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Abstract

Accurate determination of elasticity below the microscale through indentation measurements
on soft materials is difficult as it is beyond the limits of conventional contact mechanical models.
Surface energy contributions dominate the interaction and preclude accurate determination of
bulk material elasticity. As a solution to this problem a non-contact measuring method in liquid
was developed on the Surface Force Apparatus (SFA) that allows for an absolute determination
of elasticity without solid-solid contact. While successful, the SFA has limitations in terms of
compatible sample thickness and frequency range due to the macroscopic size of the employed
probe. In this manuscript we report on implementation of the non-contact measuring technique
on an Atomic Force Microscope (AFM), where smaller probes can be used and a higher frequency
range is available. Conventional mechanical piezoacoustic excitation of the AFM probe was found
to be experimentally insufficient. A capacitive excitation scheme was developed to resolve this.
To implement and explore this new excitation scheme a homemade AFM setup was rebuilt. The
performance of this rebuild AFM is demonstrated by performing reference measurements on a
rigid substrate in PDMS oil and deionized water. We additionally report on the investigation of
p-NIPAM polymer brush surfaces using AFM, where we found a previously unreported bridging
interaction below the lower critical solution temperature. Lastly we report on the investigation
of quick clay, a soil type associated with landslides. We demonstrate the capability of AFM
to investigate the clay microstructure in its natural water saturated state and explore the
mechanical properties of clay on the micro- and nanoscale. These results open the door for
AFM to contribute in answering key questions in the field of clay geology.

Résumé

La détermination précise de I’élasticité en dessous de 1’échelle microscopique par des mesures
d’indentation sur des matériaux mous est difficile car elle dépasse les limites des modeles
mécaniques de contact conventionnels. Les contributions d’énergie de surface dominent l'interaction
et empéchent une détermination précise de 1’élasticité en volume du matériau. Pour résoudre
ce probleme, une méthode de mesure sans contact dans un liquide a été développée sur le
Surface Force Apparatus (SFA) permet une détermination absolue de ’élasticité sans contact
solide-solide. Bien que réussie, le SFA présente des limites en termes d’épaisseur d’échantillons
minces et de plage de fréquences en raison de la taille macroscopique de la sonde utilisée. Dans
ce manuscrit, nous rendons compte de la mise en oeuvre de la technique de mesure sans con-
tact sur la plate-forme AFM (Atomic Force Micrsocope), olt des sondes plus petites peuvent
étre utilisées et une gamme de fréquences plus large est disponible. L’excitation mécanique
piézoacoustique conventionnelle de la sonde AFM s’est avérée insuffisante en milieu liquide et
un schéma d’excitation capacitive a été développé pour résoudre ce probleme. Pour implémenter
et explorer ce nouveau schéma d’excitation, une configuration AFM “maison” a été reconstruite.
Le potentiel de cet AFM est démontré en effectuant des mesures de référence sur un substrat
rigide dans de ’huile pdms et de ’eau déionisée. Nous rendons également compte de I’étude des
surfaces des brosses en polymere p-NIPAM a l'aide de AFM, ol nous avons trouvé une interaction
de pontage non signalée en dessous de la température de solution critique inférieure. Enfin,
nous présentons de nouvelles mesures par AFM sur les argiles dites “quick clay”, constituant
d’un type de sol sujet a des glissements de terrain impressionnants. Nous démontrons la ca-
pacité de ’AFM a étudier la microstructure de ’argile dans son état naturel saturé en eau et a
explorer les propriétés mécaniques de 'argile a I’échelle micro et nanométrique. Ces résultats
ouvrent la voie a ’AFM pour contribuer a répondre a des questions clés dans ce domaine de la
géologie ou les argiles sont des matériaux importants.
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The manuscript in overview

What follows is a short description of the main results put forward in this manuscript and the
topics discussed in each chapter.

Chapter 2 - The homemade AFM system

To facilitate the capacitive excitation measurement in liquid our homemade AFM system has
been rebuild. The system was redesigned to be cheaper, robuster and modular. In this chapter
we present the design choices we made and why capacitive excitation is the form of excitation
best suited for a non-contact measurement in liquid on the AFM platform. A technical overview
of the setup and its components is provided.

Figure 2.4: Schematic drawing for the homemade AFM platform. Indicated are the: 1) Probe
holder, 2) Fiber holder and fiber, 3) Course alignment motors, 4) Fine alignment scanner, 5)
Aluminium frame.
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Figure 2.5: Side view of the homemade AFM platform. From left to right: The fiber holder, the
sample holder and the tip holder.




Chapter 3 - Theoretical considerations

The use of capacitive excitation in AFM requires some modification of the conventional formalism
for converting the measured amplitude and phase data into the mechanical impedance (Z) of
the probed interaction. In this chapter we present two methodologies to achieve this. We also
explicitly include the dependence of the excitation force on separation.

Chapter 4 - Capacitive excitation in PDMS oil

In this chapter we present the main result of determining Z using capacitive excitation in PDMS
oil on a stiff substrate. Both interpretative methodologies presented in the previous chapter are
explored. We demonstrate that the first methodology provides access to Z at the resonance.
The second methodology allows for for accurate measurement of the dissipative component Z"
over a broad frequency range, while the determination of the elastic component Z’ is made
difficult by a high sensitivity to calibration parameters.
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Figure 4.6: The two components of the mechanical impedance Z(z) as determined through
the first methodology by measuring the change in resonance frequency and quality factor using
capacitive excitation in PDMS oil. The measurement of Z'(z) follows the electrostatic gradient
as expected from the applied voltages, while the measurement of Z”(z) finds the z~! scaling
expected from the Reynold’s dissipation. The difference with the theoretically predicted values
is likely due to residual interactions at the calibration distance of 5 pm from the surface.
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Figure 4.12: (a-c) Found values for the dissipative part of the mechanical impedance Z”(2)
as measured at intervals of 2 kHz between 4 to 30 kHz using the second methodology with
capacitive excitation in PDMS oil, that follows the change in amplitude and phase at a specific
frequency. Between 10 to 500 nm the curves closely follow the values predicted by the Reynold’s
dissipative force. Figure 4.13c: Fitted value for the viscosity n per frequency. For frequencies

below 10 kHz the viscosity is underestimated, while for higher frequencies a consistent value is
found.



Chapter 5 - Capacitive Excitation in deionized water

In this chapter we present our first attempts at using capacitive excitation in deionized water
to determine Z. While the AFM lever can be excited, the strength of this excitation decreases
significantly for small separations. As the driving force cannot be quantified, only the first
methodology set out in chapter 3 can be used. We demonstrate that using this methodology it
is possible to determine Z at the resonance frequency of the AFM lever.
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Figure 5.6: Values for Z'(z) and Z”(z) found from wp and @ as determined from the measured
amplitude data using capacitive excitation in deioinized water. These curves demonstrate that
it is possible to extract the mechanical impedance at resonance from the amplitude and phase
curves measured in liquid using capacitive excitation. As the surface potential V{ is not known,
it is not possible to calculate the expected electrostatic gradient. The value found for Z”(z) is
underestimated at large separations, but approaches the value predicted by the Reynold’s force
for smaller separations.



Chapter 6 - P-NIPAM polymer brushes

The investigation of the mechanical properties of polymer brush thin films is an important
application of the non-contact measurement on the AFM platform. As a precursor to this inves-
tigation, thermosensitive P-NIPAM polymer brushes were investigated through conventional
nano-indentation using AFM. In this chapter we present our finding of an anomalous polymer
bridging interaction between the AFM probe and brush surface below the temperatures normally
required for such interactions.

Chapter 7 - Quick Clay

The last chapter of this manuscript explores the contributions AFM can make to the investigation
of water saturated quick-clay, a soil type associated with landslides in the northern hemisphere.
We demonstrate the capability of AFM to resolve the micro structure of clay material as it
is extracted from the ground with minimal sample preparation. We measure the mechanical
response of the material below and above the length scale of its micro structure. These results
pave the way for resolving recent discussions on the precise structure of clay materials.
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Figure 7.24: Found average pressure near maximum indentation for indentation measurements
on the water saturated clay as a function of approach speed for both conical and colloidal
indenters

(P) Dry Water Sat.
Conical | 0.1 GPa 10 kPa
Colloidal 1 kPa 10 Pa

Ratio | 10° [ 10 ]

Table 7.3: Order of magnitude with which the clay material resists nano and micro indentation
in both dry and water saturated state as measured using AFM.
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Chapter 1

Introduction

Contents
1.1 Mechanicsincell biology . . . . . ... ... ... .. 16
1.2 Indentation measurements . . . . . . . . ... 0o 18
1.3 Soft matter elasticity at small length scales. . . . . ... ... .. 19
1.4 Non-contact measurements of elasticity . . ... ... .. ... .. 20
1.5 Atomic force microscopy . . . . . ... o0 oo oo e 22
1.6 AFM on real systems - polymer brushes and quick clay ... .. 23

The majority of this manuscript will present our work on implementing a non-contact mea-
surement of soft-condensed matter elasticity using capacitively excited Atomic Force Microscopy
(AFM). The core issue that we attempt to resolve is accurate determination of soft elastic mod-
uli below the micro scale, where surface energy contributions preclude the use of conventional
indentation experiments.

By removing solid-solid contact from the classical indentation experiment and instead ap-
plying the indentation force with a confined layer of liquid, we avoid these surface contributions
and can determine the absolute elastic modulus of soft matter below the microscale. This non-
contact measuring technique is not limited to the resonance frequency of the AFM lever and
allows investigation of material properties over a broad range of frequencies using the same
probe, something not possible using conventional AFM techniques.

Implementation of this technique on the AFM platform comes with experimental difficulties,
as conventional piezoacoustic excitation is ill-suited for quantitative measurements in liquid
at frequencies other than the resonance frequency of the cantilever. To resolve this issue a
capacitive excitation scheme is implemented that provides the desired analytical transfer func-
tion over a broad frequency range. The technique is conceptually demonstrated by presenting
experimental data on a rigid surface in PDMS oil and deionized water. Demonstration of the
technique on a soft surface is beyond the scope of the manuscript.

To situate this work in its scientific context, this introduction shortly demonstrates the
importance of accurate determination of mechanical properties below the microscale in the fields
of cellular biology and medicine. It will be illustrated which difficulties prevent application of
conventional indentation measurements at such small length scales. Finally we will see how
a non-contact measurement can be performed, how it avoids the problems of conventional
indentation techniques and what advantages implementation on the AFM platform can bring to
the technique.

15



1.1 Mechanics in cell biology

While the biochemical influences on the proliferation, differentiation and migration of cells have
been extensively studied for quite some time, the effect of the micro-mechanical environment
on cell development only became an active field of research in the past two decades. [1-4]

Cells are exposed to forces on a broad range of length scales, from the full-body scale
of gravity, to shearing forces from the flow of adjacent blood. Cells also exert their own
microscopic forces using their actin-myosin cytoskeleton with which they pull on the extra
cellular matrix and adjacent cells. They can be regarded as microscopic force sensors, as many
of their properties are influenced by the mechanical cues from their surrounding.

To show how the micro-mechanical environment influences cellular properties, we provide
some key examples of how the elasticity and surface energy of the surrounding material can
determine the fate of a cell.

Mesenchymal stem cell differation

Mesenchymal stem cells are an important candidate for use in stem cell therapy due to their
capacity to differentiate into multiple cell lineages including bone, cartilage, fat and muscle.
Applications are found in both tissue repair and immune disorder therapy. [5] The mechanical
properties of the stem cell micro environment play an important part in its self-renewal and
differentiation. [6,7]

Mesenchymal stem cells grown on softer tissue are found to be more likely to differentiate
into myoblast muscle cells, while preferring to become osteoblast bone cells on stiffer substrates.
[8-11] Likewise they are more likely to differentiate into neurons on substrates with brain like
stiffness, while preferring to differentiate into glials on substrates with a stiffness similar to glial
scars. [12] The elastic moduli involved in this differentiation span three orders of magnitude,
from 500 Pa for brain tissue to 400 kPa for bone tissue (Fig. 1.1). The surface energy of the
micro environment likewise affects differentiation, though the precise mechanism is still poorly
understood. [13]
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Figure 1.1: The elasticity of mesenchymal stem cell micro-environment, spanning three order
orders of magnitude, plays an important role in determining their differentiation type. Taken
from [14].

Tissue engineering

For myoblasts the substrate stiffness was found to be an important factor in both proliferation
and organization (Fig. 1.2). Using poly-electrolyte multilayer films, it was found that mechan-
ical gradients and patterns can regulate myoblast adhesion and proliferation, both at the single
cell level and for multicellular structures. [15-17]

The fusion of myoblasts into myotubes is important in the formation of muscle fibers.
Control of this process is critical in skeletal muscle tissue engineering. The fusion of myoblasts

16



into myotubes was found to be optimal on substrates with a stiffness comparable to tissue. [18]
Substrates with a structured elasticity are a promising candidate to control the architecture of
the fiber growth. [19]

Figure 1.2: Myoblast cells align along lines with a higher stiffness on polyelectrolyte multilayer
thin films. Taken from [16].

Elastic gradients are found to drive cell migration, with cells displacing to stiffer regions
over time in a process named ’durotaxis’. This behavior was not only found for myoblasts, but
also for mesenchymal stem cells and endothelial cells. [20-22]

Medical applications

Determination of cell stiffness is used in medical diagnosis to differentiate cancerous cells from
non-cancerous ones, as metastatic cancer cells are found to be 70% softer than benign cells. [23,
24] In fact, the softness of a cell is an indicator of their metastatic potential. [25] Cancerous cells
are also found to have different viscoelastic properties than their non-cancerous counterparts
(Fig. 1.3). [26]
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Figure 1.3: Young’s modulus of cancerous cells compared to normal cells for different inden-
tation depths and loading speeds. Cancerous cells were found to have a lower stiffness that is
less dependent on loading speed compared to normal cells. Taken from [26].
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Red blood cell flow

The rheological properties of red blood cells in the venous network depend on both their me-
chanical deformability and their interaction with the venous walls. [27, 28] The mechanical
properties of red blood cells are investigated using a broad range of techniques, [29,30] which
led to findings such as the loss of reversible deformability as a function of cell age. [31]

More recently it was found using biomimetic systems that elastohydrodynamic interactions
between red blood cells and the glycocalyx, a brush like structure that lines the walls of veins,
play an important rheological role. In microcapilaries the glycocalyx influences both the flow
resistance and regulates the adhesion of red blood cells, leukocytes and platelets to the vessel
wall (Fig. 1.4). [32,33]
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Figure 1.4: Change in red blood cell deformation induced by coating the microcapilary walls
with polymer brushes. Taken from [32].

A commonality in all these examples is the requirement to quantify mechanical interactions
below the micron scale, be it of the substrate or the cellular material itself. Patterned ma-
terials require local confirmation of the mechanical properties below the size of the pattern,
while cells interact with their environment on a microscopic length scale. The cells themselves
are heterogeneous and mapping their mechanical structure likewise requires sub micrometric
resolution.

As we will shortly see, the mechanics at play when measuring the stiffness of soft materials
at the macroscopic and sub micrometric scale are categorically different due to surface energy
contributions. Values found at one length scale cannot be applied to another.

1.2 Indentation measurements

The conventional method to determine surface elasticity consists of indenting the surface with
a probe of known geometry. The measured indentation as a function of applied normal force is
interpreted through the application of a contact mechanical model, which allows extraction of
the elastic modulus. The first model of this kind was developed by Hertz who considered the
indentation of two fully elastic isotropic materials. [34] For the geometry of a sphere indenting
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an infinite half plane this provides the relation
4 .3
F= g\/ﬁE 52 (1.1)

where F' is the measured force response, R the sphere radius, E* the reduced elastic modulus
and ¢ the indentation. The elastic modulus of the surface of interest is extracted from E*
through

1 (=2 (1-12)
LI s i 12
B B, & (1.2)

where v, ; and F,; are the Poission ratio and elastic modulus of the surface and indenter
respectively. Note for a perfectly rigid indenter this reduces to E* = E;/(1 — v2).

Further additions to this model were made by Derjaguin-Muller-Toporov (DMT), who in-
cluded attractive surface interactions outside the contact area, and Johnson-Kendall-Roberts
(JKR), who included the surface energy inside the contact area to model adhesion between
surface and indenters. [35, 36]

For soft solids the JKR contact model is generally the most applicable. When including the
energetic loss due to surface energy, the JKR model makes the following corrections for a sphere
indenting an infinite half plane

E*Fdetag
F = Fhyer, — 4\ ———— 1.
Hert 3R (1.3)
a? Fyera
6 = ——2 14
R 3E*R (1.4)

where Fyert, is the Hertzian force response, a is the radius of contact and F.; is the measured
detachment force upon withdrawal of the indenter.

1.3 Soft matter elasticity at small length scales

While the JKR model includes the surface energy within the area of contact, it assumes this
energy to be small compared to the elastic energy stored in the material. This assumption is
not always valid when dealing with soft materials and small length scales. [37]

We can illustrate this with some energy considerations. As elasticity is a property of volume
and adhesion a surface property, the corresponding energies during indentation with a rigid
probe scale as

Ug x E-a* (1.5)
U, o« 7v-a° (1.6)
where Ug and U, are the energies associated with the elastic and adhesive components of the

indentation, a is the length scale of the interaction, E the elastic modulus and v the surface
energy. Comparing the ratio of these energies we can define the elasto-capillary length as

—90
l=2 (1.7)

which gives us the length scale of interaction under which the surface energy in the interaction
dominate the elastic energy. Setting a value of v = 0.1 J/m? we can estimate this length scale
as a function of material elasticity (Fig.1.5). This value is comparable to the surface energy
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Figure 1.5: Elasto-capillary length (I.) as a function of elastic modulus for a surface energy
of ¥ = 100 mJ/m?. The red box indicates the stiffness range for which . is below a micron.
Adjusted from [37]

associated with cells and microorganisms in aqueous solutions, which is found to be on the
order of v = 0.05 J/m?. [38,39]

From these considerations it is clear that for materials softer than 1 MPa at length scales
below 1 pm the interaction will be dominated by the surface energy. Under such conditions the
material response deviates from the JKR model, as has been confirmed in experiments. [40-43]
In particular this creates difficulties for the case of soft thin films, where contributions from
the substrate preclude the use of macroscopic probes, but surface effects prevent qualitative
interpretation for smaller probes. [44-48]

Developing improved contact models that fully account for these surface energy contri-
butions is an active field or research. [49-51] Additionally experimental methods have been
developed which solve the problem in a different fashion: measuring the elastic modulus of a
soft surface without solid-solid contact.

1.4 Non-contact measurements of elasticity

A non-contact method for determining the elastic modulus of a soft surface in liquid was
developed and demonstrated on the Surface Force Apparatus (SFA). [52] It functions by bringing
a millimetric spherical probe within a nanometric distance from the soft surface. (Fig. 1.6) A
nanoscale flow is generated between probe and surface by applying an oscillation of nanometric
amplitude at a frequency of interest. With each oscillation the liquid is forced to drain in and
out of the gap between the probe and the surface.

By measuring the amplitude and phase of the probe oscillation in reference to the exci-
tation signal, the complex amplitude of the hydrodynamic force F, acting on the probe can
be determined. [53] This allows us to define the mechanical impedance Z of the probe-surface
interaction

Z=7"+i7" = fo (1.8)
ho
where hg is the amplitude of the oscillation. In this equation the real component Z’ represent
the motion in phase with the driving force and is associated with the elastic energy stored in
the interaction. The imaginary component Z” represents the motion that is out out of phase
and is associated with the energy dissipated in the interaction.
The accurate determination of Z is key to the measurement. By determining the variation
of this parameter as the probe approaches the surface we can determine how the interaction
varies as a function of probe sample separation.
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Figure 1.6: Overview of the non-contact measuring technique. An oscillating driving force F,
is applied to a spherical probe close to the soft material surface. With each oscillation liquid
is forced in and out of the gap between probe and surface. If sufficiently close this flow causes
indentation of the soft sample surface. These interaction components can be modeled as a
spring and dashpot system. Taken from [54].

At large distances the force exerted by this nanoscale flow on the surface is small and the
surface can be approximated to be rigid. Assuming no slip of the liquid on the surface boundary,
the only interaction between the probe and surface is the increase of dissipated energy due to
confinement of the liquid, the Reynolds dissipative force, which is described by

B 6mnwR?

Z// (Z) .

(1.9)
where 7 is de viscosity of the liquid, w the angular frequency of the excitation, R the radius
of the probe and z the distance from the surface. These large separations where such a purely
dissipative response is found is named the viscous regime.

The force exerted by the flow will increase as the probe approaches the surface and when the
probe is sufficiently close, the applied force becomes large enough to induce elastic deformation.
This introduces an elastic component to the interaction that can be described by a z~%/2 power
law.

Closer to the surface the two components of Z become the same order of magnitude and
their values saturate (Fig. 1.7). We transition from the viscous regime into the elastic regime,
where the liquid is confined to such a degree that it is no longer expelled and the oscillation
amplitude hg is mostly transferred into the elasticity of the surface.

The total response of the system can be described by a single expression

6rnwR? z
Z,(2) = bmnw it Gk <

—) (1.10)

2k

where zj, is the distance at which we transition between regimes, which for a semi-infinite elastic
surface is determined as

2 = 8R (%)2/3 (1.11)
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which depends on the elastic modulus of the surface. The analytical derivation of this equation
and the precise form of the function g can be found in [54].

By measuring Z,(z) and fitting equation (1.10) we can determine z; and thus E*. The
effectiveness of this technique has previously been demonstrated on reticulated PDMS using the
SFA. [52] Due to the absence of solid-solid contact the measurement is unaffected by surface
energy contributions that dominating at small length scales and an absolute value for the elastic
modulus is found.
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Figure 1.7: The elastic (blue) and dissipative (red) components of Z as a function of probe-
sample separation. Measured using a SFA on a reticulated PDMS surface with E ~ 2MPa. In the
viscous regime the dissipative component scales as z~! due to the Reynolds visous damping,
while the elastic component follows a z~%/2 power law. Close to the surface both components
become the same order of magnitude and saturate. Taken from [52].

Use of the SFA has some experimental limitations. The millimetric probe prevents measuring
at the microscale. Likewise the highest available frequency is on the order of a few hundred
hertz, which precludes the investigation of viscoelastic materials at higher frequencies. It would
thus be of interest to apply the concept of this non-contact measurement on a platform that
allows the use different length and time scales.

