used. An optimisation algorithm matches the force
curves calculated from the frequency-shift Af(z) data
with the sensitivity factor S and drift parameters as free
variables. A reliable force measurement, parameter de-
termination, as well as precise relative alignment of the
data are achieved when all curves are identical within the
measurement noise.

Appendix C: Contributions to the Aszg signal
measurement

The Aage signal is measured at fexe £ 2fe in the de-
flection signal g using the side-band detection method of
the R9 control system. This detection method yields the
same result as a lock-in based measurement of the 2f
component in the frequency-shift (Af) channel.

The Asge signal in ¢ is very small compared to the
deflection signal ¢ of the cantilever at fex. as well as to
the Viias signal at fexc+fei. Hence, care has to be taken
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that the Asg signal measurement is free from artefacts.
In our experiments, we find a decreasing offset Agfset
with increasing tip oscillation amplitude A.

When using lock-in based detection, the absence of fur-
ther components within the lock-in output signal has to
be ensured. In particular, for this specific case, the band-
width has to be chosen small enough such that the com-
ponents at fexe and fexe+ fe are not leading to additional
contributions. The frequency fq is set to fe = 1576 Hz
in the experiments. With time constants smaller than
2.7 ms we found an increase of the Asg signal with the
tip oscillation amplitude A. Note that this effect is op-
posite to our experimental observations. Instead, when
setting the time constant of the lock-in amplifier to 3.2 ms
with a filter slope of 18 dB/Oct, we verified that there is
neglectable influence by the main signal at fexc; Asfel is
found to be independent of the tip oscillation amplitude
A with these settings. Still, the detection bandwidth
with these settings is still large enough to measure Ao
within the experimental sampling times. These settings
were used for the experiments.

From a noise analysis it has been found [49] that the
total noise amplitude spectral density diy/ in the Af
channel scales with the inverse oscillation amplitude, i.e.
with 1/A. Due to the finite bandwidth of the lock-in
amplifier low pass filter, the integration over this spec-
tral density within the filter bandwidth contributes to
the lock-in output signal and will lead to a scaling of
the noise contribution with 1/A. At large tip-sample dis-
tances where the Aage signal is predominantly defined by
the contributing noise, this contribution appears as an
offset. However, this offset is present at all tip-sample
distances and, thus, compensated for in the fit procedure
of the electrostatic model by introducing a fit parameter

Sffset that is additive to the model result for Aager.

Appendix D: Results

The point charge position map derived from several
NC-AFM images acquired in the vicinity of the gold
nano-particle of interest is shown in Fig. D.1. Fits of the
Asgel model (Eq. 3) to all data sets acquired at the gold
nano-particle position (onP) are shown in Fig. D.2. Fits
to the corresponding data sets taken on an empty terrace
(offP position) are shown in Fig. D.3. On overview of the
resulting electrostatic model fit parameters for three dif-
ferent data sets are shown in Fig. D.4.

The evaluation of the charge magnitude at onP
(Fig. D.5) and offP (Fig. D.6) positions with a model
containing one central (go) and four effective surround-
ing charges (¢¢ff) yields instable values for the surround-
ing charges and a large error for the magnitude of the
central charge.

Fits when using the difference approach with a single
central point charge are shown in Fig. D.7. Results when
using one surrounding charge in addition to the central
charge for three data sets are shown in Fig. D.8 and an



overview of the resulting values are compiled in Fig. D.9.
These results are calculated for the surrounding charge
located at (pg., 24, ) = (44nm, 1nm). Results for further

positions are listed in Tab. D.1.

sol| Pas  Ras Mg Oqc | Has Ogs |Herms

P (m) (am)| (e) (e) | (e) (e)] (mV) |BP

10 1 |—224 5.0{20.9 5.6| 15.8 B

20 1 [-10.8 1.2|10.5 1.8| 14.0 B

30 1 | -85 0.6/9.7 10| 12.6 B

- 40 1 —-7.6 0.410.7 1.0| 11.9 A

44 1 —74 04|11.3 1.0| 11.8 A

50 1 —7.2 04125 1.1| 11.8 A

70 1 —6.9 0.4|17.8 1.9| 12.0 B

140 1 —7.1 0.5]43.2 4.9] 12.1 B

0 —1 |—14.0 1.3]20.5 2.4| 12.6 B

10 -1 |—-12.2 1.1|17.9 2.2| 12.7 B

20 —1]-9.9 0.8(15.3 1.7| 12.6 B

30 —1 | —-87 0.6/14.8 1.4| 12.1 B

T2 40 -1 | —-80 0.5|15.5 1.4| 11.9 A

44 -1 | —-7.8 05]16.1 1.4| 11.8 A

50 —-1|-7.6 04|17.1 1.5| 11.8 A

70 -1 |-73 0.4]21.7 2.1| 11.9 A

140 -1 | —7.2 0.5|44.6 4.8| 12.0 B

0 0.5 |—35.8 3.9|42.3 5.0| 12.6 B

0 0.2 |—20.1 2.0|26.5 3.1| 12.6 B

s 0 0 |—14.8 1.4|21.3 2.5| 12.6 B

0 —-0.2|-14.6 1.4(21.1 2.5| 12.6 B

0 —-0.5|—14.4 1.3(20.9 2.4| 12.6 B

0 —1 |—14.0 1.3]20.5 2.4| 12.6 B

40 1 | =76 0.4]10.7 0.9] 11.9 A

40 0.5 | —7.8 0.5[12.6 1.1| 11.9 A

40 0.2 | =79 0.5(14.1 1.2| 11.9 A

ry | 40 0 | —8.0 0.5[15.3 1.3| 11.9 A

40 —-0.2| —8.0 0.5|15.3 1.3| 11.9 A

40 —-0.5| —8.0 0.5[154 1.3| 11.9 A

40 -1 | —-80 0.5|15.5 1.4| 11.9 A

44 1 —74 04|11.3 1.0| 11.8 A

44 0.5 | —-7.6 0.413.2 1.1| 11.8 A

N 44 0.2 | =7.7 04]14.7 1.3| 11.8 A

>l 4 0 |-78 05[158 1.4| 11.8 | A

44 —-0.2] —7.8 0.5[15.9 1.4| 11.8 A

44 —-0.5] —7.8 0.5]16.0 1.4| 11.8 A

4 -1 | -7.8 0.5|16.1 1.4| 11.8 A

50 1 —7.2 04125 1.1| 11.8 A

50 0.5 | =74 04144 1.3| 11.8 A

e 50 0.2 | =7.5 0.4|15.8 1.4| 11.8 A

50 0 |—-7.6 04]169 1.5| 11.8 A

50 —0.2| —7.6 0.4]16.9 1.5| 11.8 A

50 —0.5|-7.6 0.4|17.0 1.5| 11.8 A

50 —1|—-7.6 04|17.1 1.5| 11.8 A

TABLE D.1. Results for different positions of the effective

surrounding charge ¢s varied along six different axes r; (see
Fig. 3(a)). The central charge ¢c is located at (pq.,2q.) =
(Onm, 1nm) for all cases. The fit quality is given by fepyss
the mean value over all egms values from the three evaluated

maps.
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FIG. D.1. Point charge position map (PCPM) describing the position of the central particle (red circle) and position of
surrounding particles (black squared) found from evaluating three separate overview images. For finding effective charge
positions (blue triangles), four circular segments of increasing width around the investigated central particle are considered
(tinted grey circular segments). All particle positions within one segment are averaged giving the position of the effective charge
in that segment. The investigated offP position is indicated by a orange star.
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FIG. D.2. Results from fitting the model (Eq. 3) to Asger data for all amplitudes and for (a)-(¢) maps 1-3 aquired at the onP
position. The resulting fit parameters are shown as a function of the tip oscillation amplitude in the insets for each data set:
(I) offset Zommser between acquisition and model z axes; (II) tip radius Ryip; (ITT) ASESe offset value.
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FIG. D.3. Results from fitting the model (Eq. 3) to Asg data for all amplitudes and for (a)-(c) maps 1-3 aquired at the offP
position. The resulting fit parameters are shown as a function of the tip oscillation amplitude in the insets for each data set:
(I) offset Zomrser between acquisition and model z axes; (II) tip radius Ryip; (IIT) ASESe offset value.
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FIG. D.4. Overview for all parameters resulting from fitting Asger to the model (Eq. 3) at the onP and offP position. (a) Ryip,