1.5 Atomic force microscopy

This manuscript presents our work towards implementation on the Atomic Force Microscope
(AFM) to bring the non-contact measuring technique beyond the limitations of the SFA. Due
to the use of a miniaturized force sensor in AFM, probe radii as small as 20 pm and excitation
frequencies exceeding 500 kHz can be reached. When used in conjunction with the SFA this
paves the way for the investigation of elastic properties across a large range of time and length
scales.

A non-contact measurement in liquid using AFM provides its own set of experimental chal-
lenges. In contrast to the SFA, the force sensor of the AFM is submerged when measuring
in liquid, which reduces sensitivity due to the increase in dissipation. Furthermore, when
using traditional piezo-electric excitation in liquid the transfer function can be plagued by a
"forest-of-peaks’; Parasitic resonances within the system that obscure the lever response. [55,56]
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This precludes the use of piezo-acoustic excitation and an alternative has to be found. In this
manuscript we present the implementation of capacitive excitation in liquid, where electrostatic
coupling imposes an excitation force between probe and surface.

In this manuscript it is assumed that the reader is reasonably familiar with the AFM tech-
nique. Should the reader not yet be sufficiently familiar with these concepts they are referred
to the ample excellent literature available. [57—65]

1.6 AFM on real systems - polymer brushes and quick
clay

In addition to the main subject of realizing a non-contact measurement of mechanical properties
on the AFM platform, we present exploratory investigations into two complex material systems.
The materials investigated using conventional AFM techniques are often relatively artificial. In
such cases the complexity of the surface is minimized to ease quantitative interpretation of the
data. Materials are made homogenous and surface roughness minimized to remain as close to
the analytical models as possible.

We present experimental data on two materials, P-NIPAM polymer brushes and quick clay,
in which we break with the application of conventional contact mechanics. We show that AFM
can nevertheless be used to extract valuable information from these materials. As these two
investigations are somewhat removed from the main topic of the manuscript, an introduction
into either subject will be given at the start of their respective chapters.
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Chapter 2

The homemade AFM system
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2.1 Introduction

As a precursor to the work in this manuscript the non-contact measurement was attempted
using a commercial AFM tool. Piezoacoustic excitation in liquid combined with optical beam
deflection proved to be insufficiently reliable to determine the mechanical impedance Z(z) of
the probe-sample interaction at frequencies other than the resonance frequency of the lever.

To illustrate the problem, we can consider the AFM as a single mode harmonic oscillator. For
the measurement to be performed properly, the amplitude and phase response of this oscillating
system as it varies with frequency, named ’the transfer function’, needs to be clearly measurable
over a broad range of frequencies around the resonance.

When using piezo-acoustic excitation in liquid where dissipation is high, parasitic resonances
from other components of the AFM excited by the piezo-electric element distort the transfer
function (Fig. 2.1). This is sometimes referred to as a ’forest of peaks’, in reference to the
many resonance peaks that can appear. Due to this distortion of the transfer function it is
not possible to qualitatively perform the non-contact measuring method, as will be further
illustrated in the appendix of chapter 4.
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Figure 2.1: Comparison of piezo-acoustic and capacitive excitation of an AFM cantilever in
liquid. Capacitive excitation provides a ’clean’ resonance, while when using piezo-acoustic
excitation the lever response is obscured by parasitic peaks around 8 and 15 kHz.

A different method of excitation in liquid is required that provides the proper excitation
at each frequency; a ’clean’ transfer function. The goal remains to use a commercial setup
to make the technique available to a broad scientific audience, making it important to use
a method of excitation that requires minimal modification of hardware. For this reason we
propose capacitive excitation as an alternative. The colloidal probe and substrate can be made
conductive, creating a sphere-plane capacitive system. By applying an alternating potential
difference between these two electrodes an oscillatory force can be applied on the probe.

Combining capacitive excitation and the quantification of the interaction impedance is new
in the field of AFM. The capacitance of the sphere-plane system varies with separation and
the excitation force along with it, which is a difficulty that has to be faced. Resolving this
and other practical difficulties requires an AFM system on which all relevant parameters are
fully controlled and which can easily be modified to explore and develop this new experimental
methodology.

Commercial devices do not lend themselves well for such purposes. Limited hardware mod-
ifications can be made and it is difficult to perform measurements outside of the 'modes’ prede-
fined in the control software. Commercial AFM systems have proprietary components to improve
operation of the device, but of which the precise functioning is not public. Such components
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make it difficult to precisely quantify the experiment.

For these reasons we chose to develop capacitive excitation in liquid on a homemade AFM
system. It gives us full control of all parameters, providing the freedom to explore different im-
plementations of the capacitive excitation technique. Instead of optical beam deflection method
commonly using in commercial devices, the homemade AFM uses an interferometric measure-
ment of the lever motion. This has the advantage of directly measuring probe displacement
regardless of movement of the lever base.

The previous iteration of the homemade AFM, though in principle capable of performing
the measurement, was not ideal for these purposes. The components used were fragile and
expensive to repair, while exchanging or modifying them was not easy. We created a cheaper
and robuster design that is easier to modify and manipulate: an ideal platform for experimenting
with measuring methods.

In this chapter, we will shortly summarize the relevant AFM components and what is required
for a capacitively excited non-contact measurement. After this we will specify which solutions
were used to meet these requirements.

Figure 2.5 provides a broad view on the design, while an overview of the requirements,
specifications and our solutions can be found in table 2.1.

2.2 Components of an AFM

An AFM system consists of multiple components working in unison to perform a measurement.
These components and their function will be summarized to provide context to the design
choices made for the new homemade AFM system. We will highlight specific difficulties that
arise for each component when performing AFM measurements in liquid.

2.2.1 The force sensor

The core of an AFM is the force sensor, a micrometric lever that allows us to investigate the
interaction force profile with a surface of interest. By measuring its deflection we determine
the total force acting upon the beam in the Z direction. The sensitivity of this measurement is
determined by the stiffness of the lever (k. , usually in the range of 0.001 - 10 N/m) and the
accuracy with which we detect its motion. The most commonly used detection methods are
two optical techniques.

Optical beam deflection

In Optical Beam Deflection (OBD) a laser beam is reflected on the backside of the lever and
captured by a four quadrant photodiode (Fig. 2.2a). When an applied force deflects the lever
we track this deflection through the change in position of the laser on the photodiode. The
advantage of this technique is the ease of alignment, as the laser spot can be aligned at the
end of the lever using rotating mirrors. [66] For this reason the technique is commonly used in
commercial AFM designs.

The sensitivity of the photodiode needs to be calibrated to an external standard. The
position of the laser on the photodiode does not directly represent the positional motion of the
lever, but its angular deflection; the difference between base and end position of the lever. If the
lever base moves significantly these are not the same which poses a problem for piezoacoustic
excitation in liquid where large base motion is required to provide sufficient excitation. While
partial solutions to such problems exist, they were found to be insufficiently reliable as will
be illustrated in the appendix of chapter 4. The different optical index of the used liquid will
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Mirrors
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Figure 2.2: (a) Schematic representation of the Optical Beam Deflection setup. A low power
laser is reflected on the back of the AFM lever onto a photodiode. Two bi-axial rotating mirrors
are used for alignment. (b) Schematic representation of interferometric detection using an
optical fiber. The fiber is positioned above the end of the lever, with a piezoelectric element
keeping lever-fiber distance constant through a feedback loop.

also affect the optical path of the laser beam, though this can usually be corrected through the
rotating mirrors.

Optical fiber interferometer

A second method for detection of the lever motion is an interferometric measurement using an
optical fiber (Fig. 2.2b). A low power laser beam is injected into an optical fiber of which the
end is positioned above the lever. A small part of the laser reflects at the fiber end, while the
majority reflects on the back of the lever, creating an interferometric cavity. [67] A feedback
loop is used to displace a piezo at the base of the lever to keep the probe-fiber separation
constant, allowing the deflection of the beam to be determined from the piezo movement. [68]

This detection method directly measures the displacement of the lever independently of
movement of the base. Calibration is done internally by relating the detected displacement
to the wavelength of the laser. The price to pay is that the fiber must be aligned in three
dimensions; both at the end of the lever and at the right distance. The fiber end must be
sufficiently flat, which is achieved by cleaving the fiber using a specialized fiber cutter. Due
to contamination the smoothness of the surface deteriorates over time and the fiber must be
recleaved periodically, slowly consuming the fiber material.

2.2.2 Displacement and alignment

Detection of the lever motion provides access to the total force acting upon the probe, the
variance of which we want to measure as a function of the separation between the probe and
the surface of interest. This probe must be put in a specific position and kept there for the
duration of each measuring point.

Course alignment

Alignment of the lever and detector must be sufficiently stable and accurate so as to not influence
the measurement. This is usually referred to as ’course’ alignment as it requires only micro
metric accuracy. A first approach of the sample to within microns of the probe is also included
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in this category. Many methods of displacement are suitable for this, though most commonly
used are (motorized) micrometric screws and ’stick-slip’ piezo actuated stepper motors. [69]

Fine alignment

The required level of positional control between probe and sample, or fine alignment, is de-
termined by the length scale of the investigated interaction force and the size of the probe.
Measuring short ranged forces with sharp probes requires sub nanometric positional control,
while control on the scale of some 10 nm may suffice for micrometric probes and longer ranged
interactions.

In most cases fine alignment is achieved through piezoelectric elements. [70] The extension of
these elements is continuous, thus accuracy is determined by the applied voltage. The extension
does have a finite response time and is not completely linear, requiring calibration before the
experiment.

The performance of piezoelectric elements does not significantly deteriorate when performing
measurements in liquid, as the mass of the added liquid is usually small compared to the load
capacity of the piezos. Care should be taken that the piezos are well protected from spillage of
the liquid.

Stability

If components move while integrating an observable for a measuring point, the data will be
averaged over this displacement. On short timescales, vibrations originating from outside the
setup can displace components. Passive isolation can stop these vibrations from entering the
setup, such as placing the AFM on a heavy platform suspended on springs, which damps oscil-
lations above a few hertz due to the inertia. Active isolation can also be used, in which the
noise is measured and compensated.

On longer timescales components drift out of position. Different components are not neces-
sarily at full thermal equilibrium and expand unevenly due to thermal expansion. By isolating
the AFM from the environment using an insulated box and allowing it to internally equilibrate
before each measuring session these drifts are pushed to timescales longer than the experiment.
This has the added advantage of preventing acoustic vibrations from affecting the measurement.

2.2.3 Probe-sample interaction

The scaling of the interaction strength depends on both the interaction investigated and the
geometry of probe and sample. In most applications the sample is locally approximated as an
infinite half space, while on the probe side there are multiple geometries that can be fabricated.

The length scale of interest

It should be emphasized that one of the powers of AFM is the ability to investigate a material
over a broad range of length scales. From 100 pm radius colloidal probes [71], to a radius
of curvature of some nanometers for sharp probes [72] the interaction with a surface can be
investigated over 5 orders of magnitude. While this ability is not fully utilized in our imple-
mentation of the non-contact measuring method in liquid, it will play an important part in the
investigation of clay materials in chapter 7.
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Sharp probes

For most experiments levers with sharp probes are used, most commonly with pyramidal or
conical geometry. The lateral resolution achievable with such probes is set by the final radius
of curvature, which can be below 10 nm. Sharp probes are important in imaging techniques for
this reason. This high lateral resolution comes at the cost of decreased sensitivity as the force
profile is integrated over a smaller volume.

Colloidal probes

It is difficult to fabricate sharp probes that fulfill the analytical description of their geometry.
Near-perfect spheres of glass can however be fabricated with relative ease by utilizing surface
tension. [73] Some care should be taken as not all commercially available spheres are equally
smooth. [74] The radius of the sphere sets both the lateral resolution and the interaction
strength. In principle smooth spheres with a radius below 10 pm can be fabricated, but should
the size of the probe be comparable to the range of the investigated force, the lever will not be
sufficiently far away from surface and its contributions to the measured force profile cannot be
approximated to be 0.

2.2.4 Dynamic AFM

The harmonic oscillator properties of the AFM lever can be used to perform a more sensitive
AFM measurement. By tracking shifts in the resonance frequency it possible to measure the
force gradient acting on the lever, while tracking the quality factor gives access to the dissipated
energy. [75-77] The resonance of the lever acts as an amplifier, increasing sensitivity by roughly
the quality factor.

While large amplitudes are commonly used to create topography maps, [60] small amplitudes
allow for linearization of the local force profile. [78-81] This allows variations in the force
gradient and dissipated energy to be determined through the amplitude and phase signal, even
off resonance, as will be explained in chapter 3.

The high dissipation in liquid significantly decreases the quality factor thus lowering the
sensitivity. This however has the advantage of spreading out the resonant response of the lever
over a broader frequency range which allows for the investigation of a surface over a broader
range of frequencies using a singe probe, as will be demonstrated in chapter 4. [82]

2.2.5 Excitation methods

To perform dynamic AFM measurements, one would ideally have a method of excitation that is
reliable, provides a clean transfer function and excites the probe directly. Multiple excitation
techniques have been developed but none is perfect for every application. To better appreci-
ate our choice for capacitive actuation in liquid we will shortly review the varying excitation
methods.

Piezo acoustic

The most commonly used excitation method is piezoacoustic, where a piezoelectric element
supplied with an oscillating voltage signal shakes the base of the lever (Fig 2.3a). [83,84] As a
technique it is simple to implement, works for any probe and in principle works in liquid. [85-87]

For certain applications it is not ideal as excitation is not contained to the lever but affects
any nearby resonant component. [87] While in air it is possible to distinguish between these
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different responses, in liquid these 'parasitic’ resonances often obscure the lever response as they
are ’spread out’ over a broad frequency range due to the high dissipation. [55,56] The motion
of the piezo also generates acoustic waves in the liquid that create an additional excitation
force. [88] While various methods were developed to reduce such effects, at the time of writing
no complete solution exists. [89-92]

As will be demonstrated in the appendix to chapter 4, the combination of optical beam
deflection and piezoacoustic excitation in liquid did not provide the needed stability and spectral
purity required for the non-contact measuring method.

Photothermal

The AFM lever can be excited by heating the base of the lever with a pulsed high power laser
(Fig. 2.3b). The absorbed heat induces local thermal expansion, creating a bending moment as
the lever asymmetrically absorbs heat. [93] This allows for excitation in liquid without exciting
other components. [94-96]

Implementation of photothermal excitation is relatively complex, requiring a second optical
setup for the excitation laser. The position of the excitation laser spot must be well chosen to
guarantee the response of the lever is harmonic. [97] While the spectral response in liquid is
better than piezoacoustic excitation, it is not perfect, especially off resonance. [98]

While photothermal excitation would be an improvement to piezoacoustic with regards
to our application, it is difficult to implement. As of writing, there is a single commercial
AFM on the market with photothermal excitation capability, the 'blueDrive’ made by Oxford
Instruments for their '’Cypher’ line of AFMs. [99] The high cost of this equipment combined
with the non analytic excitation spectrum was sufficient reason not to pursue this technique.

Magnetic

Excitation of the lever through an oscillating magnetic field is another option (Fig. 2.3c).
[100] External coils create an oscillating magnetic field that drives the lever, which has been
demonstrated to work in liquid. [55] The excitation force is given by

F=—-VE =-V(m-B) (2.1)

where m is the magnetic moment of he lever and B the applied field.

As commercial AFM levers have no magnetic moment a magnetic particle must be added.
Adding such a large particle distorts the eigenmodes of the lever motion and the optimal position
on the backside of the lever end directly impedes with optical detection techniques. [101] While
magnetic excitation does provide a near analytic transfer function, the excitation strength is
limited even for large particle sizes. [102] For these reasons it is not suited for our current
application.

Capacitive

Lastly the probe can be excited by making the AFM lever an electrode in a capacitive system.
A force can be applied by controlling the potential difference between the two electrodes (Fig.
2.3d), the strength of which is given by

1dC
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where V' is the potential difference and C' the capacitance of the system. [103,104] Excitation in
liquid is possible, though the dielectric constant of the medium has to be taken into account. If
the probe is used as an electrode, capacitive excitation provides a transfer function that is close
to analytical. [98] Faraday effects need to be avoided by using non-polar, non-disassociating
liquids, though capacitive actuation has also been demonstrated in pure water. [98]

The implementation of capacitive excitation requires minimal hardware modifications on
most commercial AFM systems. Due to ease of implementation and clean transfer function it
was implemented by using the probe-substrate system as a sphere-plane capacitor. For such a
geometry % x é where d is the distance of separation. [105] The dependency of the excitation
strength on probe-sample separation will need to be faced during data analysis, as will be
further explained in chapter 3.

2.3 Design specifications

With a clear overview of the components critical to AFM operation in mind, we can determine
which specifications are imposed on the setup by the non-contact determination of mechanical
properties in liquid. An overview of these of specifications can be found in table 2.1.

The goal is to measure the distance at which the transition in the mechanical impedance Z
takes place due to the confinement of liquid between the probe and sample, and the buckling
of the sample material under the applied oscillating pressure. As discussed in chapter 1 this
occurs at a distance of

3
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which for micrometric probes, MPa stiffness materials and excitation frequencies in the range
of kHz is on the order of 0.5pm. A measuring range of 0.1-1 pm is required for demonstrating
the technique with nanometric control of fine alignment. For stiffer and softer materials the
radius of the probe provides a controlled parameter to keep the transition on a measurable
length scale.

As lever deflection contributes to tip-sample separation, it should equally be measured or
compensated at nanometric accuracy.

A clean transfer function is crucial and thus should be measured with sufficient accuracy.
The sub nanometric amplitude required for linearization of the force profile sets the sensitivity
required of the setup. A 50 pm amplitude signal should be measurable in the time span of 100
ms, requiring a noise floor of 250 pm?/Hz. Such a sensitivity is commonly achieved with both
optical beam deflection and interferometric detection methods.

To evaluate the timescale of the measurement, a 5 pm measuring range with 1 data point
at each nanometer of displacement measured at 10 Hz makes the measurement take just under
10 minutes. Drift within this time frame should not significantly affect the measurement, thus
be no worse then 1 nm/min for a max shift of 10 nm per measured curve.

2.4 Possible solutions

To fulfill the demands of the non-contact measurement in liquid as set in the previous section,
three possible avenues of approach were considered.
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2.4.1 Capacitive actuation on a commercial setup

One of the main arguments for incorporating capacitive excitation is the ease of implementation
on a commercial setup. The only modification required is an electrical connection between the
probe and sample, which most commercial AFMs accommodate due to applications such as
kelvin probe microscopy (KPM). [106,107] The sensitivity and spatial control indicated in the
preceding chapter are within specifications for most modern commercial AFMs, with a possible
exception in the required frequency range. Commercial AFMs are not always equipped to
measure responses below 10 kHz, though in such cases a more suitable external lock-in can
often be used.

It is clear that we need to complete our understanding of capacitive actuation combined
with the non-contact measuring method in practice. Commercial setups do not provide the
freedom required to do this, as it not possible to change hardware or perform measurements
outside the measuring modes defined in the software and they do not provide direct access to
the raw signal.

As a quick example, the calibration, approach and feedback protocols on the Bruker 1CON
AFM system are designed with amplitude modulation AFM in mind, which assumes the ampli-
tude of oscillation to always decrease as a function of probe-sample separation. This is not true
for the case of capacitive excitation, as the excitation force increases for smaller separations.

For this reason we decided to not directly attempt to implement the measuring technique
on a commercial setup, but first explore its intricacies on the homemade setup. Once the
technique has been fully mastered on this setup, we will be ready to face the implementation
of the technique on a commercial setup.

2.4.2 The homemade setup

The biggest technical difference between the homemade setup and commercial setups is the use
of optical fiber interferometry as the method of detection. It was previously used to investigate
nanoscale radiative heat transfer, [108,109] nanoscale emmissivity, [110] and later the dynamics
of a water nano-meniscus between a sharp probe and a surface. [97] Due to the short range of
the forces involved, this required (sub)nanometric positional control and in the case of radiative
heat transfer, thermal isolation and operation under vacuum.

To achieve this sub-nanometric precision in vacuum, ’Attocube’ piezoelectric nanoposition-
ers were used. Due to their vacuum compatibility, these nanopositioners are fragile, difficult to
manipulate, and costly to repair and replace. All components were situated in a single metallic
frame, making it difficult to add, modify or perform maintenance on components.

2.4.3 A redesigned homemade AFM

We thus decided to not use the setup ”as-is” but to redesign it, with two goals in mind:
Firstly to replace the expensive and fragile nanopositioners with alternatives that, though
not vacuum compatible, perform sufficiently well, are cheaper, and more robust. Secondly to
make the detector, lever and scanner individually removable components that allow for easy
manipulation. This creates an AFM system that can be modified to meet the demands of the
measurement at hand. The optical system and electronics of the setup were left unchanged.
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Requirement | Specification | Solution | Section |

Static deflection detection <1nm accuracy Optical fiber 2.5.1

Dynamic deflection detection | <50pm in 100 ms Optical fiber 2.5.1

Course alignment ~100 nm accuracy, Stepper motors 2.5.3
>15 mm range

Fine alignment, XY ~1 nm accuracy, Piezoelectric elements 2.5.3
100 pm range

Fine alignment, 7Z ~1 nm accuracy, Piezoelectric elements 2.5.3
10 pm range

Measurements F(d), A(d,w), ¢(d,w), SPM controller 2.5.4
Force Volume Mapping

Frequency decomposition 0.1-100 kHz range, Lock-in amplifier 2.5.4
1-100 Hz Integration
bandwidth

Vibrational Isolation Passive isolation 2.5.5

Thermal Drift <10 nm per measurement | - 2.5.5

Interaction Analytically solvable, Colloidal probes 2.8
Interaction range >5 pm

Table 2.1: Overview of the requirements of the setup demanded by the non-contact determi-
nation of mechanical properties in liquid.

Figure 2.4: Schematic of the measuring setup. 1) Probe holder, 2) Fiber holder and fiber, 3)
Course alignment motors, 4) Fine alignment scanner, 5) Aluminium frame.
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2.5 Description of the homemade AFM

The redesigned homemade AFM roughly consists of three separate components: The fiber holder,
probe holder and sample holder (Fig. 2.4). The fiber and probe holder are equipped with
micropositioners for course alignment, while the sample has nanopositioners for fine alignment.
For course alignment the sample is considered stationary and the probe and fiber are aligned
correctly, while for fine alignment the fiber is considered stationary and the probe and sample
are displaced.

The fiber holder clamps the fiber at a 15° angle normal to the sample surface (Fig. 2.5 &
2.5). For course alignment it is connected to three MechOnics nanopositioners (one for each
dimension) suspended above the breadboard by an aluminium frame.

The probe holder is connected to a second stack of three Mechonics nanopositioners sus-
pended by an aluminium frame. A metal wedge correctly angles the probe holder orthogonal
to the fiber (Fig. 2.5b). The probe is glued to the probe holder using silver glue, which dou-
bly serves as an electrical connection. The holder is seated on a piezoelectric element for fine
displacement in the Z direction, designated as the "W-piezo’. This piezo is used to keep the
fiber-lever distance constant, as will be further explained in section 2.2.1. A small piezo dither
is glued to the top of the probe holder for piezoelectric excitation, though the larger W-piezo
can be used for this purpose as well.

The sample is displaced by two piezoelectric scanners: a PiezoJena PXY100 for movement
in 2y and a PiezoJena PZ10 for movement in 2. They are connected to the breadboard using
an aluminium block and covered with a plate for protection. Samples are glued onto aluminium
disks and magnetically connected to the cover plate. For measurements involving liquid, a piece
of cloth is used to protect the scanners from spillage.

The functioning and calibration off the individual components will now be discussed in
detail.
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Figure 2.5: (a) The AFM setup. From left to right: The fiber holder, the sample holder and the
tip holder. (b) Schematic overview of the heart of the measurement.
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2.5.1 Optical fiber interferometer

The homemade AFM directly measures the lever position through interferometry using an optical
fiber. It has comparable sensitivity to optical beam deflection [111] and works regardless of
displacement of the lever base.

Interferometric measurement

A laser source creates a laser beam that is injected in an optical fiber positioned above the end of
the AFM lever (Fig. 2.6). The fiber end is cleaved with a surface roughness below the wavelength
of the laser and can be considered as a planar interface for optical reflection considerations. 4%
of the beam is reflected back due to reflection coefficient of the silicon-oxide/air interface (S1),
while the majority of the beam is transmitted. [67]

Figure 2.6: Schematic of the interferometric measurement. The laser beam is emitted from
the fiber and in first order reflects on two surfaces creating two reflected beams: beam S; is
reflected at the final interface of the fiber and beam Ss is reflected on the back of the AFM
lever. Both reenter the fiber where they create an Adjusted from [112].

The beam reflects a second time at the lever surface and in part reenters the optical fiber
(S2). The difference in the path length between beams S; and S; creates an interference pattern
in the intensity profile of the beam traveling back through the fiber (Fig. 2.7), described by

where d is the lever-fiber separation and A is the wavelength of the laser beam.

Sensitivity to changes in this intensity is highest where the slope is the largest, at the
inflection points of the sinusoidal function where I(d) = Iy. Through expansion of the function
at these points we find a first order sensitivity of

g_47TIO
sd A

(2.5)

If the fiber and lever are submerged in a liquid the difference in refractive index of the
medium will change the effective wavelength of the laser light and rescale our interferometric
perception of distance. This can be corrected through N = %, where n’ is the ratio of the
refractive index of the medium relative to that of air where n ~ 1.
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Figure 2.7: Measured intensity profile I(d) as a function of decrease in probe-sample separation.
The interference between the reflected beams S; and S creates an oscillating profile with
amplitude Al on top of the baseline intensity Iy. The oscillation has a wavelength of half the
wavelength of the laser, in this case 330 nm.

Distance control

Only measuring the instantaneous reflected intensity is insufficient to precisely determine posi-
tion. The relative position in the oscillatory pattern is not known beforehand and the sensitivity
varies strongly as a function of distance, reaching zero on the maxima of the interferometric
pattern.

As a solution, a Pl-controller actuating a piezo in the probe holder keeps the lever-fiber
separation constant. [68] Any slowly varying deflection of the lever will be compensated and
the lever deflection can be inferred from the piezo movement. The inflection points, where
sensitivity is highest, are on first order asymmetric to a change in separation and are thus a
suitable position to apply the control loop. The positional error of this loop is generally on the
order of 200 pm in air and 500 pm in water, which is sufficient for our current purposes.

The feedback system however cannot distinguish between different branches of the interfer-
ence pattern. If the lever moves a distance of % due to an uncompensated force for a period
longer than the feedback time, the feedback will apply in the wrong direction and move to the
next branch in the interference pattern. [113] It is not guaranteed that this new inflection point
has the same sensitivity as was calibrated for the first.

2.5.2 Optical setup

The optical setup required for the interferometric measurement consists of a laser source, cou-
pler, photodiode and amplifier (Fig. 2.8). Ideally one would inject the laser beam and measure
the reflected beam on the same line but requires superimposing of the laser and detector.
Instead the beam is split across two optical fibers through evanescent wave coupling. [114]

The injected beam RO is split over fiber PO leading to the lever, and a ’dummy’ fiber P1.
The beam in PO, after reflecting at the lever and fiber end, reenters the fiber and is again
split over fibers RO, which leads back to the laser source, and R1, where it is detected by the
photodiode.
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Figure 2.8: Overview of the optical setup used for the interferometric position measurement.
The laser source inject a beam into fiber Ry, which is split equally by the coupler over fibers P,
and P;. The Py beam reflects of the lever, and reenters the fiber, where it is again split over Ry
and R;. The beam at R; is converted into a current by the photodiode, which is subsequently
turned into a voltage by the amplifier. Taken from [112].

Laser source

The laser source is a 51nanoFI made by Schéafter and Kirchhoff, a thermally stabilized diode
laser. It is equipped with a MO1 coded laser diode, which emits at a wavelength of 661 nm
and has a maximum power of 5.4 mW. It is equipped with a Faraday Isolator which prevents
reflected light reentering the source through the coupler. The beam profile has rotational
symmetry and a Gaussian intensity distribution, while the power can be controlled through a
potentiometer or an externally applied voltage.

Coupler

A 2 way beam splitter or ’coupler’ is used to split the beam equally across the two fibers using
evanescent wave coupling. It is made by Schafter Kirchhoff and features 4 ports, allowing for
use in both directions, as is required for the interferometric measurement.

Photodiode

A ThorLabs DET100A /M photo-diode measures the total incident intensity over a wavelength
range of 350 to 1100 nm through a silicon based detector. It is used in photo-voltaic mode that
generates a current from incident photons through the photo-voltaic effect. The peak response
is 0.72 A/W at a wavelength of 970 nm.

Amplifier and converter

The roles of I/V converter and amplifier are fulfilled by a bPLCA-200 Femto amplifier (Fig.
2.9). The photo-generated current from the photo-diode is converted into a voltage for the
Nanonis control system at gains of 10% or 10° V/A with corresponding frequency bandwidths
of 500 and 200 kHz in the ’low-noise’ operational mode.
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Figure 2.9: DPLCA-200 Femto Amplifier.

2.5.3 Positional control
Course alignment

For course alignment of the fiber and probe two stacks of three MechOnics MS30 piezoelectric
inertial motors is used, one per &, § and Z direction, each with a range of 30 mm. The
motors work through the ’stick-slip’ principle. Movement is performed in steps, where the
applied voltage is first slowly ramped to extend a piezoelectric column carrying the platform:
the ’stick’ part. When sufficient extension is reached, the applied voltage is quickly removed,
causing rapid contraction of the piezo. Due to the inertia difference between piezo and platform,
the piezo ’slips’ back while the platform remains stationary. To displace the platform this cycle
is repeated at a high frequency.

For the MechOnics the smallest step size achievableis about 50 nm. Nanometric calibration
of the positioners is not required as it is only used for rough alignment and are stationary
during the measurement.

Fine alignment, lateral

A PiezoJena PXY100 was used to laterally displace the sample up to 100 pm. The piezoelectric
response of this scanner is continuous, thus the resolution is limited by the precision of the
voltage applied by the controller, marketed at 0.2 nm. It has a resonance frequency of about
400 Hz in both directions, which is sufficiently low response time for the measurements presented
in this work.

The scanner is calibrated by imaging a NT-MDT TGX1 reference grid twice using AM-AFM,
once with each lateral directions as the primary scanning axis (Fig. 2.10). The calibration
factors were found to be 6.46 and 6.62 pm/V for the & and § directions respectively. Assuming
a linear response this makes the effective scanning window 129.4 by 132.4 pm.

Fine alignment, vertical

For displacement of the sample in the Z direction a PiezoJena PZ10 scanner is used. It features
a 10 pm scanning range and a resonance frequency of 4 to 5 kHz depending on the applied load.
As with the PXY100, the platform is piezo actuated and the resolution limit is determined by
the controller, marketed at 20 pm.

Precise calibration of the PZ10 is important as it sets the probe-sample separation axis.
Determining the height difference between planes in the TGX1 reference structure is insufficient,
as it only provides two calibrated positions and cannot resolve non-linearity or hysteresis.

This can be resolved by interferometrically measuring the displacement of the scanner sur-
face using the fiber. This technique was previously used to measure displacements up to 1
nm, where the measured profile is directly evaluated with equation (2.4) and a second order
polynomial in d to account for nonlinearity. [97,101,112]
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Figure 2.10: Calibration images for the PXY100 scanner in the (a) Z direction and (b) g
direction. The calibration factors were found to be 6.46 and 6.62 pm/V for the & and g
directions respectively. (c) Specifications of the TGX1 reference structure as supplied by NT-

MDT.



This procedure is unfeasible for the PZ10, as it is difficult to directly fit the variation in the
wavelength of I(d) caused by non-linearity of the scanner over its large range. As an alternative
the reflected laser intensity I(d) is measured over the entire scanner range. Taking the average
(I(d)) =~ Iy, we extracted

I(d) — {(I(d)) = Alysin (;d + (b) (2.6)

Though not important for our current considerations, we can see that Al varies with d
(Fig. 2.11a). This is due to more reflected light reentering the fiber as the fiber-surface distance
decreases.
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Figure 2.11: (a) Variation of intensity as a function of voltage applied to PZ10 controller. Red
circles indicate the zero crossings (b) Calibrated extension of the PZ10 scanner as a function
voltage applied to the controller.

However, each full wavelength has two inflection points at the zero crossings, separated by a
distance of % = 165 nm. Assuming smooth piezo extension, we can reconstruct the displacement
as a function of applied voltage (Fig. 2.11b). As the fiber is at a 15° angle the found values
must be corrected by cos(15°) = 0.965.

Probe holder piezo

Due to its smaller range of motion of 1 pm, the piezoelectric element under the probe holder
can be calibrated by directly fitting the interference pattern to equation 2.4. This calibration
is automatically performed by the Nanonis software. The sensitivity is determined through
equation (2.5) which also sets the sensitivity for the lock-in.

2.5.4 SPM controller

A Nanonis SPM controller by Specs-Zurich drives the experiment. Its components are considered
in three parts:

Realtime control system and signal conditioning 4

The Realtime Control System (RCS) performs realtime signal analysis and is the interface
between the Nanonis control software and the experiment. It uses a National Instruments
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T965R FPGA card and interfaces through an external Signal Conditioning 4 (SC4) module that
features 8 analog inputs and 8 analog outputs and associated AD/DA converters, with an
input/output range of -10 to 10 V each.

The Nanonis software package driving the RCS is written in Labview. It offers functionality
such as PID controllers, force-distance curves, spectral analysis, image acquisition and force-
volume experiments. For further functionality custom Labview programs can be incorporated
through subVls.

Oscillation control

The ’OC4’ module functions as the lock-in amplifier of the system, featuring a bandwidth from
100 Hz to 1 MHz, a maximal excitation voltage of 10 V and maximal input signal up to 10 V.
It can also function as a Phase-Locked Loop (PLL) and spectrum analyzer.

High Voltage Amplifier

The 10 V output of the SC4 module is not sufficient to directly drive piezoactuators which may
require up to 400 V to achieve full extension. For this purpose the Nanonis SPM controller is
equipped with the High Voltage Amplifier (HVA4) module. It amplifies 4 input signals (X, Y,
Z, Aux) into 6 output signal (X-, X+, Y-, Y+, Z, Aux) with a selectable gain of 1, 4, 15 and
40, and a bandwidth up to 300 kHz.

2.5.5 Isolation

AFM systems rely on nanometric alignment of multiple components and use mechanical oscil-
lations to investigate interactions. This makes them susceptible to external mechanical noise
sources, such as vibrational noise that enters the setup through its connection with the floor.

For this purpose the setup is positioned on a marble slab with a weight of roughly 1000
kg suspended on 6 springs. Due to the large mass of the table, the spring-table system has a
resonance frequency on the order of 1 Hz and will damp the vibrations sufficiently above this
frequency.

Acoustic vibrations can also enter the system through the AFM lever. No measures were
taken to remove these from the system in its current iteration, though they were also not found
to significantly influence the presented results.

During operation the noise floor of the system for frequencies above 1 kHz was found to be
on the order of 1 pm/v/Hz.

Thermal drift

As parts of the AFM are exchanging heat with the environment the AFM system is not at
full thermal equilibrium. This causes time dependent temperature gradients in the system,
creating thermal expansion and dilatation. To ensure a stable measurement, AFM systems are
often thermally isolated and allowed to equilibrate before measuring.

The homemade AFM was not thermally isolated from the lab room. To nevertheless minimize
thermal expansion in the system, it was left to equilibrate for 2 hours before each measuring
session. After such a period of equilibriation the drift between fiber and lever was on the order
of 1 nm/min (Fig. 2.12). As a sweep of the probe-sample separation takes less than 10 minutes,
the distance axis can drift by some 10 nm at maximum. This was found to be sufficiently small
to perform the presented measurements at the accuracy required.
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Figure 2.12: Drift of the probe-fiber system over time, which was found to be on the order of
1 nm/min.

Should it be desired to further minimize thermal drift in the future, the setup can be
mounted on a smaller breadboard and positioned inside a thermally and acoustically isolated
chamber.

2.6 Stiffness calibration

Accurate calibration of the lever stiffness is important in any quantitative AFM measurement,
either to calibrate the force axis in static measurements or to quantify the probe-sample inter-
action in dynamic measurements.

In principle it is possible to directly determine the stiffness k. of an unloaded AFM cantilever
by solving the Euler-Bernoulli beam equation for the first mode, which finds

Et3w
ke = e (2.7)
where E is the Young’s modulus of the beam material and [, w and ¢ are its length, width and
thickness. This value scales with the thickness of the lever to the third power, which is hard to
measure and not well controlled in the silicon etching process used for AFM lever fabrication.
As such it is important to calibrate the stiffness of the lever in-situ.

Multiple methods have been proposed to this purpose [115], with notable mentions such as
calibration against a known standard [116], the Cleveland added mass model [117] and the so
called Sader method [118,119]. For the work presented here we used the thermal method. [120]
It is commonly used in the field as it requires no external measurement of the lever shape or
manipulation of the lever.

In this method, the lever is modeled as an harmonic oscillator with a single degree of freedom
connected to a thermal bath. Molecules from the thermal bath excite this degree of freedom
creating the so called Brownian motion. Through the equipartition theorem we state that the
total thermal energy for a single degree of freedom is %ka, where kj, is the Boltzmann constant
and T the temperature of the thermal bath. This thermal energy is distributed over all the
oscillatory modes of the AFM lever, but as the stiffness of each mode increases significantly with
mode number we can neglect the energy stored in modes beyond the first. [121] We write
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where k. is the stiffness of the lever in the first mode and (x?) the mean square displacement
of the first mode of the lever. (x2) can be determined from the power spectral density PSD of
the lever (S(w), in units of m?/Hz), measured in absence of any excitation beyond the thermal
bath (Fig. 2.13). The PSD is determined by taking the square of the measured amplitude
response A(w) and dividing by the integration bandwidth through S(w) = %‘ﬁ’)?. The psD of
the first mode for an harmonic oscillator in the high @ limit can be approximated as

2 2
AL wh 1

S(w) = Apise + z (2.9)

where A,,, is the amplitude at the resonance frequency. This equation can be directly fitted
with a Lorentzian. [122] From this we determine the mean square displacement through

(x?) = /000 S(w)dw (2.10)

TAZ, wo
= 59 (2.11)
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Figure 2.13: Brownian motion of an AFM lever in air, as measured with the homemade AFM.

One could expect that the simple harmonic oscillator model for unloaded beams loses validity
for colloidal AFM probes. However, loading the cantilever by gluing a sphere was not found to
significantly alter the shape of the first bending mode. [123]

The dynamic nature of the non-contact measuring method requires AFM cantilever with a
resonance frequency on the order of 10 kHz, resulting in a stiffness on the order of 1 N/m.
Measuring the Brownian motion of such stiff levers in liquid is unfeasible due to the high
dissipation. For this reason, the stiffness of each lever was determined in air.
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2.7 Force sensitivity

To evaluate the performance of the setup we can estimate the minimal force density Spr that
can be resolved. As the applied force is determined by measuring the displacement of the lever,
the force detection sensitivity is related to the displacement detection sensitivity Sxx through

Sxx
Srr = X (2.12)

Where |X|? is the transfer function of the system, which can be determined from the intrinsic
resonant properties of the lever. At frequencies below 100 Hz Sxx is dominated by the 1/y
noise. For higher frequencies the system has a constant broadband noisefloor of about 1 pm? /Hz
(Fig. 2.13).

When measuring the liquid the lever has a lower quality factor due to increased dissipation.
The transfer function only varies on the order of unity and can be approximated by its low
frequency value which is the inverse of the lever stiffness. For the non-contact measurements
in liquid presented in this work, the lever stiffness is on the order of 1 N/m. From these values
we can estimate Spp at 1 pN2/Hz, meaning we can resolve a 1 pN force in a second.

This far exceeds the sensitivity requirements from table 2.1. The difficulty of the non-contact
measuring method in liquid is not one of sensitivity but of stability and clean excitation of the
lever.

2.8 Colloidal probes

Colloidal AFM probes are an important tool in the quantitative measuring of interaction pro-
files. In this work they were used for both the non-contact measuring technique and for nano-
indentation into quick clay. Their well defined geometry allows for modeling of probe-sample
interactions and due to their radial symmetry the probes are insensitive to problems of paral-
lelism.

At the time of writing, no mass produced colloidal AFM probes are commercially available.
Some commercial probes can be bought, but these are made by hand and thus quite expensive,
making it generally more convenient to make them manually for each measurement.

The following is a description of the production protocol used for creating colloidal probes in
this work. Gold coated probes were required for the capacitive excitation technique presented
in chapter 4, while uncoated probes were used for the measurement on clay in chapter 7.

2.8.1 Materials

The colloidal probes consist of three components: a tipless AFM cantilever, a colloidal sphere
and glue to connect the two together.

NSC and CSC series tipless probes by MikroMasch were used as a base lever. Made of n-type
silicon, they are available with a stiffness between 0.03 and 16 N/m and resonance frequencies
in air between 10 and 300 kHz. The levers have a width of 35 pm, thickness of about 2 pm and
length varying between 90 and 350 pm depending on the desired stiffness. The backside of the
lever is coated with aluminum to increase reflectivity.

While long ranged interactions are not very sensitive to the precise surface state of the
probe, it is still advisable to use smooth spheres. Duke Standard spheres of borosilicate glass
with a radius of 10 or 30 pm were used, as supplied by ThermoScientific, which are listed with
a mean diameter of 20.2 pym and standard deviation of 2.8 pm. They were supplied as dry
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spheres in a bottle. Previously the spheres were found to have a RMS surface roughness of 0.7
nm. [74]

A rapid drying two-component epoxy was used as a glue, as sold by Sader.

A micro positioning system is required for the physical manipulation of the lever, for which
an NT-MDT NanoSolver AFM was used. An overhead microscope was used to guide the lateral
displacement of the AFM lever.

2.8.2 Creation protocol
The colloidal probes used in this work were created through the following protocol:

e The base probe is mounted in the AFM.
e A clean silicon wafer is cut into squares of approximately 1 cm?.

e Some spheres are removed from the bottle using clean tweezers and deposited on a first
silicon square.

e The two components of the epoxy resin are mixed together thoroughly on a glass slide.

e Using a piece of stiff metal wire, the mixed resin is deposited on a second wafer square as
a droplet of about 1 mm diameter.

e The two silicon squares are mounted side-by-side in the AFM.

e The end of the lever is approached onto the edge of the droplet until it breaks the surface
tension and enters the resin.

e After about 2 seconds the lever is removed from the resin by retracting.
e The lever is moved over the other silicon square and aligned over an isolated sphere.

e The lever is approached onto the sphere, taking care that sphere and lever remain well
aligned during the approach.

e As soon as the resin touches the sphere, surface tension will pull it into the lever. The
lever is retracted as soon as this happens.

e The lever is removed from the AFM and left to dry for at least 12 hours.

2.8.3 Determination of probe radius

As there is some spread in the sphere size, the radius of each colloidal probe was determined
using a calibrated optical microscope before each measurement (Fig. 2.14). Found values were
consistently within a pm of those indicated by the supplier.

2.8.4 Conductive coating

As the colloidal probes are made of borosilicate glass, a conductive coating is required for
capacitive excitation. Typically the probes are coated with a sub 100 nm layer of metal through
magnetron sputtering. The requirements for this coating are to adhere to the borosilicate
glass and not significantly increasing surface roughness. To avoid deformation of the coating
upon unintentional contact with the sample surface, it is useful to choose a coating that is
mechanically resilient.

Previously created probes were used for the capacitive excitation as a time saving measure.
These probes were made for Casimir force [124] [125] and nanoscale radiative heat flux measure-
ments. [110] [109] In these measurements the optical properties in the IR range matter and thus
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Figure 2.14: Microscope images of glued colloidal probes, including radius determination.

they are covered with 60 nm of gold on top of a 15 nm adhesion layer of chromium. This has
the down side of gold being relatively plastic and can deform upon contact. As unintentional
contact with the surface is difficult to avoid during an experiment, the metallic coating will
likely degrade over time within the area of contact. Due to long range nature of the forces in-
vestigated in this manuscript the impact of this on the accuracy of the measurement is expected
to be small.
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3.1 Introduction

As explained in the previous chapter, capacitive excitation in liquid provides us with a near
analytical transfer function over a broad frequency range that is free of the parasitic resonances
that plagues piezoacoustic excitation. To perform the non-contact determination of mechanical
properties in liquid as described in chapter 1, we have to specify how this capacity can be used
to determine the mechanical impedance Z(z) of the probe-sample interaction.