(b) Zofiset, and (c) ASEet 4

s function of the amplitude A at the onP position. (d) Riip, (€) Zosiset, and (f) ASEset as function of

the amplitude A at the offP position. Data are acquired with three values for the lower turning point, explaining the systematic
shifts in zogset for the different data sets.
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FIG. D.5.  Fit to Vi, data taken at the onP position using the model (Eq. 1) with a central charge qo, four effective
surrounding charges ¢§", and Vepp as fit parameters (see also [27]). (a) PCPM with all charge positions projected to the radial
axis. (b) Experimental Vijj,i (2tip) data (blue-green curves) and fit results (black dashed curves) measured at the onP position.
Inset (I) shows the result for go when evaluating maps 1-3 with this model. Resulting values for (c) go and Vepp as function of
amplitude and (d) corresponding results for the effective charges ¢f. (e) Residual error epus of each fit. Exitflag=1 denotes
a well-converged optimisation.
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FIG. D.6. Fit to Vii» data taken at the offP position using the model (Eq. 1) with four effective surrounding charges go and
¢ as well as Vepp as fit parameters (see also [27]). (a) PCPM with all charge positions projected to the radial axis. (b)
Experimental Viji,¢ (ztip) data (blue-green curves) and fit results (black dashed curves) measured at the offP position. Resulting
values for (c) the first effective charge go and Vopp as function of amplitude and (d) corresponding results for the effective
charges ¢5%. (e) Residual error erms of each fit. Exitflag=1 denotes a well-converged optimisation.

0.1 T
- - -fit

AV (V)

. . 11.47 @
8 10 12 14 16 18 20 9.32
A (nm)

0.4 | | | | | |
0 10 20 30 40 50 60 70

Ztip (nm)

FIG. D.7. Difference approach fits of AVy? data for all amplitudes of data set 3 including only one central charge ¢. as fit
parameter in the model. For the calculations, the charge g. is placed at (pg, z4) = (Onm, 1nm). The resulting charge value for
gc for each amplitude is shown in inset (I). A single charge appears to not being sufficient for describing the AVt data as no
good match between the experimental data and the model could be achieved.
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FIG. D.8. Difference approach fits of AV;2i2 data for all amplitudes and (a)-(c) data sets 1-3 including a central charge g. and a
surrounding charge ¢ as fit parameters in the model. For the calculations, the charge g is placed at (pq, z4) = (Onm, 1nm) and
the surrounding charge ¢s is placed at (pq, zq) = (44nm, 1 nm). The resulting charge magnitudes g. and gs for each amplitude
are shown in the inset (I).
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FIG. D.9. Results overview for the centre charge g. and surrounding charge ¢s from the difference fit for maps 1-3. (a) The
centre charge ¢c as function of amplitude and (b) the normal distribution of resulting values of g. over all maps. (c) The centre
charge ¢ as function of amplitude and (d) the normal distribution of resulting values of g. over all maps. The charge g is
placed at (pq., 2q.) = (Onm, 1nm) and the surrounding charge ¢s is placed at (pq,, 24.) = (44nm, 1 nm) for the calculations.
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10. Summary

In this thesis, four major results novel to the field of NC-AFM, are introduced.
The first development is the FCA method, a procedure facilitating the accurate
and precise measurement of force curves, free from experimental artefacts and sys-
tematic error. The concept of FCA is the repetitive measurement of the tip-sample
interaction with different probe oscillation amplitudes, delivering a data-set, which
is robust against disturbing impacts. While a single force curve can be prone
to unnoticed systematic error, a match of several individual force curves by an
optimisation algorithm enables the self-consistent determination of the error-free
tip-sample interaction force. Furthermore, the successful application of the FCA
method inherently yields the correct value of the probe oscillation amplitude solving
the key challenge of force retrieval from frequency shift data.

Second, the probe tilt with respect to the surface normal, typically given in any NC-
AFM setup for technical reasons, is identified as a source of systematic error in the
precise measurement of force curves, especially when measuring above nano-objects.
Addressing this, the established AFM theory exclusively considering a tip sampling
path parallel to the data recording path, is expanded to describe an arbitrary tip
oscillation direction with respect to the data recording path. As force inversion
algorithms usually assume that tip-sampling path and the data recording path are
parallel, it is proposed, to adjust the data recording path to the tip sampling path
direction given in experiment for enabling the correct retrieval of the tip-sample
interaction.

Third, the formal foundation for CFM is developed based on simulations with
different electrostatic models for three tip geometries, namely the S, SC and SCL
model. The SCL model evaluated by the CapSol software is found to be best suited
for the characterisation of an experimental tip-sample system. Extensive analysis
of CFM signal generation for different lateral and vertical charge positions yields
distant-dependent CFM data as best suited for charge quantification and show that
charges at far distances from the tip contribute to the CFM signal. The radius of
the tip sphere, the dielectric permittivity, and the offset of the tip with respect to
the surface of the dielectric support are identified as the most crucial parameters
for the SCL model. A fit routine based on the CFM theory and SCL model is
implemented enabling the precise quantification of the charge centred below the tip
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and effective surrounding charges as well as the contact potential difference based
on distant-dependent CFM data.

Fourth, the FCA method and CFM in combination are employed experimentally on
CeOs supported Au nano-particles for quantifying their static charge state. Several
data sets of distant-dependent VI (zy;,) data and Asge(2ip) are taken above an
Au nano-particle (on particle) and on an empty CeO; terrace (off particle). The
resulting data sets are evaluated in a two-step procedure for charge quantification.
In the first step, the SCL model is fitted to the capacitance signal Asge(2ti,) mea-
sured at twice the bias modulation frequency 2f, to experimentally retrieve the
actual model parameters characterizing the tip-sample capacitor. In the second
step, the CFM fit routine is used to fit the formal description of the CFM signal to
the measured Vi (z) data set yielding the charge in the investigated Au-cluster.
Noise in the CFM data at large tip-sample distances zp, is identified as a source of
the significant error in that approach. For an improvement of the precision of the
second step, CFM data taken at the off particle position are used to eliminate the
contact potential difference and the influence of surrounding charges in the evalua-
tion of the charge of the investigated Au nano-particle. Using the modified CFM fit
routine having only two remaining fit parameters, namely the charge in the particle

and a effective charge in the near surrounding, yields more precise results.
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A. Appendix

A.1. Potential energy within the electric field

In this chapter the derivation steps required to obtain relation (2.3.17)) used in [67].
Starting from the fundamental equation [93, 70]

1
Uelf:f/ E-Ddr (A.1.1)
’ 2 Jv

describing the accumulated total energy in the electrostatic field E generated by the
point charges and metals in the Volume V' in presence of a dielectric medium. For
linear and isotropic dielectric media surrounding the conductors, the displacement
field is given by D = ¢pes(r)E. For simplification it is assumed that the dielectric
medium can be described by the macroscopic relative permittivity e;. Hence relation

becomes [67]

Uy = 05 / E.Edr (A.1.2)
’ 2 Jv
Required for the further derivation is the definition [93]
E=-Vo (A.1.3)

where @ is the scalar potential in-between the conductors. By inserting this identity

into relation (A.1.2) as follows

Uss = —EO;S / E.(Vo)dr (A.1.4)
v
enables the utilisation of the identity |131]
V.(PE)=3V-E+E-. Vo, (A.1.5)

By inserting this into (A.1.4]) one gains two separate contributions to the electro-
static energy of the field [92]

Uae=Use+ Uldg (A.1.6)
- 6UES/ OV -Edr — 6065/ V . (OE)dr (A.L7)
2 Jv 2 Jv
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Where the first term is the energy contribution of the point charges U} o1f and the
second term is the energy contribution of the conductors Ue%yf. This will become
more obvious by further derivations. First, the energy contribution of the point
charges U} ol is brought into a form explicitly containing the charge magnitudes g;.
In the current equation of the point charge contributions

6OES

Ul = / oV - Edr (A.18)

the charge magnitudes are only intrinsically given, as the divergence of the electric
field is related to the charge distribution p(r) in the volume V' by the differential
equation of Gauss’s law (first of the Maxwell’s equations)

V-E=-V= px) (A.1.9)
€p€s

This relation is also well known as the Possion equation [93]. Inserting this relation
yields

Ul = / ®p(r) dr (A.1.10)

According to the considered system, the charge distribution consists of N point
charges ¢; at fixed positions r; in the volume V' in-between the conductors. This
discrete distribution can be described by

r) —iqié(r—ri) (A.1.11)

using the Dirac delta function §. Due to this discrete charge distribution the integral
over the volume between the conductors V' containing all N charges in the system
is reduced to

Uae = qu r;) (A.1.12)

After these transformations the contribution of the point charges to the electrostatic
energy of the field (first term in equation [2.3.17]) explicitly contains the charges g;.
Now, the second term U3 oir in (A.1.6) describing the contribution of all conductors
to the electrostatic energy of the field, given by

U2, = -9 / V . (OE)dr (A.1.13)

1%
is discussed. In the following, this relation will be brought into a form explicitly
containing the potential ®,, and surface charge @), of each conductor. Starting
this transformation, Gauss’s theorem |131] is applied to the volume integral taken
over the divergence of ®E. As the field inside each conductor is zero, the volume

integral can be transformed into a sum of integrals over each conductor surface Sy,
192]

U3 = %Z | 9E-nds (A.1.14)
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where n represents the local surface normal vector of the m-th metal surface. De-
noting the potential ® as the constant potential ®,, of the the m-th conductor and
inserting the Poisson equation (A.1.3)) for the electrostatic field provides

U3, = EOESZ@ 74 Vo - nds. (A.1.15)

The remaining term in the integral can be identified as the normal derivative [94]

0P
VO .-n=— A.1.16
n=_- ( )
leading to
eoes 0o
b, —d A.1.17
elf Z on s ( )

The integral taken over the surface of each respective conductor will provide its
corresponding surface charge

d
Qm = —eoesjé gnds (A.1.18)

This finally leads to relation

U= ZQm m (A.1.19)

for the energy contribution of the conductors to the electrostatic field energy ex-
plicitly containing the conductor potential ®,, and the conductor surface charge
Qm. Inserting the transformed terms (A.1.12)) and [A.1.19| into provides
the relation for the electrostatic energy of the field used for the further
considerations in section 2.3.2]

A.2. Energy due to the external battery

In order to derive a relation describing the electrostatic force Fj acting on the tip
in the considered system of conductors and point charges with the energy (2.3.17),
a movement 0z of that tip is considered [92, |67, [70]. For moving the tip in that
system the work

OW = —Fy0zs (A.2.20)

is required. Due to that movement of the tip, the potential ®(r) in the system
(2.3.17) will change by 0®(r). Accordingly, the potential of each conductor m
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would deviate from its fixed value ®,,, which has to be compensated for by a
charge flow 0Q),, via the external battery. The complete work 0 done in the
system as consequence of the tip movement consists of the according change of the

potential energy of the field ([2.3.17))
1 1
e = 3 > qdo(r) + 3 (©10Q1 + P20Q2) (A.2.21)

and the work W)}, which is done by the battery for the surface charge redistribution
(0Q140Q2 = 0) between both metals in order to maintain their respective potentials
®, and ®,. That work of the battery is given by

Wy, = ,0Q; + $260Q, (A.2.22)

By understanding the battery as a part of the system, the work carried out by it
has to reduce the total potential energy of the system and hence should be taken
with a minus sign [67]

W = —Fyudzs = =Wy, + 6Uss (A.2.23)
= — (®10Q; + P20Q9) + ;Z G0 (m) + ; (P10Q1 + P20Q5)

(A.2.24)

= ; Z @0p(r;) — ; (©10Q1 + 20Q-) (A.2.25)

= 5U§11ff (A.2.26)

Thus the electrostatic force Fy, imposed on the tip upon movement, is directly
related to the change of the effective energy UST as function of the tip position
aUeﬂ
Fy=-——°%L A.2.27
: 6Zts ( )
Where the effective energy or respectively total potential energy of the system
including the batteries is thus given by [67]

Ugt = ; Z Gp(r:) — ; (P1Q1 + P2Q2) (A.2.28)

In comparison with the potential energy of the field alone , the main dif-
ference resulting from the incorporation of the batteries as part of the system, is
the minus sign. Kantorovich et al. [67] proofs the importance of that difference
by showing that relation does not provide the correct potential energy for
a probe point charge far away from the metals, whereas the relation for
the effective energy does. For deriving a valid relation for the electrostatic force
imposed on the tip in a system like Figure [2.5| upon movement it thus is crucial to
consider the change of the total potential energy including the battery work.
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A.3. S model: Metallic sphere at fixed potential
against a dielectric or metallic sample

The electrostatic force introduced in section and further used in
chapter @ for deriving the relations describing signals present in CFM requires
calculation of the electrostatic potential @void and capacitance Cl.q for the re-
spectively considered tip-sample system. For considering realistic geometries of a
metallic tip against a dielectric or conductive sample finite element and finite dif-
ference solvers are required [144]. In chapter [§ such realistic tip geometries are
considered within the framework of CFM theory using the dedicated CapSol solver
[71], where the results are compared to calculations of a metallic sphere at a fixed
potential against a dielectric or conductive sample (S model) [145, 96, 70]. Clearly,
approximating the tip with a metallic sphere does not hold for accurately calculat-
ing the electrostatic forces acting in a realistic tip-sample system. For that solvers
as CapSol [71] allowing calculations for more complex tip geometries are much
better suited (see chapter . However, for exemplifying electrostatic interactions
in a tip-sample system the sphere model does hold an practical advantage over
the more sophisticated solvers. It is notably less computationally expensive, while
still providing exact results and even including dependence on the probe position
a comparably simple model considering a parallel-plate capacitor would not hold
[70]. For that reason the sphere-sample model, as depicted in Figure [A.] is used
in this work for all exemplifications presented in sections 2.3.2] The tip is approx-
imated by an metallic sphere with radius rgppere, Which surrounded by a medium
described by the relative permittivity €, and located at distance zy above a half-
space sample characterized by permittivity €. A single point charge is positioned
at r = [0,0,0] which is located directly below the tip centre on the sample surface
2zs = 0. Generally, the calculation of &Dvoid(zts) and Cyeia(zts) is independent of the
respectively assumed charge distribution ¢ as they describe the charge-free (void)
tip-sample system. Hence, the solution for a metallic sphere against a dielectric
or metallic sample suffices to describe the electrostatic force on the tip for
any charge distribution ¢; in the system. For that, the potential @Void (r;) from that
solution is evaluated at the corresponding charge positions r; as function of z.
The solution for the sphere-dielectric system (or sphere-plate conductor) is based
on the infinite charge series model, which will be revisited firmly in the next section
following previous works [145, 96| [70].
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A