Two methodologies will be presented that allow us to extract Z(z) from the harmonic
properties of the excited lever. First by tracking the resonance frequency wg and the quality
factor @ of the oscillating lever as these vary due to the probe-sample interaction. This only
requires determination of the shape of the resonance and is independent of the excitation
strength. This method is limited in that it only provides access to Z(z) at the resonance
frequency of the lever.

The second methodology determines Z(z) from the change in the amplitude and phase re-
sponse at a specific frequency. This requires that the scaling of the driving force with separation
z is explicitly taken into account. As the driving force scales with V2 as well, the system is
driven at both the first and second harmonic of the excitation frequency. We will show that for
our application it can be beneficial to utilize the second harmonic, as it does not depend the
surface potential Vj.

For both methods the measured data must be compared to the intrinsic resonant properties
of the system in absence of probe-sample interaction. Due to the nature of capacitive excita-
tion this cannot be done directly as the excitation strength decays with increasing separation
and does not provide a signal at separation arbitrarily far from the surface. While this is a
problem for the excitation technique in general, for the specific application of the non-contact
measurement of mechanical properties we will show that the free properties of the resonant
system can be extracted by performing a calibration measurement at a known distance from
the surface. Knowledge of the precise nature of the probe-sample interaction at large distances
allows the interaction components to be substracted and the natural response of the lever to
be approximated.

3.2 Z(z) from the resonant properties

To extract Z(z) directly from the shape of the resonance of the lever, we will describe the
system as an harmonic oscillator (Fig. 3.1) and express the equation of motion in terms of
the resonant properties wy and Q). We will then quantify their change under the additional
probe-sample interaction Z'(z) = kint(2) and Z"” = 41 (2) - w.

The AFM probe and lever can be described as a driven harmonic oscillator, for which the
equation of motion is given by

mI + . & + kex = Fy (3.1)

where k. is the effective stiffness value of the lever and ~, its effective dissipation, predom-
inantly determined by dissipation in the surrounding medium. The capacitive driving force Fy
will be further specified in the next section, but is of the shape Fy = Fi 4, cos(wt). The equation
of motion can be expressed in the properties of the harmonic oscillator by defining

v = % (3.2)
- mwo
Q = . (3.3)
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Alw),d(w)

'

kint(Z) Yint (Z)

Figure 3.1: Overview of the relevant parameters in the system. A spherical probe of radius R is
connected to the AFM lever with stiffness k. and internal dissipation 7.. An oscillating driving
force F,; excites the system at frequency w, which leads to an oscillation with amplitude A,
and phase ¢,. When brought at a separation z from the surface, additional conservative and
dissipative interaction terms k;,¢(z) and v;,:(z) enter the equation of motion and change the
resonant properties of the system.

and rewriting the equation of motion as
F, d .. wo
4 540
m + Q
Following the regular description of a driven harmonic oscillator, [126] the steady state solution
for the amplitude of the oscillation as a function of frequency can likewise be written as

i+ wiz (3.4)

Alw) = Fa ! (3.5)

0 ()

By measuring the amplitude response of the probe and lever as a function of w and fitting
the above expression, ) and wy can be directly determined. Fj; can be determined as well if
the stiffness of the lever is known, though this is not required for our current analysis.

If a probe-sample interaction with a conservative component k;,:(z) is added the resonance
frequency will shift from wp to w{(z) according to

wh(z) = ) R hmel®) (3.6)

which can be rewritten as an expression for the conservative component of the mechanical
impedance through

Z'(2) = ki (2) = ke <w6(§)2 - 1) (3.7)

wWo

Any additional dissipative component will likewise change the quality factor @ to Q'(z)
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through
mwj

Q(z) = ———— 3.8
(2) PO (3.8)
which can be rewritten into an expression for the dissipative component of the mechanical

impedance through

ke (wi(z) wo

Z”z:'ymz-wzc(o - = 3.9

( ) t( ) 0 wo Q/(Z) Q ( )

The measurement consists of calibrating the resonant properties wy and @ of the lever

without interaction, and measuring w((z) and @Q’(z) while approaching the sample (Fig. 3.2).

From these measured values Z = Z' +iZ" can be directly determined through equations (3.7)
and (3.9).

7@ ||
||

Amplitude [m]

Figure 3.2: Adding a conservative probe sample interaction Z’(z) will shift the resonance
frequency of the oscillator according to equation (3.7), while adding a dissipative interaction
Z"(z) will decrease the quality factor according to equation (3.9).

3.3 Z(z) from amplitude-phase-distance data

To determine Z(z) from the variation of the amplitude A, (z) and phase ¢, (z) measured at a
specific frequency, we first have to precisely quantify the capacitive driving force.

3.3.1 Capacitive excitation in liquid

To determine the driving force provided by capacitive excitation, we will describe our conducting
colloidal probe and substrate as a capacitive system with interdistance z (Fig. 3.1). [105] From
the energy in a capacitor we derive

Ueap = %CVZ (3.10)
P = — 0 (3.11)

- _%%VQ (3.12)
% = —%%W (3.13)
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The applied force and its derivative depend on first and second derivative of the capacitance of
the system, which is determined by the geometry of the probe and substrate.

Sphere-plane geometry

The advantage of using colloidal probes is that the capacitance of the sphere-plane geometry
can be analytically described by a two geometrical parameters. The capacitance for a sphere
of radius R at separation z from an infinite half plane is given by the series

oo

Csp = 4mepe, Rsinh(a) Z

n=1

1
_ 3.14
sinh(a) (3:.14)
where cosh(a) = 14 % and ¢, is the relative permittivity of the material filling the space
between the plane and sphere. [127] Calculating the series for each separation is impractical,
but under the assumption of small separations z << R, as will be the case in our measurements,
it can be approximated as

R

Csp = 2meper R <ln () + ﬂ) (3.15)
z

where § is a numerical constant. [128] It is clear that for the derivatives we find
dCsp R
- _9 = 1
7 meoer— (3.16)
d*Cs, R
Iz = QweoerZ—Q (3.17)

Excitation force

From this we can determine the force exerted on the probe by an externally applied potential
difference

R
Foop = meg—V?2 3.18
P z
dFeap R_,
W = _71-60,272‘/ (319)

When applying an oscillating potential difference V' = Vpo —Vy+Vac cos(wt), with Vpe the
static component, V due to any surface charge and Vs the oscillation strength, this creates
a force Fcap(z) at three frequency components:

Foap(z) = fo(2) + fu(2) cos(wt) + fou(2) cos(2wt) (3.20)
(e = 7T60267~R ((VDC — Vo) + ;Vjc) (3.21)
folz) = pTe0erft (Vbe — Vo) Vac (3.22)

1 mege R
—5 VZC (3.23)

f2w (Z) =

In this expression fj results in a static deflection of the lever, while the other two components
provide excitation at both the first and second harmonic of the excitation frequency.
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The f,, component depends on the surface potential Vj, an uncontrolled parameter that is
the result of the local state of the electrodes. It can be measured independently by sweeping
Vpe and finding the point for which f,(Vpe = V) = 0, a technique that is utilized in Kelvin
Probe Force Microscopy. [106] For measurements in PDMS oil on a silicon surface it was found
to be on the order of -100 mV and varies slightly with z, as will be presented in the next
chapter. For this reason it can be beneficial to use the second harmonic for excitation, so that
the driving force is independent of Vpe — Vj.

Additional force gradient

A downside of capacitive excitation is that the gradient of the driving force V fy enters the
measurement as an additional stiffness. If our amplitude of oscillation is small compared to the
spatial variance of V fjy, we can linearize its contribution at a specific distance zy and express
it as

fo(z0) + (2 = 20) - Vfolz0) + O ((z = 20)%) + ... (3.24)
[fo(20) = 20 - V fo(20)] + 2 - V fo(20) (3.25)

The term in brackets does not vary in time or space and is a static deflection of the lever that
can be ignored for the time development of our system. The other term acts as an additional
stiffness that varies with z.

Q

Jo(z = z0)

Q

keap(2) = —Vfo(z) (3.26)
- “(;TR ((VDC ~ Vo) + ;Vjc) (3.27)

Any additional conservative probe-sample interaction, such as the buckling of the soft surface
in the non-contact determination of mechanical properties, will be superimposed on this force
gradient as kyor = k¢ + kint + kcap. Determining k;y,; will require subtracting this additional
force gradient, which is made difficult by the dependency on Vj which has to be determined in
a separate measurement. A directer method to determine V fy(z) could consist of taking the
gradient of the measured static deflection of the lever fo(z).

3.3.2 Determining Z(z) = Z'(2) +iZ"(z)

With the capacitive driving force quantified, we have all the required components to express
Z(z) in terms of the observable of our measurement, A, (z) and ¢,,(z). The derivation presented
here follows Rodrigues et.al. [80] with novel additions to describe the specific case of capacitive
excitation.

We again describe the AFM lever as a damped harmonic oscillator, this time expressing the
equation of motion as

ma + v(2)2 + ki(2)x = f,(2) cos(wt) (3.28)

where k; and ; are the effective total stiffness and dissipation coefficients of the system at
a distance z from the surface

kt(z) = k.+ kmt(z) - va(Z) (3.29)
7(2) = Vet Yine(2) (3.30)

Here k;nt(2) and ~;n:(2) are the changes in the effective stiffness and dissipation coefficient
due to the probe-sample interaction and V fo(z) is the additional force gradient introduced by
the capacitive excitation as explained in the previous section.
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By solving the damped harmonic oscillator for a driving force f,(z), we find the stationary
state solutions for the amplitude A, (z) and phase ¢, (z) as expressed in k; and 7;

_ fu(2)
SRR (o & e e (331
¢,(z) = arctan (M) (3.32)
Using these equations we can define the force/response ration F,.(z) as
fu(2)
F.(2) A.02) (3.33)
= Vki(z) = mw?)? +7,(2)%w? (3.34)

By splitting the real and imaginary parts of F, and writing out the individual components
of ki(z) and 7¢(2) we find

Fo(2) cos(du(2)) = ke kis(2) = Vfo(z) — mw? (3.35)
Fr(2)sin(dy(2) = (Ve +ys(2))w (3.36)

which allows us to relate the components of the interaction to our observables.
When moving sufficiently far away from the surface to a distance zg, so that ki, (z) ~ 0
and Yt (2) = 0, we find the bulk response of the system

Fr(20) cos(¢w(20)) = ke —mw? (3.37)
Fr(z0)sin(¢u(20)) = 7w (3.38)

Combining these four equations we can express the components of the probe-sample inter-
action in the combination of these two responses as

kint(2) = Fp(2)cos(pw(2)) — Fr(20) cos(pw(20)) + V fo(z) (3.39)
@ = D sino(2)) - T dingo (z0) (3.40)
or written alternatively
Farl) = (i) [n() os(6,(9)) = cos(ou(aa) — 100 | (3.41)
(@ = 2 o) sin6(2)) — sin((z0))] (3.42)
(3.43)
where
_ Fi(2) _ fu(2)Au(20) _ Aul(20) (20
"= B~ ARG~ A (5 (340
(3.45)

In practice, our measurement consists of calibrating F;.(zo) and ¢,(2p) at a known distance
zo where the probe-sample interaction is negligible. The observables A, (z) and ¢, (z) are then
measured while the probe approaches the surface. By calculating n(z) and Vfy(z), we can
determine k;,¢(z) and v;,¢(z) which directly provides us with Z(z).

It should be noted that the ratio zg/z directly enters n(z) and will affect the found value
for Z(z). This makes the technique sensitive to inaccuracies in the calibration of distance axis,
which may occur due to thermal drift during the measurement or difficulties determining the
precise position of the sample surface.
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The calibration distance z,

To determine F,.(z9) and ¢, (29) the response of the system would ideally be measured at
a distance where there is no interaction with the surface. Due to the nature of capacitive
excitation there is a limit to how far from the surface zy can be taken, as the excitation
strength decreases as z~! and will become too small to accurately measure the response of the
system. This finite value for zy during calibration will induce an error in the values found for
F,(z0) and ¢,,(2) due to residual interaction with the surface. This is one of the disadvantages
of capacitive excitation in comparison to piezoacoustic excitation, where calibration can be
performed arbitrarily far away from the surface.

For the technique in general these inaccuracies cannot be avoided, but in the specific case
of the non-contact determination of mechanical properties, additional steps can be taken to
minimize these effects.

At short distances from the surface the response of the probe is determined by coupling of the
induced flow with the unknown compliance of the elastic surface. However, at larger distances

2/3
2)”
decays quickly as z , while the dissipative component is dominated by the Reynolds viscous
damping. [54] The response of the system at a known calibration distance z. >> Dy, is thus
fully determined by the Reynolds viscous damping and the electrostatic gradient.

If a known liquid medium with viscosity n and relative permittivity €, is used, the probe-

sample interaction at these distance is fully described by

beyond the crossover length Dy = 8R (
—5/2

, the contribution to the conservative component

meoer R

kint(zc) = VfO(ZC) = 22 v (346)
6mnR?
Yint (Zc) = fReynold(Zc) = 727 (347)

By measuring the resonant properties w((z.) and Q’(z.) of the lever at this distance, com-
bined with the knowledge of 1, €., R and V, it is possible to subtract these interactions and
determine the natural properties wy and @ of the oscillating lever. This is done by inverting
equations (3.7) and (3.9), and taking

wWo = \/w(/)(zc)Q — M(ZC) (348)

m
mwo _ mwy(ze)  Vine(2Ze)
Q Q' (2c) mwo
The calibration parameters F;.(zg) and ¢, (zo) can then be directly calculated through equa-
tions (3.33) and (3.32). With F,.(z9) known, we can determine n(z) from A, (z) by taking

(3.49)

1 1

n(z) = Fr(20)Au(2) =

(3.50)

In practice this alternative method of calibration was found to be more reliable than simply
assuming the interaction forces at a distance of zy to be negligible, as will be demonstrated in
the next chapter.

One could argue that using 7 to calibrate invalidates the measurement, as it presupposes
the result of the measurement. It should however be noted that this parameter is only assumed
to be true far from the surface in the bulk and not assumed to remain constant closer to the
surface.
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3.4 Conclusions

In summary we have described two separate methods for determining the mechanical impedance
of the probe-sample interaction Z(z) using capacitive excitation. A first that determines Z from
the change in resonant properties of the lever and a second that determines it from the amplitude
and phase response at a specific frequency. The results of these separate methodologies allows
us to compare them in terms of sensitivity and accuracy.

As the capacitive excitation strength decays as a function of separation from the surface, cal-
ibration measurements without probe-sample interaction cannot be directly performed, though
at sufficiently large distances they can be approximated to be absent. Alternatively for the
specific application of the non-contact determination on mechanical properties in liquid, cali-
bration can be performed at distances larger than the transition length, where the interaction
is fully described by the electrostatic gradient and viscous damping.

In the following the chapters the methodologies described in this chapter will be demon-
strated for the cases of PDMS oil and deionized water on a solid surface, using the homemade
AFM setup described in chapter 2. We will see that while the first methodology works in both
cases, the second methodology does not work for deionized water as the driving force cannot
be quantified.

59



60



Chapter 4

Capacitive excitation

oil

in PDMS

Contents

4.1 Introduction . . . . . . . . . . . @ i i i it e e e e e

4.2 Measurements in PDMSooil . . ... ... ... ... .00
4.2.1 Materials . . . . ... e
4.2.2 Capacitive excitation in PDMSoil . . . . .. .. ... ... ... ..
4.2.3 Methodology 1 - Z through the resonant properties . . .. ... ..
4.2.4 Methodology 2 - Amplitude-phase-distance data . . . . . .. .. ..
4.2.,5 Conclusions . . . . . . . . .. e

4.3 Numerical simulations . . . ... ... ................

4.3.1 Method
4.3.2 Results

4.3.3 Conclusions . . . . . . . . . . e

4.A Measuring Z
4.A.1 Materials
4.A.2 Methods
4.A.3 Results

using piezo-acoustic excitation . ... ... ... ..

61



4.1 Introduction

The key to determining the stiffness of a soft material in liquid using capacitive excitation is
accurate determination of the the mechanical impedance Z(z) of the probe-sample interaction
over a distance of multiple microns to some nanometers from the surface. In this chapter we
present the measurement of Z(z) on our homemade setup as described in chapter 2, using the
two methodologies described in chapter 3.

PDMS oil is used as a non-conducting, non-slipping and non-dissociating reference liquid
that has a viscosity comparable to water. A silicon wafer is used as the sample surface, which
can be considered as a smooth rigid wall. In this configuration the conservative component of
the probe-sample interaction consists only of the electrostatic gradient imposed on the system,
while the dissipative component is determined by the Reynolds dissipative force. Both of these
interactions can be analytically described without any free parameters, creating a useful system
of reference.

As explained in chapter 3, the first methodology used consists of measuring the full resonant
response of the lever as it varies with distance from the surface. By tracking the change in the
resonant frequency and quality factor of the lever, it is possible to determine the mechanical
impedance of the interaction at the resonance frequency. This method has the advantage of
being straightforward to analyze, as it does not quantitatively depend on the excitation force
and only requires determination of the shape of the resonance.

This classical method to determine the mechanical impedance is normally utilized in air and
vacuum where quality factors are high. When measuring in liquid a lot of energy is dissipated
by the liquid flowing around the lever with each oscillation, decreasing the quality factor of the
lever and lowering sensitivity.

The second methodology involves measuring the amplitude and phase at a single frequency
as they vary with probe-sample separation z. The mechanical impedance is extracted from these
two observables through comparison with the intrinsic properties of the lever when no probe-
sample interaction is present, combined with quantitative knowledge of the driving force as a
function of separation. This has the advantage of independently determining the mechanical
impedance at any frequency instead of being limited to the resonance frequency of the lever.

We will see that the determination of Z”(2) using this method is very robust, but accurate
determination of Z’(2) is not possbile, as the result is too sensitive to the calibration parameters.
These parameters consists of the quality factor and resonance frequency of the lever in absence
of any interaction. Due to the nature of capacitive excitation, it is not possible to determine
these calibration parameters directly, but they must be calculated using calibration curves under
residual interaction. As we will see, this calibration process is imperfect, making it difficult to
determine Z'(2)

To support the claim the limiting factor in the determination of Z’ is accurate determina-
tion of the calibration parameters, numerical simulations will be presented that qualitatively
reproduce the found results if small calibration errors are added to the system.

Lastly, we present a first attempt at demonstrating capacitive excitation and the measure-
ment of the mechanical impedance in deionized water. While the capacitive excitation in water
only provides sufficient excitation at separations beyond 2 pm, we will demonstrate that at these
distances it is possible to extract the mechanical impedance of the probe-sample interaction at
resonance from the change in wy and Q.
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4.2 Measurements in PDMS oil

An overview of the used material is provided, after which the functioning of capacitive excitation
in PDMS oil is presented. After this two sets of measurements in 5 ¢St PDMS oil are presented,
one per methodology described in chapter 3.

4.2.1 Materials

The measurements were performed on a p-doped silicon wafer using 5 ¢St PDMS oil. AFM levers
with gold coated spheres were used as probes.

Substrate

A [100]-orientation silicon wafer is used as a rigid substrate. This semiconductor is a p-type
doped to allow charges to flow through, with a resistivity of 0.2 to 0.4 Q/cm? as indicated by
the supplier.

The electrical connection to the silicon wafer was made through a steel clamp. While this
does not provide an ohmic contact, due to its macroscopic size the capacitance of the the
clamp-wafer capacitor is orders of magnitude bigger than that of probe-substrate capacitor.
The potential difference lost in the steel clamp is thus negligible.

It should be noted that the zero position for the electrostatic force between probe and
substrate does not necessarily coincide with the physical surface of the substrate. Should the
silicon wafer be covered with a non-conducting oxide, the charges generating the electrostatic
force will be trapped some distance below the surface. As such the zero position found for the
electrostatic force and the Reynolds force need not coincide. In general the native oxide layer
on silicon is on the order of 0.1 nm. [129] It is thus expected that in the experiment the two
zero positions are indistinguishable.

Colloidal probes

Gold covered colloidal probes were used as described in section 2.8. The radius of the spheres
was measured to be on the order of 22.00 nm as determined through optical microscopy (Table
4.1).

During the measurement the scanner is moved towards the probe until it makes contact, due
to which the surface state of the relatively plastic golden coating can deteriorate and locally
lose its sphericity. After this occurs the capacitance of the sphere-plane system will deviate
from its analytical value. These effects will nonetheless be limited due to the long range of the
electrostatic force.

The stiffness of the used levers was around 2 N/m, with a resonance frequency of 35 kHz
and quality factor of 200 in air (Table 4.1). This was determined by measuring the Brownian
motion in air as described in section 2.6.

Measurement | R (ym) | k. (N/m) | wo (kHz) | Q |

Methodology I 22.61 2.2 35.71 230
Methodology IT | 22.06 1.67 39.96 211

Table 4.1: Properties of the levers used in this chapter for measurements in PDMS oil, as
determined from their Brownian motion in air.
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PDMS oil

To accurately benchmark the experiment we require the probe-sample interaction to be well
controlled, therefor the used liquid should have well known and stable viscous and dielectric
properties. PDMS oil was chosen as a benchmark fluid, as it is a newtonian viscous fluid that is
both non-conducting an non-disassociating with a viscosity comparable to water (Table 4.2). 5
¢St PDMS oil was supplied by Sigma Aldrich.

A 5 ¢St kinematic viscosity with a density of 0.913 g/mL equates to a dynamic viscosity
of 4.565-10~2 Pas. The supplier indicates a possible variation in the viscosity of the supplied
fluids of about 0.5 cSt.

5 ¢St pDMS oil has a dielectric constant of 2.59. This value should be constant in the
frequency range used in this work, but does slightly depend on temperature and moisture
content. [130]

The index of refraction (n) of PDMS oil is 1.403, which affects the fiber optical detection
method in two ways. It firstly increases the sensitivity by a factor of n by changing the
effective wavelength of the laserlight inside the PDMS oil from A = 660nm to \' = % ~ 470nm,
as explained in chapter 2. Secondly the closer matching of the PDMS oil optical index to that
of the silica inside the optical fiber (n &~ 1.5) significantly decreases the percentage of light
reflected at the fiber-oil interface to only 0.1%, compared to 4% in air. This decreases the value
of Aly and thus the sensitivity by a factor of 40, for a combined total decrease in sensitivity
by a factor of 28. This decrease in sensitivity can be partially compensated by increasing the
total laser power, though in total the sensitivity still suffers.

PDMS oil | 5 ¢St \

Kin. Viscosity v 4.5-5.5 ¢St
Dyn. Viscosity | 4.565- 1072 Pas
Density p 0.913 g/mL
Refraction index n 1.403
Dielectric constant e, 2.59

Table 4.2: Properties of the 5 ¢St PDMS oil used as a benchmark liquid.

4.2.2 Capacitive excitation in PDMS oil

We will first demonstrate that capacitive excitation in PDMS provides us with the expected
analytical transfer function. Using an excitation signal of V o = 2V and Vpe = 0V, the probe
was excited at a distance sufficiently close to the surface to obtain a signal.

Capacitive excitation provided a near analytical transfer function in 5 ¢St pDMs oil (Fig.
4.1a). The resonant response of the system, though damped, is clearly visible. The amplitude
and phase reponse are smooth functions over a 40 kHz range, both below and above the res-
onance frequency of about 22 kHZ. The amplitude and phase response can be directly fitted
with their analytical description (Fig. 4.2), indicating a resonance frequency of some 21 kHz, a
quality factor of about 2 and distance from the surface equal to some 7 pm. It will be confirmed
in the following section 4.2.3 that this is indeed the correct distance from the surface.

The response not only followed the analytical description at the resonance, but over a broad
frequency range. Such a clean resonant response is exceptional in AFM systems and difficult to
obtain with more conventional forms of excitation. For comparison the same lever was excited
using piezoacoustic excitation, both through the piezo-dither and the W-piezo that controls
probe-fiber separation (Fig. 4.1b). The resonance of the lever is completely obscured by two
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parasitic resonances at 7.5 and 15 kHz. These parasitic peaks were confirmed to be lever
independent and make it impossible to use our homemade system with conventional piezo-
acoustic excitation in this frequency range.

Determination of 1

Before each measurement of the mechanical impedance Z(z), the surface potential term V(z)
was measured in a separate experiment to determine the size of the electrostatic gradient.
To determine Vj(z) the system is excited using the first harmonic for which we can state

meper R
fo= =2 (Vpe — Vo)Vac (4.1)

z

The voltage Vpe is swept until the point at which Vpe = Vj is found, at which f,, = 0 and
A, = 0 (Fig. 4.3a). The numerical value is determined by fitting the measured amplitude
curves on both sides of the minimum with a 1st order polynomial, giving two zero-crossings of
which the average is taken as Vj.

This measurement is repeated for varying separations z (Fig. 4.3b). The distance from
the surface at each point was determined by fitting the strength of the driving force through
equation (4.2), as will be explained in more detail in the following section. The found values
were compared to the displacement of the scanner and found to be in agreement.

The found values for Vj depended slightly on z in a linear fashion. A first order polyno-
mial was fitted to the results and used for extrapolation of the result to smaller probe-sample
separations not directly measured.

4.2.3 Methodology 1 - Z through the resonant properties

With the capacitive excitation in PDMS oil functioning as intended, the mechanical impedance
of the interaction was determined using the first methodology described in chapter 3. The
resonance frequency and quality factor of the AFM lever resonance are measured as a function
of separation z and from which Z(z) can be calculated.

An Ac voltage of 2 V was used to excite the lever while measuring on the second harmonic.
Due to the relatively large amount of noise in the amplitude channel, the resonance frequency
and quality factor were determined both by fitting the amplitude response and phase response
(Fig 4.4). This provides two measures of Z that can be compared.

Determining wy and Q(z)

The amplitude and phase response, as measured at each distance z, are fitted with

1 mege, R 1 1
Alw,z) = 5% jc']? - - (4.2)
c 2
\/ (1-atr) + (actem)
1-(5i5)?
¢(w,z) = arccos wo() (4.3)

VO G+ Gem)?

in which 2/, wp and @ are the fitting parameters (Fig. 4.2). This provides us with two
measurements of wo(z) and Q(z), and one for 2’'(z) (Fig. 4.5). wp and @ as determined from
the phase response were found to be a more reliable measurement as it contained less noise.
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Figure 4.1: Comparison of the amplitude and phase response in 5 ¢St PDMS oil using (a)
capacitive excitation and no excitation (b) piezoacoustic excitation using the piezo dither and
the W-piezo that regulates probe-fiber separation. Capacitive excitation provides a smoothly
varying transfer function that is devoid of parasitic peaks. In both cases where mechanical
excitation is used, the lever response is obscured by parasitic resonances at 7.5 and 15 kHz.
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Figure 4.2: Amplitude and phase response as a function of frequency using capacitive excitation
in 5 ¢St PDMS oil using an excitation voltage of 2V. The measured curves are fitted with
equations (4.2) and (4.3) to determine the excitation strength, resonace frequency and quality
factor.
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Figure 4.3: (a) Determination of Vj in 5 ¢St PDMS oil. The amplitude is measured while
sweeping Vpiqs to find the point at which A, (Vpe = Vo) = 0. The numerical value is determined
by fitting both sides of the minimum and taking the average of the zero crossing. (b) Variation
of Vi with probe-sample separation. To inter- and extrapolate to other values of z, the data is
fitted with a line.
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Figure 4.4: Measured amplitude and phase response at multiple distances from the surface,
moving from yellow (far) to red (close). Closer to the surface the quality factor decreases, but
the total measured amplitude increases due to the bigger driving force.

Data below 5 Khz were ignored in all fits as in this range the signal contains more noise,
especially in ¢(w).

Through the 2/(z) curve we verify that the excitation strength applied to the system corre-
sponds to the expected theoretical value, in which case 2/(z) = z and the slope of the curve is
unity. From the data we can see that this holds up for data points beyond the 300 nm closest
to the surface. Fitting a first order polynomial to this data finds a slope of 1.064, and allows us
to determine the zero of the electrostatic interaction, which in the curves is defined as 0 separa-
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Figure 4.5: Fitting parameters as a function of probe sample separation, as measured using
capacitive excitation in 5 ¢St PDMS oil. The fitted distance from the surface as determined
from the excitation strength is fitted with a line, which was found to be zf;; = 1.064 - Zscanner-
The zero crossing of the resulting line is taken as the 0 position. The resonance frequency and
quality factor are fitted for each separation using both amplitude (blue) and phase (red) curves.

tion. Below 300 nm the excitation strength decreases significantly, likely due to the mechanical
contact between an asperity on the colloid and the surface for these last two measuring points.

From the slope in the quality factor at large distances in figure 4.5 it is clear that there
is significant residual interaction at the furthest separation from the sample. For a good cal-
ibration of the measurement the values found at this distance should saturate as it becomes
independent of the probe-sample separation. While the value does not saturate, the average of
the five data points furthest from the sample surface were used as calibration parameters wq
and  due to lack of a better alternative.

Determining Z(z)

As explained in chapter 3, the mechanical impedance of the interaction is determined through

Z'(z) = k- <(“i(oz)>2 - 1) (4.4)

2G) (@) - Q) w
0 "“( Q Q) W )

where w((z) and @Q'(z) are the fitted resonance frequency and quality factor, and wy and @ are
the resonance frequency and quality factor without interaction.

The found values for Z (Fig 4.6) show that the sensitivity on Z’ is too low to accurately
determine the expected electrostatic gradient. This is caused by the low quality factor, which
make the fitting procedure insensitive to small shifts in the resonance frequency.

The measured dissipative interaction likewise does not find the theoretically expected values.
While the correct 1/z scaling is found, there is a negative offset. This is explained by residual
interactions, as the analysis demands Z”(z) = 0 at the starting distance of some 7 pm from
the surface, while there still are residual interactions at this distance.

(4.5)

Fitting inverse of Z”(z)

A straightforward way of extracting the found viscosity and hydrodynamic zero position from
the data is by plotting the inverse of the dissipative component Z”(z)~!. Assuming that the
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Figure 4.6: The two components of Z(z) as determined through equations (4.4) and (4.5) using
capacitive excitation in PDMS oil. The measurement of Z'(z) follows the electrostatic gradient
as expected from the applied voltages, while the measurement of Z”(z) finds the z~! scaling
expected from the Reynold’s dissipation. The difference with the theoretically predicted values
is likely due to residual interactions at the calibration distance of 5 pm from the surface.

dissipative interaction can be fully described by the Reynolds dissipative force, we can use the
following expressions
Z"(z)  6mnR?

= 4.
w z— Az (4.6)

w 1 1
_ ao A n
Z"(z)  6mnR2 ? 67 R? ? (4.7)

where Az is the difference between the fitted zero position of the excitation strength z’(z) and
the zero position of the Reynolds force. As (4.7) has the shape of a first order polynomial
p(z) = ax + b, this can be directly fitted to the inverse of the calculated values for Z”(z) (Fig.
4.7). Data points within the first 300 nm of the surface were excluded from the fit, as within
this range the excitation strength does not follow the analytical description.

The found value for the viscosity this way is 7 = 0.0018 Pas, which is roughly 2.5 times
lower than the value of n = 0.0046 Pas indicated by the supplier. This disagreement is likely
caused by the residual interaction at the calibration distance.

The difference in zero position Az is found to be only +8.05 nm, which is very reasonable
considering the low quality factor and resulting insensitivity to shifts in wg. A nanometric
positive value is expected as the charges driving the capacitive excitation are buried below the
surface oxide of the silicon.
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Figure 4.7: Plot of the inverse of Z”(z) from both the amplitude and phase data, as determined
from the variance in wy and @ in PDMS oil using capacities excitation. The phase data is fitted
with a line to determine the viscosity of the liquid, which is found to be 0.0018 Pas. Data
within the first 300 nm was excluded from the fit.

Conclusions

It is clear that performing the measurement of Z(z) the ’classical’ way by tracking the shape
of the resonance under these conditions suffers from many limitations. While we have shown
that the excitation strength follows theoretical considerations, the determination of Z leaves
much to be desired.

Due to the low quality factor, the sensitivity to wg is too low to measure the electrostatic
gradient. Likewise, the large residual dissipative interaction between the probe and the surface
at the calibration distance of 7 pm prohibits accurately determining the viscosity of the PDMS
oil.

Due to the range of the scanner it is not possible to move further away from the surface
for the calibration of the measurement. It would be possible to reduce the radius of the probe
to decrease the lengthscale of the Reynolds dissipation, but it should be noted that this would
also decrease the capacitive excitation strength. Alternatively a measuring method of which
the sensitivity is less dependent on the quality factor of the lever could be used.

While there is some difference between the analytical description of the system and the
experimental reality, these results demonstrate that capacitive excitation and the extraction of
Z(z) at the resonance works on a conceptual level. The driving force is applied correctly and
the resonant properties of the system can be extracted.
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4.2.4 Methodology 2 - Amplitude-phase-distance data

Measurements using the second methodology that is described in chapter 3 were performed in
5 ¢St PDMS oil as well. First the free parameters of the lever were determined by performing a
calibration measurement at some distance from the surface and subtracting the theoretically ex-
pected probe-sample interaction. The amplitude and phase response is subsequently measured
at a specific frequency as the probe-sample separation is decreases, after which the mechanical
impedance Z is calculated from these observables.

Calibration

To determine the properties of the lever in absence of any interaction, the amplitude and phase
response were measured under an excitation of Voo = 2V and Vpe = 0V (Fig. 4.8) while far
from the surface. The electrostatic and hydrodynamic interaction were subtracted using the
procedure described in chapter 3 (Table. 4.3).

At the calibration distance of 16.17 pm, wyg is unaffected by the residual interaction, which
is expected as the electrostatic gradient decays as z~2. The Reynold’s damping decays much
slower as z~! and at this distance is still damping the quality factor from its intrinsic value of
2.5537 to a value 1.57.

These intrinsic lever parameters were used to calculate the calibration parameters F.(zg)
and ¢,,(20) at each frequency on which amplitude and phase data was measured through

kin c

wo = \/w6(26)2 _ Fine(ze) (4.8)
m

mwo _ mwy(ze)  Yine(ze)

Q  Qz) muwo

as derived in chapter 3.

(4.9)

Parameter ‘ Fitted | Intrinsic
z (pm) 16.17 -
wo (kHz) 25.17 25.17
Q 1.5737 2.5537

Table 4.3: Parameters fitted from the amplitude and phase data measured at 16.17 pm from the
surface using capacitive excitation in PDMS oil with V o = 2V and Vpe = 0V. Substraction of
the expected probe-sample interaction at this distance allow calculation of the intrinsic lever
parameters.

Data channels

With the intrinsic parameters of the AFM lever determined, we can interpret the observables
that will provide us with Z(z). To demonstrate the frequency independent nature of the
measurement, amplitude and phase as a function of separation was measured at every 2 kHz
interval between 4 and 30 kHz. For the sake of briefness, only the full data channels for the
measurement at 20 kHz are presented (Fig. 4.9).

Curves are measured until the probe makes contact with the surface, visible through deflec-
tion of the lever in the W-piezo. This point is taken as the 0 position in all presented curves
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Figure 4.8: Calibration amplitude and phase data measured at 16.17 pym from the surface
using capacitive excitation in PDMS oil with Vac = 2V and Vpe = 0V. The distance from
the surface is determined by fitting the excitation strength (red dashes). The expected probe-
sample separation is substracted to determine the calibration parameters (black dashes). The
calibration parameters are plotted using the fitted excitation strength of 16.17 pm.

and used to determine the value of z in each point when calculating n(z). n(z) is subsequently

determined from the amplitude curve and calibration parameters through
1 1

n(z) = -

=) -

Fr(z0)Au(z) (410

where F.(zp) is calculated from the intrinsic parameters of the lever as determined during
calibration.

The components Z'(z) and Z”(z) are calculated using the equations derived in the previous
chapter

Z'(z) = Fi(z0) [n(2) cos(du(2)) — cos(¢u(20))] (4.11)
Z"(z) = Fr(20)[n(2) sin(¢u(2)) — sin(¢w(20))] (4.12)

where F.(z9) and ¢, (z9) are again determined from the calibration parameters.
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Figure 4.9: Deflection, amplitude and phase data measured at 22 kHz in PDMS oil using Vsc =
2V and Vpe = 0V and corresponding calculated n(z) and Z(z). The measurement of Z”(z)
closely follows the value predicted from the Reynold’s dissipative force (red dashes), while below
100 nm Z’(z) deviates strongly from the expected electrostatic gradient(red dashes).
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Results for Z’(z)

As there is no additional conservative component to the probe-sample interaction aside from
the gradient of the capacitive excitation force, the expected value for Z’(z) is described by

Z'(2) = —Vfolz) = ”(;"R ((VDC —Vo)? + ;Vjc) (4.13)

where for the currently presented data Vpoc = 0V, Vi =~ -0.3V and Vs = 2V.

The found values for Z’(z) deviate strongly from this expectation, as they vary with fre-
quency, do not display the expected z~2 scaling and attain non-zero values at the calibration
distance (Fig. 4.10). To quantify this deviation from the expected results, curves at each
frequency were fitted on a lin-lin scale with a function of the form

e R

Z’(z) = 7(2 — AzEle)Q

: (V2 - ;Vjc) +dz' (4.14)
that describes the form of an electrostatic gradient. The fitting parameter are the zero position
for the electrostatic gradient Azgy., the potential difference V' and a vertical shift dZ’ introduced
to accommodate the non-zero value at the calibration distance (Fig. 4.11).

From these fits it is apparent that the required voltages to produce the found results exceed
multiple hundreds of volts (Fig. 4.11c). Such values are clearly unphysical, indicating that the
deviation is the result of an error in the methodology. Likewise the offset per frequency shows a
clear decreasing trend with frequency that is minimal around 25 kHz, the resonance frequency
of the system.

Due to these indicators our current hypothesis is that this error in the measurement of
Z'(z) is due to a problem in the calibration of ¢, (z9). While we currently see no direct way to
confirm this hypothesis, it will be further substantiated in the following section by reproducing
the found behavior in numerical simulations through introduction of a small error in ¢,,(2).

For the application of the non-contact measurement this means that in its current form the
conservative component of the mechanical impedance cannot be used to determine the transition
length. The measurement of Z’(z) appear to be too sensitive to errors in the calibration
parameter ¢,,(zp).

Lastly the fitted values for the electrostatic zero were found to be surprisingly reasonable,
with an average of value of -5.67 nm for well fitting curves. A slightly negative value should be
expected as the zero position is taken in reference to the point of contact between the probe
and the surface and the charges generating the electrostatic field are buried below the surface
oxide of the silicon.
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Figure 4.10: (a-c) Found values for Z’(z) as measured at intervals of 2 kHz between 4 to 30
kHz using capacitive excitation in PDMS oil. The curves do not follow the values calculated for
the electrostatic gradient through equation (4.13). Only close to the resonance frequency of
25 kHz do the curves approach the values from the electrostatic gradient expected under the
applied voltages (black dashes). All measured curves take on a finite value at the calibration
distance.
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Figure 4.11: (a) Fitting of the Z’(z) curve measured at 22 kHz using capacitive excitation in
PDMS oil with the shape of an electrostatic gradient through equations (4.14). (b) Offset dZ'(z)
fitted for each frequency. The offset decreases with frequency and is smallest around the reso-
nance frequency. (c) Applied voltage required to generate the measured result, which can be on
the order of a 1000 V. This indicates the measured curves do not have a physical origin. Values
exceeding 2000 V were omitted. (d) Zero position of the fitted electrostatic gradient. Even
though the measurement of Z'(z) deviate strongly from the expected electrostatic gradient, the
zero position deviates only a few nanometers from 0.
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Results for Z”(z)

In contrast to the determination of the conservative component Z’(z), the found curves for
the dissipative component Z”(z) are close to the values expected from theory and consistent
between the different explored frequencies (Fig. 4.12). While measurements at lower frequencies
suffer from noise at large separations, above 10 kHz the found values closely follow the values
predicted by the Reynold’s dissipative force.

As explained for the classical measuring method in the previous section, a straightforward
way of extracting the viscosity and hydrodynamic zero position is by plotting result as Z”(z)~!
and fitting a first order polynomial (Fig. 4.13). The found values for the hydrodynamic zero
above 10 kHz are distributed between -4 and -6 nm, with an average value of -4.38 nm (Fig.
4.13c). As such the distribution is very similar to the distribution found for the electrostatic zero
in the previous section, and is not imcompatible with a silicon oxide layer of a few angstrom.

The viscosity values found this way above 10 kHz are consistent in between frequencies and
have an average value of 5.2 - 1072 Pas, which is close to the range advertised by the supplier
of 4.11 — 5.02- 1073 Pas. (Fig. 4.13b) Below 10 kHz the found value is lower, possibly due to
the worse signal-to-noise ratio at these frequencies.
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Figure 4.12: (a-c) Found values for Z”(z) as measured at intervals of 2 kHz between 4 to 30
kHz using capacitive excitation in PDMS oil. In contrast to the measurement of Z’(z), between
10 to 500 nm the curves closely follow the values predicted by the Reynold’s dissipative force.
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4.2.5 Conclusions

While there are some differences between the analytical description and the experiment in prac-
tice, the presented measurement in PDMS oil demonstrate that determination of the mechanical
impedance using capacitive excitation is possible. We demonstrate that the dissipative part of
the probe-sample interaction can reliable extracted over a broad range of frequencies.

The technique suffers from the difficulty that it has no direct access to the intrinsic resonant
properties of the lever in absence of any interaction required for calibration. As an alternative
the probe-sample interaction can be substracted from the measured response at large separa-
tions if the interaction is fully known at these distances.

Regardless, the conservative component of the interaction cannot be accurately determined,
likely due to errors in the calibration of the parameter ¢, (z9). This claim will be further
substantiated in the following section using numerical simulations.

For the application of the non-contact measurement of mechanical properties in liquid this
indicates that we should be able to accurately determine the dissipative component of the
mechanical impedance up to a distance of 10 nm over a broad range of frequencies. This
should be sufficient to determine the transition length in the 0.1 to 1 pm range, though the
measurement will likely suffer in accuracy due to only one of the two components being available
for fitting.
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4.3 Numerical simulations

As demonstrated in the previous sections, the dissipative component of the interaction can be
consistently determined between distances of 1 pm to 10 nm over a broad range of frequencies.
The conservative part however displays strong deviations. We expect this is due to a high
sensitivity to the calibration parameters. To substantiate these claims, the measurement was
modeled in a numerical simulation to investigate the effect that small calibration errors on
individual parameters can have on the found values for Z.

These simulations indicated that due to numerical arguments, the measurement of Z'(z)
is highly sensitive to the calibration parameters ¢ (zg), which due to the nature of capacitive
excitation is difficult to determine. It is also sensitive to errors in ¢, (z) due to other numerical
reasons.

4.3.1 Method

The numerical simulations were performed by generating a data using parameters representing
the real system. As in the real measurement, a calibration curve is generated at a finite
separation, from which the assumed probe-sample interaction have to be subtracted to find the
intrinsic response of the lever. The generated data is analyzed using the procedure described in
chapter 3 as normal. Calibration errors can be simulated by taking small differences between
the parameters used to generate and analyze the data. Parameters were used that closely
resemble the experiment presented in the previous section (Table 4.4).

Parameter || Vpe (V) | Vo (V) | Vac (V) Q | fo (kHz)
Value 0 -0.3 2 2.55 25.23

Parameter || k (N/m) | R (pm) | n (Pa-s) | e, zo (pm)
Value 1.67 22.06 | 4.5-107% | 2.59 10

Table 4.4: Set of parameters used to generate the numerical simulation data that closely re-
semble the parameters of the measurement in 5 ¢St PDMS oil.

The probe-sample interaction was assumed to be fully described by

Teger R 1

bonls) = TU (Voo -V + 3V ) (1.15)
6mnR2w

Yint(2,w) = an (4.16)

The zero position for the electrostatic interaction and the hydrodynamic interaction were thus
assumed to coincide with the physical surface of the substrate. Using these interactions, the
amplitude and phase response at each separation is determined through

1 megR
faulz) = 5= —Vic (4.17)

fou(2)
V(ke(2) + kint(2) = mw?)? + (7c(2) + Yine (2))2w?
#(z,w) = arccos (Oe(2) + Yimi(2) (4.19)
\/(kc(Z) + kint(2) = mw?)” + (7e(2) + Yot (2)) 202
These generated amplitude and phase curves are analyzed using the methodology described
in chapter 3 and both Z”(z) Z'(z) can be calculated.