Zts -

Figure A.1.: Tip-sample capacitor model considering a metallic sphere against a di-
electric or metallic half-space sample (sphere-sample system) including
a point charge ¢ at position r = [0,0, 0] located below the spherical
tip centre on the sample surface.

A.3.1. Infinite charge series model

The infinite image charge series method for solving the conductive sphere in front
of a metallic or dielectric half-space is based on two well-known textbook concepts,
where image charges are used for solving the electrostatic problem: (a) the point
charge in front of a dielectric (or metallic) half-space and (b) the point charge in
front of a conductive sphere at constant potential. Both concepts are visualised in
Figure and will be introduced first before the full solution is presented.

(a) (b) em
q IO‘CV
al .
z ) z ¢
I—» z €m I—» x
0 Y
€
b/
¢ *q

Figure A.2.: Basic concepts for the infinite charge series method. (a) Point charge
in front of a dielectric (or metallic) half-space and (b) point charge in
front of a conductive sphere at a constant potential V.
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A.3. Smodel: Metallic sphere at fixed potential against a dielectric or metallic sample

A.3.1.1. Point charge in front of a dielectric (or metallic) half-space

A point charge ¢ surrounded by a medium with relative permittivity €, is located at
a distance b above the surface of a half-space medium characterized by the relative
permittivity € as depicted in Figure[A.2|(a). The interface between both media e,
and ¢ is considered as the zero point z = 0. For meeting the boundary conditions
at the interface, an image charge with magnitude ¢’ = ¢ is placed at distance
b’ = —b from the interface [93, 70]. Thereby the factor j is defined by the dielectric
permittivities of both media as

— €
- m A.3.29
b= e ( )

Which is f = 1 if the point charge is in front of a metal half-space [96]. The
potentials of both, point charge ¢ and its image charge (', define the potential in
the upper half-space (z > 0) as

1 q —5q
r A 3.
M) = e (\/$2+y+(b_z +¢x2+y+<b+z)) (A.3.30)

To calculate the electrostatic potential in the lower half-space (z < 0), it is required
to place a different image charge (" = ¢ — ¢’ = q(1 + ) in the upper half-space
at the position of charge ¢ for accounting for screening due to the induced surface
charges at the interface. The potential in the lower half-space (z < 0) then reads

" (1 +9)
\/:r2+y (b—2)?

O(r) = (A.3.31)

A.3.1.2. Point charge in front of a conductive sphere at constant potential

In Figure [A.2(b) a point charge ¢ is placed in front of a conductive sphere at a
distance y from its centre, where both are surrounded by a medium with relative
permittivity e,,. The sphere of radius 7gphere is assumed to be at a constant potential
V', which is accounted for by a point charge (v = 4mepemTsphereV pPositioned in the
sphere centre. To meet the given boundary conditions at the sphere surface, an

r2

T’sphere iphere

image charge (' of magnitude (' = q has to be placed at distance d =
from the sphere centre in direction of the charge ¢ [93]. The total electrostatlc
potential in that system for |r| > rgpere then is given by the sum of potentials from
each of these three point charges and reads as [70]
(I)(I‘) _ 1 q + _Tslﬂ%q 47T60€m'rspherev
dmegen | |r — y|

(A.3.32)

2
rsphere
r — e

J o
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Where the first two terms account for the boundary conditions on the sphere surface
due to the there induced charges and the latter term describes the potential V' of
the sphere itself. In the case of ¢ = 0 and |r| = ryphere the potential ®(r) thus would
be equal to V' as assumed above.

A.3.1.3. Full solution

Both previously presented concepts apply in the method of infinite image charge
series for solving the electrostatic problem of a metallic sphere at fixed potential in
front of a dielectric or metallic half-space sample as depicted in Figure The
sphere of radius 7gphere is considered to be at a fixed potential V' and is placed in
the upper half-space (z > 0) where it is surrounded by the medium of relative
permittivity e,. Thereby the sphere centre is located at 2o = 2z + Tsphere above
the interface z = 0 to the lower half-space (z < 0) representing the sample with
relative permittivity ;. Hence the metallic back-electrode resides at z — —oo. As
the typical sample thickness is usually much lager compared to the sphere radius
Tsphere a0d the tip-sample distance, this approximation is in practice usually fulfilled
and without loss of generality the potential can be set to ground at that back
electrode [70]. For accounting the sphere surface potential V| a point charge (; =

Go _
+G1
A €m
0
€s
Y,
g i
(] g
o
° =
Co

Figure A.3.: Metallic sphere at constant potential in front of a dielectric or conduc-
tive sample including positions of the infinite charges series.

4mepemTsphereV 18 positioned in the sphere centre 2y = 25 + r'sphere. While therewith
the boundary conditions at the sphere surface are fulfilled, the boundaries at the
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dielectric interface are not met. This can be corrected by placing an image charge
¢ =—-PC at z,=—z2 (A.3.33)

and the given lateral position [z,y]| of the sphere centre. Thereby, however, the
boundary conditions of the sphere are violated by the image charge ¢ which in
return can be corrected by placing another image charge (; in the sphere causing
the need for another image charge (] in the dielectric half space and so forth. The
alternating correction of the two boundary conditions is the general concept of the
infinite charge series which fulfils all boundary conditions if proceeded to infinite.
The magnitudes (; and positions z; of the image charges placed inside the sphere
are given by the following recursive equations (for i > 0)

2

Tsphere .
2 =20+ ——— with 2zg= R+ zs (A.3.34)
20 + Zi—1
Tsphere .
i = ———P(i— th =4 mTsphere V. A.3.35
G 20+ Zi—1BC 1 Wl o T€0EmMTsph ( )

Which is accompanied by the image charge series {(/} in the lower-half space given
by

2 = —2z (A.3.36)
¢ = —B (A.3.37)

These two image charge series {(;} and {(]} define the electrostatic potential of
the upper half-space (above the sample at z > 0). For describing the electrostatic
potential of the lower half-space (z < 0) another image charge series {¢]’} is required
for correctly considering the screening due to the induced charges at the interface

between both half-spaces (z = 0) (analogous to consideration in section |[A.3.1.1)).
This series is given by

2=z (A.3.38)
;=148 (A.3.39)

where z" are the z-positions at witch the corresponding image charge (" is placed.
Using the three image charge series {(;},{¢/} and {(¢”} the electrostatic potential
®,iq(r) for both half-spaces can be calculated from the superposition of the respec-
tive point charge potentials. The potential in the upper half-space (z > 0) then is
given by

. 1 & G G >
Pyoia(r) Iregen ;:) \/x2 TR I E— + \/x2 PRI for 2 >0
(A.3.40)
and the potential of the lower half-space (z < 0) writes as
1 & ¢!
D oia(r) : for 2 <0 (A.3.41)

- Ameoes 5 \/x2 +y2 4 (2] — 2)?
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The corresponding capacitance Cluq of the system is given by the sum over all
charges (; divided by the tip voltage V' yielding

1 oo
Cyoid = v G (A.3.42)
i=0

The image charge magnitudes in each series converge quickly to zero, which means
that in practice a finite number of terms is sufficient for a precise calculation of
the electrostatic potential ®,.q and capacitance C..iq in the sphere-sample system.
Due to the quick convergence of the charge positions it is thus possible, to represent
high-index elements by a single charge holding the sum of the remaining image

charge series [96} (67, [70].