Az, w)

(4.18)
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4.3.2 Results

When the same parameters are used to generate and analyze the data, the correct values
for Z are found at any distance. This confirms that no mistakes were made in applying the
methodology of the measurement in the numerical simulation.

The variation of the found results under a variety of calibration errors were simulated,
including errors up to in 10% in k, R, 7, €, and combinations of these parameters. Such
calibration errors resulted in rescaling of the data on both the conservative and dissipative
components, but did not reproduce the behavior found in the experiment.

To replicate the results found in the experiment, the calibration parameter ¢, (zg) must be
shifted by a small value, in this case chosen to be between -0.02 and 0.02 radians. Note that
the size of this shift is much smaller than the change in ¢, (2p) created by the substraction of
the residual interaction at the calibration distance, which is on the order of 0.1 radians. This
relatively small calibration error has large effects on the found curve for Z'(z) (Fig. 4.14).

The power law scaling decreases and the curve takes on a finite value at the calibration
distance, comparable to what is found in the experiment. The found curve for Z”(z) remains
virtually unchanged, which is likewise in agreement with the experiment. This effect remained
consistent for varying frequencies, with the divergence from theoretical results occurring closer
to the surface for higher frequencies (Fig. 4.15).

At first it might seem unexpected that a small calibration error has such a large effect on
the conservative component while leaving the dissipative component virtually unchanged. The
reason for this is found in the phase components of the equations for Z: cos(¢,(z)) for the
conservative component and sin(¢,(z)) for the dissipative. At a distance of about 10 nm to 1
pm from the surface, exactly the range that is most important for the non-contact determination
of mechanical properties, we see that ¢, (z) ~ 7, and thus cos(¢,(z)) ~ 0 while sin(¢,,(2)) = 1.

Using this approximation to rewrite our equations for the components of Z, we find

Z'(z) ~ —F.(20) COS(%(’ZO)H;{?Z(;))

Z"(2) = Fp(20)[n(2) — sin(¢w(20))] (4.21)

We can equally see that within this range for Z”(z), n(z) quickly exceeds values of 100, while
sin(¢,,(20)) cannot exceed 1. Thus we can further approximate

Z'(z) = —F(20)cos(du(20)) = Vfo(2) (4.22)
Z"(z) F(20)n(2) (4.23)

(4.20)

Q

We can thus see that under these specific probe-sample interactions and within these dis-
tances from the surface, the measurement of Z'(z) is predominantly determined by the calibra-
tion parameters. As such, a small error in the calibration parameter ¢, (zo) has large effects
on the values found.

As previously discussed, the nature of capacitive excitation makes it impossible to perform
a calibration without residual interactions. These residual interactions must instead be sub-
tracted from the calibration measurement to determine the intrinsic properties of the lever. Any
imperfections in the assumed probe-sample interaction, such as a deviation in the viscosity or
the relative permittivity of the liquid, will inevitably lead to small calibration errors in ¢, (z0).

Additionally it should be noted that the cos(¢,, (%)) ~ 0 term creates an additional numerical
problem in the expresion for Z'(z). It appears in the expression as a term cos(¢,(z)) - n(z),
where the cosine is close to zero while n(z) can be on the order of 10*. In this multiplication
of a small number with a much larger one, small errors in the determination of ¢, (z) can be
magnified through n(z) by multiple orders of magnitude.
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Figure 4.14: Numerically simulated data for capacitive excitation in liquid at w = 0.5wg using
the parameters given in table 4.4. Black curves represent the case of perfect calibration, while
the other curves include a small calibration error in ¢, (zo) as indicated in the legend. These
errors create large deviations in the calculated value for Z'(z), qualitatively reproducing the
scaling found in the experiment, while leaving Z"(z) virtually unchanged.
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Figure 4.15: Numerically simulated data for capacitive excitation in liquid at w = wy using the
parameters given in table 4.4. Black curves represent the case of perfect calibration, while the
other curves include a small calibration error in ¢, (zg) as indicated in the legend. These errors
create large deviations in the calculated value for Z'(z), qualitatively reproducing the scaling
found in the experiment, while leaving Z”(z) virtually unchanged.
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4.3.3 Conclusions

The numerical simulations make clear why the determination of Z’(z) from the observables
A, (z) and ¢,(2) is so imprecise while the determination of Z”(z) is accurate. The curve
for Z'(z) strongly depends on the calibration parameters ¢, (2g), which due to the nature of
capacitive excitation cannot be accurately determined. In addition to this, small errors in the
cos(¢,(2)) are multiplied by the large n(z) term.

From these considerations we conclude that the difficulty in accurately determining Z’(z)
for this specific probe-sample interaction is inherent to the methodology. While improvements
in the accuracy of the calibration and the overall sensitivity of the measurement may diminish
these effects, it is unlikely that they will be completely resolved.

These numerical complications are a result of an unfortunate combination of capacitive
excitation and the probe-sample interaction investigated. For other probe-sample interactions
it is not a necessary truth that cos(¢,(2)) ~ 0 and these deviations of Z’(z) might be avoided.
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4.A Measuring Z using piezo-acoustic excitation

As a precursor to the currently presented results, it was attempted to measure the mechanical
impedance of the probe sample interaction using piezo-acoustic excitation on a commercial
AFM. The results of this attempt are presented in brief form to substantiate the claim that
piezo-acoustic excitation does not suffice when performing this measurement.

4.A.1 Materials

The measurements were performed on a commercial Bruker Dimension ICON AFM, made avail-
able by the CIME nanotech. The AFM has an optical beam deflection (0BD) detection system
as explained in chapter 2.

Measurements were performed on a reticulated PDMS surface with a stiffness of about 2
MPa submerged in deionized water.

Colloidal AFM probes were used, created using the protocol described in section 2.8. The
radius of the probe was determined before each measurement using optical microscopy. The
stiffness of the lever was calibrated by measuring the Brownian Motion in water as explained
in section 2.6.

4.A.2 Methods

Extracting the mechanical impedance from OBD data is not as straightforward as for the inter-
ferometric detection scheme. The position of the lever is not measured directly, but inferred
from its deflection. If the base of the lever is moving significantly, as is the case for piezo-
acoustic excitation in liquid, the measured deflection and the positional motion of the lever do
not directly correspond to each other and a correction needs to be made. [131] Additionally, the
motion of the piezo creates acoustic waves in the liquid that add an out of phase component to
the driving force.

The methodology used to describe this complication is based on a publication by Maali
et.al. [71] We describe the equation of motion for the lever end using the total driving force Fy
through

mz + Yoo + kex = Fy (4.24)
where v, and k. are the dissipation and stiffness of the lever, respectively, and
Fy= (Fy +iFy)e™! (4.25)

where the F; component is in phase with the base motion and the F> component is in phase
quadrature. By combining these two equations, we express F; and F5 in the measured motion
of the lever when free from any interaction. Taking the ansatz z(t) = Ae"“**%) we find

F = Ak, (1 - (:;)2> cos ¢ — (JQ) sinap] (4.26)
F = Ak, (1 - (;”0)2> sin ¢ + (W‘*’Q) cos 4 (4.27)

with wg the resonance frequency, @) the quality factor and k. the stiffness of the lever.
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If the amplitude of oscillation is small compared to the gradient of the interaction force, the
interaction force can be linearised into a conservative (—k;,+-x) and dissipative (—Y;nt &) term.
Writing out the instantaneous lever position x(t) = d(t) + Ape™t, where d(t) is the deflection
of the lever and A, the oscillating piezo displacement, our equation of motion including the
interaction becomes

md 4 (Yo + Yint)d + (ke + kint)d = (F1 + iF2)e™t — (kint 4 iwine) Ape™! (4.28)
Taking the ansatz d(t) = Ae/“@+®) and some rewriting, we can separate the real and
imaginary components. Defining the dimensionless ratios A = ;i) and F; = l% = ki\b we find

F (1+/~1cos¢) —A (Fg +1- (&)2) sinqﬁ—flw:’Q (fH—cosqS)

WYint _ ~ - (429)
Fe 1+ A2 +2Acos¢
2 i (5 - 2
ks w\?2 B <1+ACOS¢)+A<FQ+$>Sin¢+(1+ACOS¢) <1—(:j0) )
int = -1+ < ) + _ _ (430)
e “o 1+ A% +2Acos¢
(4.31)

Thus by determining F, Fs, Ay, k., w and @ for our system and measuring A and ¢ as a
function of probe-sample separation z, we determine k;,+(z) and 7;,¢(2) at arbitrary frequency.

4.A.3 Results

The measured resonance curve of the lever was in large parts obscured by parasitic resonances
(Fig. 4.16a). The visible part of the resonance was fitting using a harmonic oscillator model
to extract the resonance frequency (5.6 kHz), piezo displacement (0.4 nm) and quality factor
(3.4). Using these values the driving force per frequency was calculated through equation (4.26)
(Fig. 4.16b).
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Figure 4.16: (a) Amplitude and phase response of the probe without interaction, measuring
using piezo-acoustic excitation in deioinized water. (b) Driving force calculated from the fitted
resonance frequency, quality factor and piezo displacement using equation 4.26.

Amplitude and phase data was measured at 250 Hz intervals between 5 and 6.5 kHz. For
brevity only the data at 5.25 kHz is shown (Fig. 4.17). ki, and v;,; were caculated from the
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measured amplitude and phase response as a function of separation using equations (4.29) and
(4.30).

None of the resulting curves for Z’ and Z” followed the behavior expected for the non-
contact measurement as presented in chapter 1. While the found values did saturate close to
the surface for some frequencies, the scaling in the dissipative region (far from the surface) was
found to be incorrect for all of the investigated frequencies (Fig. 4.18).

This demonstrates that due to the presence of parasitic resonances in the system, it is not
possible to accurately determine the resonant properties of the lever under interaction with the
surface, and that it is not possible to extract the mechanical impedance Z of the probe-sample
interaction without removing such peaks from the system.
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Figure 4.17: Force, amplitude and phase data measured as a function of probe separation at
5.25 kHz using piezo-acoustic excitation in deionized water. Using these values and equations
(4.29) and (4.30), kine and ;¢ can be calculated. Neither curve follows the scaling expected
from the non-contact measurement.
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Figure 4.18: Components of Z measured at (a) 5.25 kHz and (b) 5.5 kHz using piezo-acoustic
excitation in deionized water. While the found values do saturate close to the surface in some
cases, they do not follow the expected scaling.
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Chapter 5

Capacitive excitation in
deionized Water
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5.1 Introduction

As indicated in the introduction to this manuscript, an important application of the non-contact
determination of mechanical properties on soft condensed matter is soft biological matter such
as cell tissue. As buffer fluids for biological tissue are water based, water is an especially
important fluid to perform the measurement in. To further explore the possibilities of using
capacitive excitation to perform a non-contact measurement of mechanical properties, it was
thus attempted to use capacitive excitation in deionized water.

Water is not a dielectric liquid, but is conducting and has electronic properties that strongly
depend on the dissolved ionic content. When charges are present on a surface in water it
will attract dissolved ions of opposite charge that screens the electric potential. This leads
to the formation of an electric double layer structure, where a layer of oppositely charged
ions cover the surface, followed by a diffusive layer with an exponentially decaying combined
potential. [132-134]

At first order we will attempt to ignore such surface effects and interpret the response of the
system in water as-if it was a dielectric liquid. While the use of deionized water attempts to lend
some credibility to this description, it should be noted that deionized water still has trace ionic
contents. For probe-sample separations below a few hundreds of nanometers, the electronic
double layer structures on both electrodes will interact and will require a more complicated
description of the system.

We will show that, while we can excited the probe in deionized water using an AC electric
field, the driving force does not follow the description for a dielectric liquid. It is thus not
possible to perform a measurement of Z(z) using the measured amplitude and phase response
at specific frequency. The shape of the resonance however is independent of the driving force,
as explained in chapter 3, making it possible to obtain information on Z at the resonance
frequency in water by measuring the change in wg and @ the lever as a function of probe-
sample separation.

5.2 Materials

Measurements were performed using similar materials as those in PDMS oil, with the key dif-
ference being the use of deionized water and a silicon substrate with a thermally grown oxide
layer.

5.2.1 Colloidal probe

Two colloidal probes were used for the measurements in water presented in this section. Both
were created using the protocol in section 2.8. The stiffness of both levers was determined by
measuring their Brownian motion in air as explained in section 2.6 (Table 5.1). The sphere
radius was determined using optical microscopy.

Measurement ‘ R (nm) ‘ k. (N/m) ‘ wo (kHz) ‘ Q ‘

Excitation and Stability | 22.85 3.88 43.38 344
Methodology 1 22.59 1.713 39.71 304

Table 5.1: Properties of the levers used in this chapter per measurement, as determined from
their Brownian motion in air.
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5.2.2 Substrate

A [100]-orientation silicon wafer is used as a rigid substrate. This semiconductor has a p-type
doping to ensure it is conducting, with a resistivity of 0.2 to 0.4 /cm?. The wafers used had
a thermally grown oxide layer with a thickness of 400 nm as indicated by the supplier.

5.2.3 Deionized water

The water used in the experiment was MiliQ ultrapure water with a resistivity of 8.2 MQcm.
The properties of deionized water are listed in table 5.2.

The refractive index n of water is approximately 1.33, decreasing the effective wavelength
of the laser light to M = % = 500nm and increasing sensitivity of the fiber optical detection
system by a factor of n. As for PDMS oil, the closer matching between the optical index of the
optical fiber glass and the liquid decreases the light reflected at the fiber-water interface to 0.3%
compared to 4% for a fiber-air interface, reducing sensitivity of the measurement by a factor of
13. With these two contributions combined the sensitivity of the optical fiber detection system
decreases by a factor of 10.

‘ Deionized water ‘

Kin. Viscosity v 0.89 ¢St
Dyn. Viscosity 7 | 8.3-107* Pas
Density p 1 g/mL
Refraction index n 1.33
Dielectric constant e, 60-80
Resisitivity 8.2 MQcm

Table 5.2: List of the properties of deionized water relevant to the presented measurement.

When measured using microwave waveguide interferometry, deionized water has a dielectric
constant (e,) with a bulk value of 80 to 90 and a loss constant of 0.25 to 1 in the 10 to 100 kHz
range. [135] The bulk dielectric constant decreases with the addition of ions, though it remains
above 60. [136] As these values are more than 20 times higher than for PDMS, application of
(4.1) would predict much a larger excitation strength in water than in PDMS oil.

However, these values found through microwave interferometry are insensitive to screening
by ions present in the water. It is likely that the electric field generated by the charges in
the conducting surfaces used in the experiment will be partially screened and a lower effective
dielectric constant is found.

5.2.4 Electrochemisty in deionized water

As water is a conducting material and we are applying a potential difference, there is the
possibility of electrons being liberated from the surface of the electrodes which can drive elec-
trochemical reactions. Such reactions could occur in the water, or between the water and
electrode material. The reactions most likely to occur are the splitting of water into oxygen
and hydrogen, and the formation of silicon oxide on the silicon wafer. No reaction should take
place on the colloidal probe as the combination of gold and water is chemically inert under the
conditions explored.

Depending on the sign of the applied voltage, the splitting of water into hydrogen and
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oxygen could occur on either electrode, following the chemical equation
2H,0(1) — 2Ha(g) + O2(g)

While the precise potential required for this reaction depends on the pH of the water, the
minimal potential difference at 25°C' and 1 atm is -0.8277 V. [137] To minimize the possibility
of electrolysis, the combined AC and DC component of the potential difference should remain
below this value.

On the side of the silicon wafer it is possible to thicken the native oxide layer through the
reaction

Si(s) +2Hy0(1) — SiOo(s) +4H' +4e”

For which the minimal potential difference at 25°C' and 1 atm is -0.91 V. [137] To minimize
the possibility of an uncontrolled increase of the local silicon oxide layer thickness, silicon with
a thicker thermally grown oxide layer was used instead of a native oxide layer.

It should be noted that these considerations do not paint the whole picture. The preceding
cases assume two conducting electrodes, while in our system the silicon wafer electrode is an
isolator. This may increase the potential required to drive electrochemical processes. It was
recently discovered that small gap sizes enhance the electrolysis of water due to overlapping
of the electric double layers. [138] It is unclear what effect such phenomena have on the mea-
surement. As such the numbers mentioned here should only be considered a framework to help
interpret the measurement at hand.

5.3 Capacitive excitation in water

To investigate the effectiveness of capactive excitation in water, the AFM lever was excited
using both the first and second harmonic. It is attempted to interpret these results using the
description for dielectric fluids as described in chapter 3.

While ideally voltages below 0.8 V would be used to avoid electrochemistry, such low ex-
citation strengths did not always create sufficient excitation to accurately determine the lever
response. Thus for the first demonstration of the amplitude and phase response on the first
and second harmonic, higher excitation voltages were used.

After these measurements, a white residue was visible on the silicon surface in a shape fea-
turing the shape of the probe, likely resulting from electrochemical reactions. The precise nature
of this residue was not further investigated. No such residue was visible after measurements
where the total applied voltage remained below 0.8 V.

5.3.1 1st Harmonic

The amplitude signal produced on the first harmonnic of the excitation was found to be unstable
(Fig. 5.1a). The measured amplitude would achieve a stable value when an AC voltage is aplied,
but fluctuate significantly as frequency is varied. While higher AC voltages did produce a larger
amplitude response, the found values could inconsistently fluctuate over an order of magnitude
when varying frequency.

A possible explanation for this inconsistent behavior may be the dependency of the driving
force f,, on the DC potential between the two surfaces. Trace ions in the water may intermit-
tently screen the applied potential and create an inconsistent driving force.
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5.3.2 Determination of V|

As for the measurements in PDMS oil, it was attempted to determine Vj as a function of probe-
sample separation by sweeping Vpc and following equation 4.1 finding the point at which
Vpbe = Vi and thus A, = 0. An excitation voltage of Vi = 2V was applied, sweeping Vpc
over a range of 1 V each 500 nm increment of separation z (Fig. 5.1b).

It was found that while the amplitude curve does exhibit a minimum, no point with A, =0
exists for all values of z. Only when within 500 nm of the sample surface does A, tend to
zero for a value of Vpe = 0.3V. It should further be noted that the slope of A,(Vpce) is not
symmetric around the minimum and saturates for values of Vpc — Vj exceeding 0.7 V.
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Figure 5.1: (a) Measured amplitude and phase response for various excitation strength while
exciting using the first harmonic in deionized water. Both the measured amplitude and phase
curves demonstrate non-smooth behavior. (b) Measured amplitude at the resonance frequency
as a function of Vj;,s for various probe-sample separations. In contrast to the case of dielectric
liquids, the curves do reach A, = 0 for all probe-sample separations.

It is clear that while the probe can be excited, equation 4.1 does not generally hold for
capacitive excitation in water using the first harmonic. The model of a capacitor filled with a
dielectric medium breaks down for water and at best may hold in the limit of small separations
and small voltages.

5.3.3 2nd Harmonic

Despite the erratic behavior of the amplitude response on the first harmonic, the response for
the second harmonic was relatively well behaved (Fig. 5.2a). While there were fluctuations in
the measured amplitude, the resonant response of the lever is clearly visible. In contrast to the
1st harmonic, the phase response followed the analytical description regardless of the excitation
voltage used.

The measured amplitude at the resonance frequency as a function of excitation strength
followed the V2 scaling expected for capacitive excitation using the second harmonic. A small
drift in the phase response is visible, likely due to a shift in the resonance frequency from the
increasing electrostatic gradient.
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Figure 5.2: (a) Measured amplitude and phase response in deionized water for various excitation
strengths as measured on the second harmonic. (b) Measured amplitude and phase response
on the second harmonic as a function of excitation strength close to the resonance frequency.
The amplitude response follow the expected V2 scaling.

5.4 Z through resonant properties

The consistent results for the excitation using the second harmonic indicate that the problem
with using the first harmonic lies with the Vf potential term. Using the second harmonic
the resonant properties of the lever are clearly measurable, allowing for investigation of the
mechanical impedance of the interaction at the resonance frequency as a function of probe
sample separation z.

To prevent electrochemical reactions from affecting the measurement, an AC voltage of 0.7
V was used while the DC component was left at 0. The amplitude and phase response was swept
at 100 nm intervals until the probe made contact with substrate, as indicated by deflection of
the lever.

From the measured amplitude and phase response (Fig. 5.7b) we can immediately see that
the driving force decreases as a function of separation z. Close to the surface the amplitude
response of the lever at resonance becomes too small to be measurable. As we will see this is
caused by both a decreasing driving force and increasing viscous damping.

Taking into account the dielectric properties of the thermally grown 400 nm suface oxide
layer, the measured amplitude and phase curves were fitted using

1 meo R 1 1
Al = 2<r/esz»of+z/er>v‘%c'kc\/( —2) (=) o
W2 e
- (2
¢(w) = arccos 0 (5.2)

VA= (22 + (25)?
Here 7 is the thickness of the thermally grown silicon dioxide layer of 400 nm and eg,0, its

dielectric constant of about 3.6. [139] R is the probe radius, k. the lever stiffness and V¢ the
applied excitation voltage. The separation z is determined from the displacement of the scanner

96



x10'11 ~=5.5um
4.7 um
_ 4 um
EB 3.3 um
2z —2.5um
2 4 = 1.7 um
E-Z —0.92 um
< =—0.15um
0 ]
15 40
2
o]
o]
3
o O
@
©
T
-2
15 40

Frequency (kHz)

Figure 5.3: Amplitude and phase data measured at varying probe-sample separations in deion-
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The excitation strength diminishes for with decreasing probe-sample separation, with the am-
plitude response completely dissapearing below the noise floor for separations smaller than
about 2 pm.
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Figure 5.4: Fitted amplitude and phase data as measured using capacitive excitation in deion-
ized water at a distance of (a) 2.7, (b) 2.3 and (c) 0.9 pm from the surface. At large distances
(a) both amplitude and phase can be properly fitted with equations (5.1) and (5.2). Below 2.7
nm of separation (b) the measured phase contains too much noise to be properly fitted and the
resulting values for @ and wq are not accurate, while the amplitude is still usable. Below about
1.5 pm of separation both curves do not fit well.
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with the zero position being the point of contact as determined from the static deflection of
the lever. The relative permittivity €,, resonance frequency wy and quality factor @) are used
as fitting parameters.

Due to the low excitation strength at small separations, the measured amplitude response
of the lever becomes too small in comparison to the measuring noise for accurate fits. As a
consequence of this the fitted phase equally includes a lot of noise. This effectively defines
three regimes: Far from the surface where both amplitude and phase can be fitted (Fig. 5.4a),
an intermediate region where the phase contains too much noise for fitting but the amplitude
can still be used (Fig. 5.4b), and finally a region close to the surface where the lever response
dissapears below the noisefloor (Fig. 5.4c). Note that these three regimes are presented as
determined by eye and their precise position is not absolute.

Due to this the fitted parameters (Fig. 5.5) are presented in four colors. The parameters
determined from the measured amplitude are presented in blue while those from the measured
phase are presented in red. When the quality of the fit becomes too low to guarantee an
accurate value the parameters are instead presented in cyan and magenta for amplitude and
phase respectively.

The strength of the driving force was found to be much lower than expected from the bulk
dielectric properties of water, fitting ¢, = 1 at large separations decreasing by an order of
magnitude over 5 pm of distance while approaching the surface. This decrease in excitation
strength is unexpected, as the screening of the electric field due to free ions in the water is
expected to decrease for small probe-sample separations.

The quality factor saturates at the furthest probe-sample separation of 5.5 pm, indicating
that there should be no calibration problems due to residual interactions.

As the surface charge Vj in water is not known, it is not possible to determine the ex-
pected electrostatic gradient. The values found for Z'(z) (Fig. 5.6) are close to zero for larger
separations, but increase slightly when approaching a separation of 1 pm.

The found values for Z(z) at larger separations are below what is expected from the bulk
viscosity of the liquid, but for small probe-sample separations approaches the values predicted
from the Reynold’s viscous damping. It is noteworthy that within 1 pm for the surface, where
the fitting of the amplitude curve appears to lose meaning, the fitted values still match the
predictions from the Reynold’s viscous force.

The results demonstrate that capacitive excitation can be used to determine the mechanical
impedance of the probe-sample interaction in deionized water using AFM. While there still is
some discrepancy between the theoretical modeling and experimental reality, the AFM lever can
be sufficiently excited using the capacitive excitation method to determine the variation of its
resonant properties.

5.4.1 Stability over time

The dielectric properties of water depend on ionic content which can to change over time as
ions from the environment enter the deionized water. Due to this increasing ionic content,
it is expected that the driving force will decrease over time as the ions screen more of the
electrostatic potential. To investigate this screening and the stability of the measurement over
time, the resonant properties of the lever were measured at approximately constant probe
sample separation for 50 hours (Fig. 5.7b).

Within the first hours of the experiment the reference phase in the system shifted by /2
for unclear reasons (Fig. 5.7a). Most of the shift occured within the first hour and the drift
rate decreased notably after 6 hours. Note that such a frequency independent shift does not
effect the determination of the quality factor as presented in the previous section.
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Figure 5.5: Parameters exctracted from the measured amplitude and phase using capacitive
excitation in deionized water. Well fitting data is presented in red and blue circles, while poorly
fitting data is presented in magenta and cyan circles. The strength of excitation indicates a
relative permittivity of 1 at large separations, which steadily decreases to 10~! while approach-
ing the surface. Both the quality factor and resonace frequency saturate for large saturations,
indicating no residual interactions at these distances. The positions at which figures 5.4(a-c)
are measured are indicated with dashed black lines.
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Figure 5.6: Values for Z'(z) and Z"(z) found from wy and @ as determined from the measured
amplitude data using capacitive excitation in deioinized water. These curves demonstrate that
it is possible to extract the mechanical impedance at resonance from the amplitude and phase
curves measured in liquid using capacitive excitation. As Vj is not known, it is not possible
to calculate the expected electrostatical gradient. The value found for Z”(z) is slightly too
low at large separations, but approaches the value predicted by the Reynold’s force for smaller
separations.
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Figure 5.7: Amplitude and phase measured using capacitive excitation in deionized water with
Vac = 0.7V using the second harmonic while at the same scanner position over 50 hours. (a)
The phase response shifts by a value of 7/2 in the first 6 hours, but remains stable after this
period. (b) The excitation amplitude diminishes slowly over the 50 hour measuring period.

The excitation strength was found to vary over time in three regimes (Fig. 5.7). Within
the first 30 minutes the driving force increased slightly, after which this trend reversed and
it decreased by a third over a 5 hour period. This was followed by a slower decline over
the remaining 50 hours of the measurement, at the end of which the excitation strength had
decreased by an order of magnitude.

It is suspected that the decrease in excitation strength is the result of the ionic concentration
in the water increasing over time. As more ions enter the water the electrostatic potential is
increasingly screened, decreasing the excitation strength.

As the PID controller that maintains constant probe-fiber separation became unstable at
the end of the measurement, it was not possible to estimate the distance from the surface at
which the measurement was performed by moving into contact. Due to this €. could not be
determined for the measurement and the amplitude response is presented in arbitrary units.

Interpreting these results is made somewhat difficult by the fact that the setup was not
designed to maintain a stable position over such long periods of time. As determined in section
2.5.5 the drift in the setup is on the order of 1 nm per minute, which could amount to a drift
of 3 pm over 50 hours.

While in principle a drift in position of the probe could change the excitation strength,
it is not likely that this explains the currently presented result. As previously demonstrated
the probe-sample separation must decrease to reduce the excitation strength. Such a decrease
implies an increase in the Reynolds viscous damping and decreasing quality factor, which is
not measured. Due to this it is more likely that the decrease in excitation strength is caused
by screening of the electric potential by a slowly increasing ionic content.
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Figure 5.9: Variation in Z(z) over 50 hours in deionized water using capacitive excitation with
Vac = 0.7V using the second harmonic, as determined from the variation in wy and @ using
equations (4.4) and (4.5). After a slight shift in the first 6 hours, the measured value remains
stable. The noise on the measurement increases over the 50 hour period as the measured
amplitude diminishes.
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5.5 Conclusions

We have demonstrated that capacitive excitation of an AFM probe in deionized water is possible.
When measuring on the first harmonic of the excitation signal, the measurement suffers from
stability problems. This is likely due to the Vj surface potential term which does not follow
the usual scaling for a dielectric liquid.

Measuring on the second harmonic of the excitation signal does provide a transfer function
with a shape close to the analytical description and a driving force fa, o VXC. The effective
dielectric constant corresponding to the driving force is much smaller than expected from bulk
values, obtaining a value of 1 at a distance of 5 pm and decreasing further for smaller probe-
sample separations.

Z can be determined from the shape of the resonance, but like the measurement in PDMS oil,
the sensitivity on the conservative component too low to accurately determine the electrostatic
gradient. At the same time the dissipative component underestimates the value expected from
theoretical considerations.

Additionally the excitation strength was found to vary over time and decrease slowly on
long timescales. This is likely due to the ionic content of the water increasing over time, as ions
from the air diffuse into the water.

Based on these results it will be difficult to perform a non-contact measurement of the elastic
modulus of soft condensed matter in water using capacitive excitation in its current form. As
demonstrated, using the first methodology the sensitivity for Z’(z) is too low and Z”(z) does
not provide the expected values.

Improving this sensitivity would require a way to increase the quality factor the lever, which
may be difficult due to the use of colloidal probes. Using higher stiffness levers would be another
possibility, though the stiffness of 2 N/m used in the currently presented results is already on
the high end of what is commercially available.

Application of the second methodology using in PDMS oil, measuring the amplitude and
phase response at a specific frequency, requires quantitative description of the driving force.
This would require a quantitative model for the electrostatic potential at each separation,
including a quantitative description of the sample surface state including the electric double
layer structure. These surface forces depend strongly on the ionic content in the water, and
would require strict control of this parameter.
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P-NIPAM Polymer Brushes
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6.1 Introduction

Stimulant responsive substrates are surfaces with properties that can change reversibly through
control of an external parameter such as pH, temperature, light exposure, etc. One class of
such materials is the polymer brush, created by grafting stimulus sensitive polymer chains
on a surface. By exposing these grafted chains to a certain stimulus, the conformation of
the polymer chains will change, altering the properties of the functionalized surface. Such
surfaces have previously found application in the designs of nanofluidic valves and chemical
gates. [140, 141]

Poly(N-isopropylacrylamide), or p-NIPAM, is a commonly studied thermosensitive polymer.
[142-144] At room temperature it is hydrophilic and solvable in water, where its chains will
hydrate and take a swollen conformation. Above its lower critical solvation temperature (LCST)
of about 32°¢, the hydrogen bonds on the chain are suppressed, the chains become hydrophobic
and will phase separate from the surrounding water. This causes the polymer to collapse into
a globular form. [145, 146]

By grafting p-NIPAM polymer chains onto a substrate it is possible to create thermoactive
surfaces. If this grafting is done at sufficient surface density, the chains are forced into an
extended configuration creating a brush like structure. [147] As a brush, the LCST of p-NIPAM
does not vary significantly from the bulk value. [148] Below the LCST the swollen chains create
a hydrophilic surface, while above the LCST they will phase separate from the liquid creating a
hydrophobic surface. As the LCST is close to physiological temperatures, p-NIPAM brushes have
attracted interest for bio-medical applications. [149]

To quantify the surface properties of p-NIPAM polymer brush functionalized surfaces, they
have been previously investigated using force sensors, including the sFA [150, 151] and AFM.
Previous AFM investigations will be shortly summarized in the next section to provide context
to the presented results.

For this work we investigate p-NIPAM polymer brush surfaces at room temperature by mea-
suring the interaction force between a sharp probe and the sample as a function of the separation
distance, commonly called a ’force-distance’ measurement. We report on a long range adhesive
interaction between brush and probe in deionized water that extends up to multiple microns.
Strains of the polymer attach to the probe upon contact and are pulled away from the surface
upon retraction, creating a bridge of polymer strains between probe and surface. While such
behavior has been previously found close to the LCST, it is not yet reported below the LCST.
Additionally, previously unreported rupture events were found to occur upon retraction, where
elastic energy is stored in the polymer strains until the applied force breaks the bonds between
the probe and the attached polymer chains.

In addition to the main force-distance measurements the polymer brush surface, it has been
investigated using amplitude modulation AFM (AM-AFM). In these techniques the behavior of
the AFM lever as an harmonic oscillator is used to investigate the interaction between probe
and surface as a function of separation. The polymer brush surface was also imaged in air and
in deionized water using AM-AFM. While these measurements did not lead to new insights on
the polymer surface, they are included for completeness.

6.1.1 Investigations of p-NIPAM using AFM

p-NIPAM brush surfaces of varying thicknesses (7) have previously been investigated by com-
paring force-distance curves above and below the LCST, usually using soft silicon-nitride levers
with sharp probes. Below the LCST a reversible repulsive interaction is found upon approaching
the surface. [154-156] This repulsive force upon compression is attributed to steric repulsion
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Figure 6.1: (a) Amplitude-phase-distance measurement on a dense p-NIPAM polymer brush.
When above the LCST, the length of the weakly interacting region decreases by a factor of 10.
Taken from [152]. (b) Force-distance data as a function of temperature. A reversible repulsive
interaction is measured below the LCST, while an adhesive interaction is measured below it.
Close to the LCST an intermediate state is measured, with tip-sample adhesion persisting beyond
a micron of separation. Taken from [153]

between the p-NIPAM polymer strains. [157]

For low-density grafts, an attractive interaction is found upon approach, interpreted as
p-NIPAM strains attaching to the probe, pulling probe and surface together through entropic
forces. The strength of this force increases with grafting density, but disappears for high density
brushes. [147]

For dense brushes above the LCST the interaction remains fully repulsive upon approach,
though the apparent stiffness of the brush increases. [158] Upon retraction an adhesive inter-
action between probe and brush is measured with an adhesive force of some 50 nN, persisting
to some 300 nm from the sample. [153,159].

A single study measured amplitude-phase-distance (APD) curves in liquid, using a free os-
cillation amplitude of about 60 nm. [152] Below the LCST a region of weak repulsive interaction
was found, extending to twice the expected swollen polymer length (Fig. 6.1b). Upon further
compression a region of strong repulsive interaction was found. Qualitatively similar behavior
was found above the LCST, but the length of the weakly interacting region decreased by a factor
10. Damping of the probe in the weakly interacting region was found to decrease as function
of temperature while transitioning over the LCST.

Lastly, force-distance curves were measured using golden colloidal probes while for varying
temperatures close to the LCST. [153] These measurements demonstrated a continuously chang-
ing swelling ratio between 20 to 40°C. The transition from reversible repulsion to adhesion
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was also clearly demonstrated, revealing an intermediate state with strong adhesion between
polymer and the gold sphere (Fig. 6.1a). This adhesive interaction extended up to multiple
microns from the surface, indicating the existence of a 'polymer bridge’ between probe and
surface. This result was reproduced using silica colloidal probes. To explain this behavior it is
proposed that close to the LCST the p-NIPAM-probe interaction is stronger than the p-NIPAM -
p-NIPAM interaction, while above the LCST the p-NIPAM - p-NIPAM interaction dominates.

6.2 Methods

To perform both the force-distance and the dynamic measurements, a BRUKER Dimension Icon
(Fig. 6.2a) was used, made available by the CIME Nanomonde. This commercially available
optical-beam deflection AFM was equipped with a 'Dimension Direct Drive Tapping’ fluid cell.
To measure in liquid a meniscus is created between the fluid cell and the sample surface (Fig.
6.2b). The laser reaches the lever through an optical window.

AFM Head

Figure 6.2: (a) BRUKER Dimension 1CON AFM. (b) Overview of the liquid cell. A capillary of
deionized water is created between the AFM head and the sample.

BRUKER silicon-nitride MSNL probes were used for most force-distance measurements, which
feature pyramidal tips with varying front (15°), rear (25°) and side-angles (22.5°), a nominal
tip radius of 2 nm and a stiffness between 0.07 and 0.6 N/m.

For a higher lever stiffness, BRUKER RTESP probes were used. These silicon probes have a
nominal stiffness of 5 N/m, slightly sharper side angles for the tip (17°) and a bigger nominal
tip radius of 8 nm.

For imaging and APD curves, silicon BudgetSensor Tap300 probes were used, featuring a
pyramidal shape with varying angles along the cantilever axis (20-25°), on the side (25-30°),
and at the apex (10°) a nominal tip radius below 10 nm, a stiffness of 40 N/m and a resonance
frequency in air around 400 kHz.

Before each measurement the sensitivity of the photo detector was calibrated by measuring
the lever response in contact with a silicon wafer. The stiffness of the lever was subsequently
determined by measuring the thermal motion of the lever in water. [120]

Deflection of the lever d is measured as a function of piezo displacement z, which is related
to a force through the stiffness of the lever. To remove contributions from imperfect centering
of the photodiode as well as misalignment in the z-piezo, a second order polynomial fit of the
first 100 measuring points is subtracted from the deflection data. To determine the true tip-
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sample separation D, the deflection of the lever is added to the z-piezo displacement through
D=z-— %.

All measurements were performed in a climatized room with a constant temperature of 20
°C. The AFM is situated in an acoustic isolation hood to minimize acoustic noise and maintain
a constant temperature.

6.3 Materials
6.3.1 PNIPAM Polymer Brush Samples

The p-NIPAM polymer brushes were created on silicon wafers through surface-initiated Atom
Transfer Radical Polymerization (ATRP). ATRP is a ’grafting-from’ technique, in which the
polymer chains are polymerized directly onto the surface. This is in in contrast to ’grafting-to’
techniques, in which the chains are first polymerized in solution and grafted onto the surface.

The surface initiated ATRP protocol used for the results presented in this manuscript is
based on a previously published methodology. [151, 160, 161] In rough overview of the three
step process, the silicon surface is first hydroxylated, after which 3-Aminopropyl triethoxysilane
(APTES) can be grafted onto it. The APTES then acts as an ATRP initiation site from which the
pP-NIPAM polymeriation is performed (Fig. 6.3). For the sake of briefness, only the high level
steps are indicated. A more detailed description including the quantities of the chemicals used
can be found elsewhere. [162]

Polymerization protocol

The [100] orientation silicon wafers are rinsed in ethanol and water before being placed in a
plasma cleaner where they are exposed to a 0.4 mBar water vapour plasma for 6 minutes. This
yields a clean and highly hydroxylated wafer surface.

The hydroxylated wafer is then submerged in an APTES solution for 1 minute. The NHj
groups of the APTES are then derivatized by immersing the surface in a solution of 2-bromo-
2-methylpropionyl bromide (BMPB) and tri-ethylamine (TEA) in dichloromethane (DcM) for 1
minute. This creates a surface of exposed C—Br bonds which are the initiator sites for the
ATRP reaction.

While not used in the current work, it is possible to obtain lower surface density brushes by
immersing the APTES covered wafers in a solution of propionyl bromide (PB) and TEA in DCM.
The PB passivates a fraction of the amine-groups by terminating them with a PB molecule,
which is not active in the ATRP step that follows.

Finally the p-NIPAM brushes were polymerized using the ’activators regenerated by elec-
tron transfer’ (ARGET) ATRP technique. The wafers are submerged in a solution of NIPAM in
ultrapure water mixed with small quantities of CuBry; and the complexing ligand PMDETA.
The polymerization is then allowed to proceed for a certain amount of time, usually between 2
minutes and two hours. The longer the polymerization is allowed to take place, the longer the
p-NIPAM strains become and the thicker the polymer brush will be.

To remove any weakly physisorbed polymer chains from the brush surfaces, the samples
were left to soak for 24 hours in deionized water at room temperature, after which they were
dried with nitrogen.

Samples created through the protocol described above, without the PB termination step,
feature a high grafting density of o ~ 0.5 chains/nm? which guarantees a brush-like structure.
[162]. Three p-NIPAM polymer brsuh sample were created with varying ATRP polymerization
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Figure 6.3: Overview of the three step ATRP process. The hydroxylated wafer is covered in
APTES, which is derivatized in a solution of BMPB and TEA in DCM, creating C—Br bonds,
from which the ATRP creates the grafted p-NIPAM strains. Though not used in the current
work, surface density can be controlled by passivating a fraction of the initiator sites with a PB
molecule, which is inactive to ATRP.

times. Through ellipsometry these samples were found to have a dry thicknesses of 73, 120 and
150 nm.

For the measurements in liquid a meniscus of Milli-Q deionized water was created between
the sample surface and the AFM head.

6.4 Results

6.4.1 Force-distance data

A distinct interaction profile (Fig. 6.4) was found when measuring force-distance curves in
deionized water below the LCST with soft (k. =~ 0.035 N/m) SiN levers. On approach a fully
repulsive force is found, starting at some 500 nm from the surface, in agreement with previous
samples of similar thickness (Fig. 6.1a, curve). In contrast to previous publications, an adhesive
force is measured upon retraction with a maximum on the order of 500 pN, and persisting up
to multiple microns of tip-sample separation.

The overall profile is one of an attractive force that, after achieving the maximal adhesive
force, decreases slowly as a function of tip-sample separation. This is possibly explained by
multiple van der Waals bonds forming between probe and the polymer chains when the probe
penetrates the brush. As the probe is retracted from the brush, the polymer chains are pulled
out of the brush surface, creating a polymer bridge between the sample surface and the probe.

108



As the separation distance increases, chains will detach from the probe, lowering the adhesive
force.

Previously unreported rupture events with a nominal strength of 100-200 pN are visible
throughout the retraction. In these events elastic energy is stored in one or more polymer
chains, which is released when the elastic energy exceeds the strength of the bond between
the chain(s) and probe. The final rupture event in figure 6.4 has a rupture force of 400 pN
while storing energy over a distance of 700 nm, indicating an effective stiffness for the polymer
chain on the order of ky, &~ 5-107* N/m, significantly lower than k. ~ 3.5- 1072 N/m for
the lever. The variance in rupture strength is attributed to a varying number of binding sites
between probe and chain. A particularly well connected chain might reach 400 pN, while most
ruptures remain below 200 pN. This would indicate that with sufficient time resolution it could
be demonstrated that the rupture event are composed of a multitude of smaller rupture events,
one for each bond breaking. The time resolution of the currently presented data was however
insufficient to make such claims.

—Approach
—Retract
=
=
[}
e
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""""" 3 4

Figure 6.4: A representative force curve as measured on a 120 nm p-NIPAM polymer brush
surface. On approach a repulsive force associated with compression of the brush is measured.
On retraction an adhesive interaction persisting up to the contour length of the polymer chains
is found. Rupture events are visible at multiple locations with strengths up to 500 pN.

To investigate the effect of brush thickness on this interaction, force-distance curves were
measured on samples of 73, 120 and 150 nm thickness in an environment of deionized water
using sharp SiN k. a2 0.035N/m levers (Fig. 6.5, a, ¢, ¢). For each sample, at least 10 curves
were measured on a single location and the distance between point of separation from the surface
and full detachment was determined (Table 6.1). The crossing of the zero upon retraction was
taken as the point of separation.

A positive correlation between sample thickness and detachment length was found, with
the detachment length being of the order of the contour length of the polymers. This is in
agreement with the adhesive interaction being the result of the polymer chains connecting with
the probe.

As previously reported experiments used levers of both silica and silicon nitride, the mea-
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7 (um) | Ip (um) | o (um)

75 1.59 0.104
120 1.76 0.076
150 2.36 0.203

Table 6.1: Average detachment length (Ip) and its standard deviation for each p-NIPAM brush
sample in deionized water. Averages were taken over at least 10 repeated force curves on a
single location.

surements were repeated with silicon probes. Due to the material properties of silicon, silicon
probes tend to be stiffer than those made of SiN. The stiffness of the probes used for the cur-
rently presented data, at k. ~ 8 N/m, was a factor 300 higher than that of the SiN probes
(ke =~ 0.035 N/m. Due to this stiffness difference, the force sensitivity is much lower as the
lever deflects less for a given force. Due to this smaller deflection, the Z-distance over which a
certain force is reached when pulling on a polymer chain is also reduced by a factor of 300.