(@) 1 (b) 15
Tsphere = 5nm
em =1 f_;\
] =1 =
o
09‘> 0.5 :E 1
Q
0 0.5
0 2 4 6 8 10 0 2 4 6 8 10
Zts (nm) zts (nm)
(e) | d)
El 21 E| 21
3| & 5| &
Z | R 4B
*H O
Q o Q °
-2 -2
0 2 4 6 8 10 0 2 4 6 8 10
2ts (nm) 2ts (nm)
(e) 2 f 2
2| 1 z 1
2| S|as
e NS
Q Q
0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
0 2 4 6 8 10 0 2 4 6 8 10

Zts (nm) Zts (nm)

Figure A.4.: Infinite image charge series calculation of the (a) electrostatic poten-
tial ®,q and (b) Cyoia, the first derivatives (c) 0D oiq [0z and (d)
OC\0ia/ 07 as well as the second derivates (e) 92®oiq/022 and (f)
0?2Co1a/ 022 as function of zg for the S model as shown in Figure
Parameters used for the calculation are a sphere radius rsphere = 510m,
the dielectric permittivities e, = 1 (for vacuum) and e; = 24 as well as
the sphere potential V' = 1V. The potential ®,;q is evaluated at the
charge position r = [0,0, 0] and the infinite charge series is developed
for 300 iterations.
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In this work, all infinite charge series calculations of ®,.;q and C.q for the sphere-
sample system as depicted in Figure are truncated after 300 image charges and
one additional point charge considers the remaining charges of the series. By fur-
ther forming the normalized potential @Void from ®,,;q and numerically calculating
first and second derivatives of both @Void and Cleiq allows the description of the
electrostatic force (2.3.29) and its modulated form for the sphere-sample
capacitor. In Figure [A.4] the calculated normalized electrostatic potential @Void,
the capacitance Cy.iq and their first as well as second derivates in respect to z for
a sphere-sample system as shown in FigurdA.T] are depicted. Therefore the sphere
radius 7sppere = D nm, the relative permittivities €, = 1 and ¢, = 24 and a sphere

potential V' = 1V are assumed. The potential @Void is evaluated at the position
r = [0,0,0] of the point charge ¢ as depicted in Figure . All exemplifications
regarding the electrostatic force ([2.3.29) are based on these calculations.

A.4. Properties of the Fourier transformation

Here the validity of identities (4.2.7) and (4.2.8)) are briefly shown. Starting with
the derivation of identity (4.2.7) by forming the time dependent derivative of the
Fourier transformation (4.2.5) which provides

FFO1( =0=—— [ < (ate>m7) e (A4.43)
_ \/127 /_ O:O (q(t)e> 1" = (2mif)q(t)e ") dt (A.4.44)
= \/12_7r /_O:O G(t)e ™t At — (2\;22_‘7]:) /_O:o q(t)e ™t dt  (A.4.45)
= Fla@)] (f) — @mif)F [a(t)] (f) (A.4.46)

As the time derivative of the frequency-dependent Fourier transformation of ¢(t) is
zero, the identity

Fla@I(f) = @mif)F )] (f) (A.4.47)

as shown in results. In an analogous manner the second identity (4.2.8) can
be derived as follows

== [ (a0e > - erinine Y @ (A449)

1o mif) 1~ .,
= te 2mft qr — 7/ He 2"t dt (A.4.50
5 _Ooq( )e Nor: _OOQ( )e ( )

= FLa0)] () — @rif)F[q()] (f) (A451)
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This provides the identity

Fla®](f) = @rif)F [¢@)] (f) (A.4.52)

Via previously derived identity (4.2.7) the Fourier transformation of the second
time derivative thus can be linked to the Fourier transformation of ¢(t) providing
the second identity

Fla0)] (f) = @mif)2F [q®)] () (A.4.53)
as shown in .

A.5. Decomposition of the tip-sample force in even
and odd Fourier coefficients

For the derivation of three fundamental AFM equations (see next section), the

properties of Fien and Fogqq in the Fourier coefficients (4.3.33)) and (4.3.34) are
utilised. The following identities apply

(Fosen(Bis(1), Zis(1)) - co8(2mn fosel +0)) # 0 (A.5.54)
(Feven(Z(), 21s(1)) - sin(27n fuel + ) ) =0 (A.5.55)
<Fodd(~ts(t)a Zis(t)) - coS(27n foxct + 80)>t =0 (A.5.56)
(Foven(Z(8), 2is(1)) - sin(27n fuel + 1)) # 0 (A.5.57)

In the scope of the harmonic approximation, the relations for Z(t) and Z(t) are

given by (4.3.20)) and (4.3.21)). Thus Zs(t) is an even function with respect to ¢, while
Zis(t) is an odd function instead. In contrast, as explained in the main script, the

even and odd decomposition of the tip-sample force iNto Fuyen(Zs(t), Zis(t))
and Fyqq(%s(t), Zis(t)) is with respect to the tip velocity Z(t). Both relations have
to be considered to show the validity of these identities. As Fyyen(Zs(t), Zis(t)) and
Foaa(Zis(t), Zis(t)) share the same phase with the cosine and sine function, it will be
sufficient, to show the validity of these relations for a single case. To simplify the
calculation, the phase is chosen to be zero (¢ = 0). The general approach in this
proof of validity is splitting of time-dependent average over one cycle into two and
calculate via the parities, of those two integrals cancel each other out.

A.5.1. Foen(Zis(t), Zis(t)) and cosine function

Starting with the first relation (A.5.54)), the time-average (4.3.32)) in integral form

1S
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. l/fexc
(Feven(Zs(8), Zs(1)) - cos(2mn fosel) ), = / Frven(2t5(t)) - cOS(2 fuxt) dt
0
(A.5.58)
where the zi(t) dependency is omitted here for a shorter notation. That integral
can be split into two as follows

1/fexc .
/ FuvenCGs(t)) - cos(2mn furct) dt = I + I (A.5.59)
0
where

1/(2fexc) .

h:/ Foven(Gis (1)) - c08(277 fueet) dt (A.5.60)
0
0 .

I, = / Foven(Gis(1)) - co8(2mn fuct) dt (A.5.61)
_1/(2fexc)

AS Foen(Zs(t), Zis(t)) and the cosine function both are periodic with the cycle dura-
tion T' = 1/ fexc the limit shift does not change the result, if the difference between
upper and lower limit remains equal to the cycle duration. Changing the integration
direction of the second integral I, by inserting —t as well as — d¢ and accordingly
changing the limits yields

0 .
I2 = _/ FeVen(gts(_t)) ' COS(_Qanexct)) dt
1/(2fexc)
0

= — Feven(—éts(t)) - cos(—=27mn fexct)) dt
1/(2fexc)
0

= — Feven(éts(t)) - co8(2mn foxct)) dt
1/(2fexc)
1/(2fexc) .
_ / Foven Gis (1)) - co8(27 forct)) dt (A.5.62)
0

Hence I, does not cancel out I; meaning that the time-average (4.3.32)) of the
product between Fiyen(Zi5(t), 2t5(t)) and cos(27mn fexct) is unequal to zero.

A.5.2. Feen(Zis(t), Zis(t)) and sine function

The time-average (A.5.55)) can be split into two integrals

1/f€XC .

/ Foven(Gia(1)) - (27 foct) dt = I, + I (A.5.63)
0
with

/(2fexc
/ vvon(Gia(1)) - SN (27N furel ) 1 (A.5.64)
/ ag FovenlGis(t) - sin(2n fsct) di (A.5.65)

2fexc
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As before, changing the integration direction of the second integral I by inserting
—t as well as —dt and accordingly changing the limits yields

0 .
]2 = _/ Feven(gts<_t)) ' Sin(_zﬂ-nfexct)) dt
1/(2fexc)
0

= [ Fae(=Ea(0) - sin(=2mn o) di
1/(2fexc)
O .
- Frven Gio(8)) - $In (270 forct))
1/(2fexc)

1/(2fexc) .
. / FuvenGis(t)) - $in (277 forct)) dt (A.5.66)
0

Both integrals I, and I, will equal out, hence the second identity is proven.

A.5.3. Fogq(Zs(t), %s(t)) and cosine function

Splitting the time-average ([A.5.56)) into two integrals yields

1/fexc .
/ Fraa(Ges(1)) - cos(2mn fuxct) dt = I, + I (A.5.67)
0
with
1/(2fexc) .
I = / Foaa(Ges(t)) - cos(2mn fuct) dt (A.5.68)
0
0 .
I = / Foaa(Za(1)) - cos(2mm fuet) dt (A.5.69)
—1/(2fexc)

By changing the integrations direction of the second integral — d¢, inserting —t with
changed limits and using the parities of Fiqq(Zis(t), Zis(t)) and cos(27n foxt) yields

0 .
I, = — Foaa(Zis(—1)) - cos(—2mn fexct)) dt
1/(2fexc)
0 .
= — Foaa(—Zzs(t)) - cos(—2mn fexct)) dt
1/(2fexc)
0

- / Foaa(Gis(t)) - cos(2mn fuxct)) dt
1/(2fexc)

1/(2fexc) .
— / Foaa(Ges(t)) - cos(2mn fuet)) dt (A.5.70)
0

The integrals I; and I equal out each other, hence the relation (A.5.56) is valid.
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A.5.4. Fogq(Zs(t), %s(t)) and sine function

The time-average (A.5.57)) split into two integrals is

l/fGXC .
/ Foaa(Ga(t)) - sin(2mn fuxet) dt = I + I
0
with

1/(2fexc) .
I = / Foaa(Gis(1)) - sin(2mn fuset) i
0

0 .
I = / Foaa(Gis(t)) - sin(2mn fuet) dt
_1/(2fexc)

Taking I5 into consideration as before yields

0 .
L= FuaCu(-1) sin(~2mn fuxct)) dt
1/(2fexc)
0 .
=— Foaa(—2is(t)) - sin(—27mn fexct)) dt
1/(2fexc)
0 .
—— [ FualBut) - sin@mn fuxct)) dt
1/(2fexc)

1/(2fexc) .
_ / Foaa(Gis(t)) - sin (2 fuxet)) dt
0

(A5.71)

(A.5.72)

(A.5.73)

(A.5.74)

Consequently the integrals I; and Io do not cancel each other out in this case

proving relation (A.5.57)).

A.6. Derivation of the three AFM equations

Here the calculations steps for deriving the three AFM equations [44] will be shown

and explained step by step.

A.6.1. Time-averaged form

The three AFM equations in their time-averaged form are derived within the har-

monic approximation (see Sec. [4.3.1)), where the tip displacement (4.3.19)) and ex-
citation (4.3.18)) are well known. In the defined time-average (4.3.32)) the following
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identities apply

(@), = g (A.6.75)

(), = @), = (d-d) = (i), = (o) =0 (A6.76)

(G- Q)=+ ;AQ (A.6.77)
(q- Fexc>t = ;AFO cos(¢p) (A.6.78)
<§ : ﬁexc>t = —T fexcAFp sin(y) (A.6.79)
(i-d) = ; (27 foxe A)? (A.6.80)
(§-q), = —; (27 fexc A)? (A.6.81)

where all time-dependencies are omitted for a shorter notation what will be car-
ried on with for the further process of this section. The relations (A.6.75))-(A.6.81))
will be used in the now following derivation of the AFM equations in the time-
averaged form. Note that these derivations are only valid considering the inter-
action FZ(Z4(t), Zs(t)) on the tip path defined by Z(¢) and Z(t). For a shorter
notation here will be written F? = FZ(Z4(t), Zis(t)), Feven = Feven(Zis(t), Zis(t)) and
Foaq = Foaa(Zs(t), Zis(t)) still considering the time-dependent periodic tip-sample
interaction on the tip path.

A.6.1.1. AFM equation 1

The first AFM equation results from the evaluation of F©) which equals a time-
independent constant force offset of the tip-sample interaction Fy. In the time-
average (4.3.32)) the tip-sample force is equal to that constant. Note for a clearer

notation
FR). = <Feven>t = <ths>t (A-6-82>

As a constant function is defined as even, the time-average of the interaction force
on the tip path will be equal to the time-average of its even contribution. Inserting

the equation of motion (4.3.22) for FY, yields

K . . k . ~
FQ), = (%;0)2 <\q/>j ko Sﬁjgj +W2Qo @ — (Fuxe), (A.6.83)
=0 = =0 -0
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A.6. Derivation of the three AFM equations

Due to the harmonic approximation, the displacement ¢ is equal to relation (4. 3. 19))
and the excitation force is considered as m Consequently, the terms ¢, ¢ and
F. become zero in the time-average, as they are simple cosine and sine functions
in respect to the time . The remaining non-zero term can be found in the time
average of ¢, because it contains the time-independent static deflection ¢;. Thus

relation (A.6.83]) simplifies to
EO = koqs (A.6.84)

even

Considering relations ((A.6.82)) and (A.6.84]) the first AFM equation can be sum-

marized to

FO = (Foen), = (FL), = kogs (A.6.85)

even

Where the static deflection of the sensor ¢, is the experimental observable of the
time-averaged even force (Fiyen), acting upon the tip during movement related via
the sensor stiffness k.

A.6.1.2. AFM equation 2

The second AFM equation is derived by evaluating relation (4.3.33) for £} yield-
ing
FOb = 2 (FY cos(2mn foxct + ), (A.6.86)
The cosine function can also expressed as 1/A(G§ — ¢s) providing the relation
2,
Fe(\}gn - Z <Fts : (q - QS>>t (A687)
Inserting the tip-sample force [4.3.24] leads to
2 ~ 2 .
FQo = 5 (Foven (0= ), + 5 (Foaa (7~ ), (A.6.88)

=0
As the second term is a product of an uneven and even function, its time-average
becomes zero. Hence, the F,., contribution to the tip-sample interaction Fis on
the tip path remains in the time-average. Inserting the equation of motion [4.3.22]
in Fis of relation (A.6.87)) yields

2 - 2k S < 2ko | . . .
AP (= ) = (G- @), —a (@), | + = |{d- @), —ae (@)
AV bA(2T fo)? :,0_3 A _7 2{},’2
2k L s 20/ n
+WfZQO <q-q>t—qs <q>t 7 <Fexc-q>t—qs<Fexc>t
A XaE) At

(A.6.89)
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where the remaining terms can be collated to the second AFM equation

2 _ 2 . o
P = 5 P (7 0= § (B2 ), = o [1 - ] Ruconto

R
(A.6.90)

A.6.1.3. AFM equation 3

The third AFM equation is derived from relation (4.3.34) for Fo(clizi. Based on the
(4.2.16]) the Fourier coefficient also can be expressed as

1 .
F(fég:—ﬂf A<Fts-q>t (A.6.91)

inserting the separation (4.3.24]) provides

<Feven : (j>t + <Fodd : (j>t (A692)
=0

(A.6.93)

Where the Fie, contribution vanishes in the time-average due to the product with
the odd function ¢. Further, inserting the equation of motion (4.3.22)) into (A.6.91))
leads to

1 1 ko

_m <Fodd . Cj>t = _erch (27Tf0)2 <q:j>t +kq <(j:j>t
e i), (i) a0
(A.6.80) (A6.79)

The non-zero time-averages combined with relations (A.6.91)) and (A.6.92) provide
the third AFM equation as

1
ﬂ—feXCA

<Fodd : (_7>t - <ths . q~>t _ _Fod e _ Fysin(yp)

O _ _
odd erch QO fO
(A.6.95)
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A.6.2. Spatial form and derivation of the averaging functions

The projection of the time-averaged form of the three AFM equations to the zis-axis
yields the cup- and cap-averaging functions as defined in the main script. Here the
calculation steps will be carried out for obtaining these averaging functions and
with that the final AFM equations.

A.6.2.1. AFM equation 1

The time-average of the first AFM equation (4.4.35) can be re-parametrised using
F? . as defined in relation (4.5.38)), for this the time-average has to be written out

even
again

<Feven(§ts<t>7 gts(t))>t - fexc /Ol/fexC Feven(gts(t)a ZLts(t)) dt = kOQs (A696)

Considering relation (4.5.38) the function F2 . (Zs(t)) can be inserted without
changing the result, providing

) Voo
<Feoven(zts(t))>t = feXC/O Feven(zts(t)) dt = k[)qs (A697)

Now the surrounding integral has to be re-parametrised to an integral regarding
the z-direction. Therefore Zis(t), which is given within the harmonic approximation
by relation (4.3.20]), is inserted as the first step into the integral leading to

l/fexc l/fexc
feXC/ Feoven(’%ts@)) dt - fexc / Feoven(ZC + A COS(Qﬂ-fexct + 90)) dt
0 0

doe
Substitution with © = 27 fo, .t + ¢ and i 27 foxe yields

1 2T+

= — / F2oon(zc + Acos(0)) dO
2w [

As the cosine function cos(0) is even and periodic from 0 to 27, the integration

limits can be shifted by —p. Further, the cosine function around © = 7 is sym-

metrical, allowing to integrate two times over half the period without changing the

result

1 ™
= ;/o F2oon(ze + Acos(0))dO
d

S) 1
Substitution with z = A cos(©) and - UE = yields
1 -4 1
=—— F2 o (e ——d
T +A even(z + Z) A2 _ 22 z
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Exchanging the integration limits and shifting 1/7 finally yields

+A 1
Foon(ze + 2) —==—=dz

- even
A A2 — 22
—— ——
=wy(2)

Using the definition of the cup average (4.5.41f) allows thus to write
= (Foen)y (20) (A.6.98)

even

Hence from the projection of the time-average from the first AFM equation (4.4.35|
to an average along the tip-sampling path parallel to z , the cup-average definition
(4.5.41)) intrinsically results. Considering relations (A.6.97)) and (A.6.98|) the first
AFM equation thus becomes

<Feoven>u (Zc) = kogs | (A699)

as it is shown in the main manuscript at (4.5.45). Due to the dependency of z.
on z, which directly can be controlled in experiment now the cup-average of the
tip-sample force (£, )  directly can be adjusted.

even

A.6.2.2. AFM equation 2

The second AFM equation (4.4.36)) with written out time-average reads as

1/ fexe ) . ) ko A2 21 RA
foxe / Foven(Z(8), 216(1)) - (@(1) — g.) dt = =5— |1 = =8| — o= cos(y)

0 2 o 2
(A.6.100)
Inserting the even force along the tip-sampling path (4.5.38) this relation becomes

Vfexe . ko A? 2. A
foe [ Frn(Eult) - (@(t) — ) dt = 2% [1 - ] 222 cos(e) (A6.101)
0

In the harmonic approximation, Z(t) and ¢(t) are given by relations (4.3.20) and

(4.3.19). Inserting these into the integral and substituting with © = 27 fex .t + ¢

S
and (jit = 27 foxe yields

1/Jccxc 1 214
foo [ Foan(Gul®) - (@0) = @) dt = o= [ Fo (2 + Acos(©)) Acos(©) d©

As in the derivation of the first AFM equation, the integration limits can be shifted
by —¢. By using the symmetry of the cosine function around © = 7, the integration
can be carried out two times from [0, 7| without changing the result

_ 1 / "2 (2 + Acos(©)) A cos(©) dO
m™Jo
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1
Substitution with z = A cos(©) and 4o = —————— leads to
dz A? — 22

—Z
=Ly Bt e

Further exchanging the integration limits provides

dF2 (2 + 2)

even

Using the partial integration ff fq = [f-g]g—ff f’-g considering f' = 1
z

and g = v A? — 22 it can be derived
- /+ i ZC”)W@

By defining the force gradient along the tip sampling path as the derivation of

—dFeven(Zc +2) it can be

the even force along the sampling direction k(z. + z) = 1
z

written

! +A/{:° A2 2)d
~a)a ts<ZC+Z) (A% —2?2)dz

The final step is moving — L and expanding the equation by 24; for norming the

weighting function to 1, Wthh yields

2A2

A2
=5/ kfszc+z \/ 22)}dz

=wn(z)

Here, the definition of the cap average (4.5.43)) can be applied providing

AQ

= 5 (k2 (20) (A.6.102)

The projection of the time-averaged AFM equation (4.4.36)) to the tip sampling path
along parallel to z yields intrinsically the definition of the cap-average (4.5.43)).

Considering ((A.6.101)) and (A.6.101)) the second AFM equation in spatial form can
finally be written as

2

(o) (22) = ko [1— f] b costi) (4.6.103)
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A.6.2.3. AFM equation 3

The third AFM equation (4.4.37) with written out time-average reads as

1/fexc - 5 - 7T]€0A2 6‘2XC .
e / Foaa(Gea(t), Ze(t)) - (1) dt = 08 Jexe 4 e A sin(p)  (A.6.104)
0 Qo fo
Here the odd parity of F,qq in respect to Zis provides a challenge, since the direct
parametrisation as in relation (4.5.38) is here not possible. This challenge can
be addressed by the definitions (4.5.3Y) containing the even damping function ~,
further defined as (4.5.40) along the tip sampling path parallel to zy. Inserting
relation (4.5.39) with (4.5.40)) allows the expression of the third time-averaged AFM

equation (A.6.104|) as

/fexc .
— fexc /1 Voo (Zes()) - Cj(t)Q dt =
0

k AQ 2
7”fo b ARy sin(p)  (A.6.105)
0J0

Within the harmonic approximation Z(t) and §(t) are well known by relations
(4.3.20) and (4.3.19)). Inserting both into the integral of the previous equation
yields

l/fexc
= — foxe / Ves(ze + Acos(27 fexct + ©)) + (=27 fexc A SIN(27 foxct + go))2 dt
0

doe
Substitution with © = 27 fo,.t + ¢ and T 27 foxe yields

exc

9o f2 /2”“" 0 A Asi 2
= —2r i Veu(2e + Acos(0)) - (Asin(©))* dO

As all contained functions are periodic in the interval [0,27] and have the same
phase ¢, the integration limit can be shifted by —¢.

= onfl, | e (2o + Acos(©)) - (Asin(0))2de

exc

Both functions cos(©) and sin(©)” are even and symmetric around © = 7. Hence
twice the integral over half the period [0, 7] is equal to the integral over the full
period [0, 27]. Thus, it can be written

exc

= —Arnf? /07r Ye(ze + Acos(0)) - (Asin(©))* dO

doe 1
Substitution with z = Acos(0©) and — = ——==—= and using the identity

dz AZ — 22
sin(©)* = 1 — cos(0)? leads to

_A AQ_ZQ
— 47 f? / C(ze +2) —————=dz
7Texc 1A ’yts( ) A2—22
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Exchanging the integration limits and transformation of the fraction further yields

+A
= —4dr eQXC/A ’VES(ZC—F’Z) VA2 —22dz

By expanding with fr—jz the cap averaging function wn is obtained

+A )
= 2% f2 A [A Ves(Ze + 2) - @\/AQ —22dz
(S ——

Applying the definition of the cap average (4.5.43) finally yields the relation
1 o]
= =5 (27 fexe A)* (1) (2) (A.6.106)

The equality of relations (A.6.105) and (A.6.106)) leads to the third AFM equation
as

_ ko _ Fy
21 foQo 2 fexc A

(Vi)n (ze) = sin(¢p) (A.6.107)

A.7. AFM equations as solution for the equation of
motion

In this section the validity of the AFM equations as solution for the equation
of motion describing the tip oscillation in interaction with the sample is
demonstrated. Based on the AFM equations (4.5.45))-(4.5.47)) the Fourier series de-
scribing the tip-sample force approximated up ton = 1. The corresponding
Fourier coefficients then are given by (consider derivations and boxed relations in

Appendix [A.6)

Fe(\[/)e)zn = <F§Ven>u (ZC) (A7108)
FQo = A k) (20) (A.7.100)
F) = 2 fure A (70 (%) (A.7.110)

By further expressing the cosine and sine functions via §(t) given by (4.3.19) the
tip-sample force (4.3.27)) in first order can be written as

Fiu(ze) m (Foen)y (z) + (ki (ze) - (@(1) — @) — (i) (e)a(t)  (A7.111)
Inserting that approximate relation into the equation of motion (4.3.22)) and redis-
tribution of the terms yields

ko

0300) + [ho = (k2o () 200 + | 3P + 3 (20| )

(27Tf0)
= [<Feoven>u (%) — <k§s>ﬂ (ZC)QS] + FeXC(t)
(A.7.112)
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Considering the terms

¥ = ko~ (Ko (20 (A7113)
¥ = e+ ek (20 (A7114)
Fs/ = <Feoven>u (ZC) - <k:1?s>ﬂ (ZC>QS (A7115>

as effective spring constant k', effective damping +' and effective constant force F

the relation (A.7.112)) thus can be abbreviated to

(ijeo)zéi(t) +EG) +24(t) = FL + Fuxe(t) (A.7.116)

Hence it has an analogous form as the relation of a driven, damped harmonic
oscillator as equation (4.2.4)) treated in Sec . Accordingly, it is possible to apply
the Fourier transformation ansatz (4.2.5) with the identities (4.2.7) and (4.2.8)
yielding

Fla(t)] = Gho(Fexe) F [FL + Fexe(t)] (A.7.117)
with
ho(fexe) = 5 : (A.7.118)
(k/ - kO ;§C> + 27T7:fexc’y/
0

Here the G}, is the amplitude transfer function of the harmonic oscillator in inter-
action where the prime indicates its dependency k', and ' which are given at the
current distance z. between tip and sample during interaction. Correspondingly
the phase of the driven tip oscillation in the sample force field is described by

arctan 27 foxey 5 for kg <fexc> <K
o () f
Jo

2
Qpilo(fexc) = —E for ko <fexc> =k (A7119)
2 Jo
—27 foxe?Y f. 2
arctan excy —7 for ko < ;XC> > K
0

2
k, _ k:o (fexc)
Jo
which is in analogy to the arctan2 definition (4.2.12)) provided in section (4.2)) for
the unperturbed harmonic oscillator but now dependent on the effective parameters
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k' and +" due to the interaction with the sample force field. In conclusion, the
AFM equations (4.5.45)-(4.5.47) solve the equation of motion (4.3.22)). Within the
harmonic approximations the tip oscillation in the sample force field is lead back
by the AFM equations to a free oscillation of the tip with an effective stiffness £/,
damping " and force constant F.. This exactly equals the assumption, that the
tip-sample force is a small perturbation on the free harmonic tip motion, which was
made at the start of all shown derivations (see Sec. [4.3.1]).

A.8. Common assumptions for the AFM equations in
FM NC-AFM

Commonly used assumptions and approximations in FM NC-AFM data evaluation
are a stiff force sensor ¢ = 0, an ideal PLL with ¢ = —7 and small frequency shifts
in respect to the sensor eigenfrequency Af = foe — fo << fo.

The first approximation addresses the fact, that the static deflection of the sensor
¢s generally lies below the detectability limits and thus is difficult to obtain ex-
perimentally. Hence, the first AFM equation rarely can be evaluated for
obtaining the tip-sample force F:

even’

The second assumption is an ideal PLL optimally maintaining the phase resonance
at ¢ = —Z for any z.. This allows to to simplify the second (4.5.46)) and third AFM

2
equation (4.5.47)) to

(ko) (2c) = Ko [1 — ;’;1 (A.8.120)
0
o o kO FOfOQO .
(Vi (2e) = 27 100 lkofech 1] (A.8.121)

When evaluating experimental data, the simplified equations can be used, if there
is no significant changes in phase signal ¢ output by the PLL are given in the data.

If changes care observed, the full AFM equations (4.5.46|) and (4.5.47)) have to be
used instead for a correct evaluation.

By further assuming small frequency shifts in respect to the eigenfrequency Af =
fexe — fo << fo additional to an ideal PLL, the right side of the simplified sec-
ond AFM equation (A.8.120)) ia developed in a first order Taylor series around f
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yielding

f/(x) ~ f/(fO) + f/(xﬂ)(fexc - fO) + 0(2)

2 2
- jﬁ - J;’;;%fm )0
= 2 (o= f0)40O(2) (A8.122)

Jo——

Considering the Taylor series as the new right side of the simplified AFM equation
(A.8.120)) provides the common approximation [80]

(Fi)n (ze) = —kaOAf +0(2) (A.8.123)
0

Within this approximation, the frequency shift Af is a direct measure for the
averaged tip-sample force gradient (kf,)- (2.) at the current distance z,. However,
for obtaining the tip-sample force curve from Af(z.) data the inversion algorithms
still have to be applied on (kg) (z) (see section [4.6)).
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