Regardless of these considerations, rupture events were still visible (Fig. 6.5 b, d, f). Due
to the lower force sensitivity, the measurements are more susceptible to drift and noise, which
makes it difficult to evaluate the longer ranged decaying adhesive force.

To investigate possible viscoelastic behaviour of the p-NIPAM polymer brush, force-distance
measurements were performed at varying approach speeds between 0.25 and 16.4 pm/s. Curves
were taken on a single location to avoid effects of sample heterogeneity (Fig. 6.6). Averages
were taken over >10 curves to minimize rupture events. It is remarkable that for this set of
data, despite the averaging, a single rupture event close to contact remained reproducible for all
the cruves. No difference in the tip-sample interaction was found except increased drag from the
lever in the liquid, apparent from a constant positive/negative deflection on approach/retract.

6.4.2 Amplitude and phase data

The amplitude and phase of the oscillation were measured on the 120 and 150 nm thick poly-
mer brushes (Fig. 6.7). Measurements were done both in air and deionized water, with the
measurements in water preformed at room temperature below the LCST.

In air, with the brush in a collapsed state, the oscillation amplitude of the probe decreases
from full to 0 over a distance of 42.75 nm. At 40 nm from the surface, a small negative phase
shift is visible, indicating an attraction dominated interaction between tip and sample. Closer
to the surface it becomes positive, indicating a repulsion dominated interaction, consistent with
the time-averaged deflection profile. Further reversal of the phase shift while in contact with
the sample bears no physical significance, as the amplitude in this region is close to zero.

In deionized water, where the brush is in its extended state, the decrease in the amplitude
signal starts at some 190 nm from the surface for the 120 nm thick sample and 300 nm from the
surface for the 150 nm thick sample. From the phase response of the probe we can determine
that the interaction is always in a repulsion dominated regime (positive phase shift). In contrast
to air, there is no adhesion dominated region, which is consistent with the measured deflection
profile.

Note also that the APD-curves in liquid, measured with stiff (k. ~ 40N/m) levers, are fully
reversible and exhibit no polymer bridging. There is a factor 2 difference in time averaged force
between the two samples, but these values should be interpreted with some care as it is difficult
to accurately calibrate the stiffness of such stiff levers in liquid. Due to the high stiffness of the
levers the amplitude of the Brownian motion in the first mode is very small.
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Figure 6.5: Deflection curves as measured on p-NIPAM polymer brush samples in deionized
water. Thickness of the sample (7) and stiffness of the lever (k.) are noted in each graph. Note
that the D axis is not the same for both stiffnesses and the point of contact is taken as 0.
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Figure 6.6: Force-distance curves as measured on 150 nm p-NIPAM brush for varying approach
velocities. Averages were taken over >10 curves to minimize rupture events. No correlation
between approach velocity and adhesive strength is visible. For higher approach velocities the
hydrodynamic drag of the lever becomes visible.

6.4.3 AM-AFM imaging

To investigate the homogeneity of the sample surface in air and liquid below the LCST, it was
imaged using amplitude modulation AFM (AM-AFM). (Fig. 6.8). In air the brush surface has a
RMS roughness of 1.689 nm over 1 x 1 pm and features holes with a depth of at least 10 nm.

Imaging the surface in deionized water was found to be difficult. While no holes were visible,
streaking occurred over the sample (Fig. 6.9a). This behavior is reminiscent of the instability
that can occur in the lever motion when there are two branches of z-positions that comply
with a given amplitude setpoint. [163] Significantly increasing or decreasing the setpoint did
however not prevent the streaking. Additionally the amplitude-phase-distance curves showed
no discontinuities in the amplitude channel, which is normally indicative of this instability
occurring.

It was attempted to use AFM image processing software (Gwyddion) to remove the streaking
which was somewhat effective (Fig. 6.9b). The RMS roughness of the resulting surface was found
to be 1.480 nm over a 1 x 1 pm area which is comparable to previously found values. [164] Despite
the presence of streaking, this value is slightly lower than the value found in air, likely due to
the absence of holes in the surface.

6.5 Discussion

We propose that the polymer bridging behavior originates from multiple polymer strains at-
taching to the tip upon contact, and detaching from the tip upon retraction; a 'polymer bridge’
connecting the tip and substrate. While retractingthe lever, the polymer chains pull the lever
towards the surface. Detachment of individual chains creating rupture events. As rupture
events are visible at different distances from the surface, it is clear multiple polymer strains are
attached to the probe.
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Figure 6.7: Time averaged deflection, amplitude and phase curves for 150 nm thick p-NIPAM
polymer brush in Air (a, b), 120 nm thick p-NIPAM polymer brush in deionized water (c, d)
and 150 nm thick p-NIPAM polymer brush in deionized water. (e, f)
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Figure 6.8: Surface of a 150 nm polymer brush as measured with AM-AFM in air.

The overall behavior of the tip-sample interaction upon retraction shows a decaying profile.
Normally this behavior is associated with the probe experiencing sliding friction upon retraction
out of the material. In our case however, this behavior is visible up to microns outside of the
brush material, meaning it cannot be simple sliding friction between the probe and the brushes.
It could be the polymer chains slowly slide of the probe, or it is friction between between the
attached polymer chains and the rest of the brush that creates this decaying adhesive force.

6.5.1 Polymer bridging below the LCST

Interestingly, this behavior has been previously reported on p-NIPAM polymer brushes by Yu
et.al., but only close to the LCST. [153] In our case the measurements were performed at room
temperature, well below the LCST.

We hypothesize that the answer may be found in the LCST itself. While the LCST was found
to be similar for bulk and brush polymers, it is unclear how it depends on parameters such
as pressure. It is possible the penetration of the probe into the polymer brush creates a local
buildup of water pressure in the brush, as the water does not have sufficient time to drain.
This increased pressure could possibly temporarily lower the LCST below room temperature,
facilitating the connection of the p-NIPAM strains to the probe. While this would explain how
the strains and probe can connect below the LCST, it does not explain why the strains remain
connected upon withdrawal of the probe from the brush.
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Figure 6.9: a) Surface of 120 nm p-NIPAM brush in deionized water. Streaking is visible
throughout the surface, making it difficult to determine the RMS roughness of the sample. b)
Streaking removed through Gwyddion. 1.480 nm RMS over 1x1 um.

However, it must be noted that while the experimental room in which the measurements
were performed was at room temperature, we have not directly measured the temperature of
the liquid. While the light source of the AFM was turned off before experiments to prevent
heating of the sample, it cannot be excluded that the sample is not heated to the LCST due
to residual heating of the AFM system. It should be noted that previously reported results
required a heating stage to attain temperatures at or above the LCST. [153]

6.6 Conclusions

In summary, we have found previously unreported polymer bridging below the LCST for sharp
probes on p-NIPAM polymer brushes grafted by surface-initiated ATRP on silicon, which despite
similar previously published experiments as of the current date has not been reported. In
addition we report rupture events up to 400 nN occurring at multiple positions during retraction.

An import requirement to solidify the result is performing the experiment in a temperature
controlled environment. This would also allow for further investigation of the properties of the
polymer bridge as a function of temperature.

The controlled formation of the polymer bridge in addition to the dynamic measuring tech-
niques proposed in chapter 3 would allow a novel way to investigate the inter-polymer me-
chanics, such as the sliding friction between polymer strains. By measuring the mechanical
impedance of the polymer bridge for varying frequencies, more could be learned about the
visco-elastic properties of this system.
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7.1 Introduction

Soil is the top layer of the earth, which consists of a mixture of organic matter, mineral and
liquids. Due to the large variance in soil composition found around the world, many different
types of soil can be classified. When considering the solid soil components this classification is
generally done by mineral particles size. In this frame, ’clay’ is defined as any mineral particle
with an effective diameter below 2 pm, though some equally small minerals, such as gypsum,
quartz and carbonates, are generally excluded from this category as they have special chemical
properties.

Research into the mechanical properties and the microstructure of clays has a long history.
The first proposed models for its structure and inter particle bonds date back to 1925. [165,166]
It is an important soil type that is widely found in nature and has found use in many industrial
applications as a ceramic ingredient, adhesive, filler, anti-friction agent, coating for paper, and
more. [167,168]

A subtype of clays, called ’sensitive’ or ’quick’ clays, is prone to undergo a solid to liquid
phase transition when disturbed. Deposits of this material in the northern hemisphere have
previously been responsible for landslides, leading to large scale damage and loss of life. The
precise microstructural mechanism for this transition is still poorly understood.

Although nearly a century has passed since the first models for the microstructure of clay
were proposed, experimental determination of the precise structure is still an open area of
research. [169-171] Recently, a publication by Deirieh et.al. questions the experimental pro-
cedures used in historical publications in the field, that were fundamental to developing the
currently accepted textbook models for the microstructure of clay. [172]

The key difficulty in determining the microstructure of clay is performing measurements
in its natural water saturated state. The conventional microscopic techniques that achieve
the required resolution, such as scanning electron microscopy, are not liquid compatible. The
historical solution to this problem was performing low-temperature microscopy on plunge frozen
clay samples. This rapid freezing procedure ideally leads to vitrification of the water in the
clay material, allowing investigation using Cryo-SEM without altering the clay microstructure.

In this chapter we present exploratory measurements into the mechanical properties and
microstructue of sensitive clays using AFM, a technique that as of yet has not been widely
adopted in the field. AFM is liquid compatible, and it allows exploration of the clay microstruc-
ture in its natural water saturated state. Additionally, AFM can be used to perform micro- and
nanoindentation measurements, which gives acces to the local mechanical response of the clay
material. We believe AFM can make important contributions to key questions in the field of
clay geology.

First, a short overview of previous work on the (sensitive) clay microstructure will be pro-
vided. Secondly, the results of our exploratory measurements on the material will be presented.
Lastly, we will discuss the capabilities of AFM measuring techniques to contribute to open
questions in the field.

7.2 The microstructure of clay

Most of the sub 2 pm diameter particles found in soils are clay particles, generally consisting
of silica and gibbsite sheets (Fig. 7.1a). These sheets have large aspect ratios, with a width
and length on the order of microns, but a thickness of only a couple of nanometers. In many
cases the behavior of aggregate particles is determined by solid-solid friction. In the case of clay
however, due to the combination of small particle sizes and large aspect ratios, the mechanical
response is determined by particle-particle interactions instead.
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Figure 7.1: (a) Unit cell and structure of gibbsite and silica sheets. (b) Stacking of octahedral
gibbsite and tetrahedal silica semibasic units into various clay minerals. Taken from [173].

119



These interparticle interactions lead to face-face stacking of clay particles. Stacked silica and
gibbsite sheets create semibasic units, in which a gibsite sheet is covered with a silica sheet on
one or both sides. The sheets are strongly bonded through primary valence type bonding. [173]
These semibasic units can subsequently form many different clay minerals, differentiated by
the type of interaction connecting them. The configurations most commonly found in clay are
those of kaolinite, illite and montmorrilonite (Fig. 7.1b), in which the connections are mediated
by hydroxyls, potassium ions and hydrogen bonds respectively.

Natural clays can have a large volume fraction of water contained in pores in the structure.
While this volume fraction can be difficult to measure directly, the fraction by weight can be
up to 50%. Considering the silica particles are 2 to 3 times as dense as water, this leads to
an estimation of a volume fraction of 50 to 75 % water. Due to this large water fraction, the
particle-particle interactions are not only sensitive to structure and composition of the mineral,
but also to the pore water chemistry of the surrounding water. The ionic content plays an
important role in the type and strength of the inter-particles bonds, as free ions can screen
electrostatic contributions from the surface charges present on the clay particles.

The varying minerals have different specific surface areas and surface charge distributions,
which is generally anisotropic, varying between the face and edge sides of the mineral. Addi-
tionally, atoms in the sheet lattice can be displaced by Al*3 and Mg*?2 ion, creating an internal
charge deficiency which likewise contributes to electrostatic inter-particle interactions. Due to
this, clay minerals can also be categorized by their cation exchange capacity (CEC), a measure
of how many cations can bind to the surface. Minerals with a large CEC are generally more
sensitive to pore water chemistry.

While the composition of clays is generally well understood, its structure is still an open
field of discussion. Historically, there have been three competing models: A cardhouse structure
consisting mostly of edge-edge and face-edge connections between mineral particles, [174-177] a
honeycomb structure of face-face contacts supporting water pores [165,178,179], and a stabilized
gel structure due to electrostatic repulsion between particles. [180,181]

As optical microscopy techniques have insufficient resolution to resolve the microscopic scale
of the microstructure, an alternative was found in cryo-electron microscopy. SEM techniques are
usually performed in vacuum and thus incompatible with water, while the clay microstructure
collapses when the water is removed from the material. A solution was found in plunge freezing
the water saturated clay samples to solidify the microstructure. The rapid freezing of the clay
material causes the water to vitrify and the clay microstructure to remain intact. Investigations
using this technique reported the existence of a closed-cell honeycomb structure dominated by
face-edge and face-face contacts between the clay particles, which became the textbook model
for the description of the clay microstructure. [182-188]

A recent publication by Deirieh et.al. has reopened this discussion. [172] They state that
the sample sizes used in previous investigations were too large for efficient plunge freezing
and the cooling process will not fast enough to fully vitrify the water. As such they indicate
that the reported honeycomb structure is not the natural clay microstructure, but a result of
the water expanding during crystallization. They compare cryo-electron microscopy images
on plunge frozen and high pressure frozen (HPF) clay samples, the latter being a more recent
technique that is suitable for vitrifying sample of sizes up to 200 pm. They report that while
the plunge frozen clay material did feature the honeycomb structure, the HPF samples featured
clay particles and their aggregates in a randomly oriented structure. The textbook honeycomb
model for the natural microstructure of clay may thus be incorrect.
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Figure 7.2: (a) Cryo-SEM image taken on plunge frozen clay. Scalebar 2 pm. (b) Cryo-SEM
image taken on HPF frozen clay. Scalebar 1 pm. Taken from [172].

7.2.1 Quick clay

Sensitive clay, or 'quick clay’, is a substype of clay that can undergo an irreversible solid-to-liquid
phase transition when sufficiently disturbed. Large natural deposits of this subtype are found
in the northern hemisphere, specifically in Canada, Scandinavia and parts of Russia. When
unintentionally disturbed, the sudden liquefaction of large masses of sensitive clay can create
landslides, which threaten local life and infrastructure. As such it is important to understand
the precise nature of this behavior. Currently, the microstructural origin of this phenomena is
poorly understood.

In its undisturbed state quick clay can carry some load. Macroscopic tests on natural
samples extracted in Sweden were found to have an undisturbed strength in the 30-100 kPa
range. [189] When the load surpasses a threshold, the material partly or fully liquefies and loses
most of its strength (Fig. 7.3a).

On the macroscale, sensitive clays are characterized by their sensitivity, the ratio between
the undisturbed Sy, and disturbed S, strength S; = g:‘: [165] Note that clays become quick
clays not because their undisturbed strength is high, but because their disturbed strength is low.
The transition from undisturbed to disturbed is irreversible and the disturbed material cannot
be reconstituted. Some sensitivity can be regained artificially through flocculated sedimentation
and subsequent leaching in a geotechnical centrifuge. [191]

It was previously determined that sensitive clays have a large open structure, consisting
of aggregated stacks of clay minerals and large water filled pores, allowing for a total water
content well above the liquid limit (Fig. 7.3b). [173,192]

The currently most accepted hypothesis for the formation of sensitive clays was proposed
in 1966 by Pusch. [190] It poses that clay deposits originally formed in a highly saline envi-
ronment. This caused flocculation of the clay particles as a porous, open structure. The clay
was subsequently leached by melting glacial water, weakening the inter particle bonds due to
the changing pore water chemistry, and leaving a highly porous microstructure sensible to col-
lapse. The leaching of potassium (K1) from the illite in the clay can convert the mineral into
a vermiculite or montmorillonite structure, which are both very weakly bonded. The leaching
of ions from the structure reduces the screening of the electric double layer as well, making
inter-particle interactions more repulsive, which weakens the structure.

Up until recently it was not possible to reliably reconstitute sensitive clays and natural clay
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Figure 7.3: (a) Undisturbed quick clay can carry some load, but if this load surpasses a threshold
the material liquefies. Courtesy of Chalmers University of Technology, Sweden. (b) Early SEM
images of a slice of quick clay. The material contains a network of large pores that in its natural
state are filled with water. [190]

samples had to be extracted to perform experiments. The precise composition of these natural
samples is not well controlled, as most natural soils have no clean clay fraction and are mixed
with larger silt particles that have a size of 2 to 63 pm. This severely limits the possibility for
precise quantification of how different mechanisms in the clay microstructure contribute to the
emergence of sensitivity in clay materials.

7.2.2 Clay and AFM

From the previous considerations, it is clear that there is a need for an experimental technique
that can resolve the microstructure of water saturated clay without the need of extensive sample
preparation. We believe the AFM platform can contribute here. Surface characterization of soft
materials in liquid by AFM is a well developed field of research, specifically in the context of cell-
biology [193-195]. Additionally, AFM force-indentation measurements can be used to extract
the mechanical response to compression at interaction lengths from nanometers to microns. As
the clay particles are structured at a micrometric lengthscale, indentation using probes with
nanometric sharpness allows investigation of the material at the level of individual clay particles,
while using micrometric probes sufficiently larger than individual particles allows investigation
of the structure as a whole.

Force-distance measurements have been previously performed to investigate illite-illite par-
ticle adhesion, demonstrating that high salt concentration can screen attractive inter particle
interactions [196]. More recently, strong Hofmeister effects were found between montmorillonite
particles and a mica surface, where the repulsive interaction strength depends on the cation
species present in the solvent in a specific series. [197] No direct investigation of the water sat-
urated clay surface using AFM has been published up till now. The work presented here is an
exploration of the contributions AFM can bring to the investigation of the clay microstructure.
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7.3 Methods

The clay samples were investigated both in dry and water saturated state using multiple AFM
measuring methods. Topographic images of the dry clay surface were made using amplitude
modulation AFM (AM-AFM) to visualize its micro structure. Attempts to use AM-AFM on the
water saturated clay failed, likely because the material cannot sustain the pressures that are
applied to the surface during scanning. Force Volume Mapping, in which the applied pressure
can be controlled at the pixel level, was found to be an effective alternative to visualize the
microstructure.

As a first step to explore the complex mechanical behavior of the clay, nano- and microin-
dentation measurements were performed on both dry and water saturated samples with conical
and colloidal indenters. While the probe is in contact with the surface, the measured sample
indentation as a function of applied normal force can be interpreted through the frame of con-
tact mechanics. As a first rudimentary method for quantifying the clay material properties, we
relate the measured pressure as a function of indentation to estimates of the bond density and
energy within the clay microstructure.

7.3.1 Nanoscope Wizard 4

AFM measurements were performed using a JPK NanoWizard 4 (Fig. 7.4a), a commercially
available optical beam deflection AFM. To perform AFM measurements in water, the cantilever
is mounted on a glass block that is lowered into the liquid (Fig. 7.4b). The laser reaches the
lever through the glass block and due to the small glass-lever distance, any changes in the
optical path due to the optical properties of the liquid are minimized.

/|

(b)

Figure 7.4: (a) JPK NanoWizard 4 (b) Cantilever holder for measurements in liquid.

Calibration of the AFM

Precise calibration of the AFM system is important when quantifying the mechanical properties
of a material with force-indentation measurements. Any error in the calibration of the lever
stiffness or the photodiode-sensitivity will lead to improper scaling of the force axis. Both values
are also used to determine the deflection of the lever, which is added to the z piezo-displacement
to determine real probe-sample separation. Precise calibration of the lever stiffness is not always
straightforward, with best-practices having errors of up to 5 %.

For measurements in air the photodiode sensitivity was calibrated by measuring the deflec-
tion of the lever in contact with a rigid object. When confined between the AFM head and a
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rigid surface, the deflection of the lever and corresponding change in photodiode voltage are
equal to the movement of lever base piezo. Assuming the extension of the piezo is well cali-
brated, the sensitivity of the photodiode can be determined. The stiffness of the lever can then
be determined by measuring the brownian motion of the lever in air, as previously described
in section 2.6.

Calibrating the lever stiffness in water is a more complicated affair due to practical limi-
tations. As the difference in optical properties of water and air change the angle of deflection
at the glass interface, the position of the laser on the lever will change when moving from one
environment to the other. This alters photodiode sensitivity and dry calibration values cannot
be used in liquid. While in principle the previously described calibration protocol could be
repeated in liquid, calibration of the photodiode sensitivity through contact on a rigid surface
is practically unfeasible. The height difference between the clay sample and the silicon wafer
substrate is too large. As such an alternative calibration method was used.

The stiffness of the lever was first determined in air. After submerging the cantilever in
liquid and realigning the laser, the Brownian motion of the lever in liquid is measured. The
photodiode sensitivity is then set, such that the stiffness of the lever in liquid matches the value
previously determined in air. This method is not optimal, as the effective stiffness of the lever
depends on the position of the laser which will inevitably not be exactly the same in liquid as
in air. Although this does not affect the main conclusions of this chapter, it should be kept in
mind when evaluating the numerical data presented.

7.3.2 Probes

As it of interest to investigate the material response above and under lengthscale of the clay
microstructure, both conical and colloidal probes were used for force-distance measurements.
While the conical probes are sensitive to the clay particles at the nanoscale, the colloidal probes
measure a laterally averaged response over multiple microns of material. Conical probes were
also used to image the microstructure of the clay, as colloidal probes lack the required lateral
resolution.

Conical probes

For the force-distance measurements and force-volume mapping using conical probes, NT-MDT
CSG10 ’Golden Series’ silicon probes were used. These probes feature a conical tip with a
nominal tip radius of 6 nm. The levers had a stiffness between 0.5 and 0.05 N/m, with a
resonance frequency around 30 kHz.

For AM-AFM imaging, stiffer NT-MDT NSGO1 probes were used. These feature the same tips
as the CSG10 probes (conical tip, R ~ 6 nm), but with a lever stiffness around 4 N/m and a
resonance frequency of 125 kHz.

Colloidal probes

The colloidal probes were created using the protocol described in chapter 2, though no metallic
coating was applied as a conducting surface is not required. Spherical silica beads with a radius
of 30 pm where glued to the end of the MikroMasch CSC37 base levers. The final probes had a
stiffness of about 1 N/m, with a resonance frequency of about 6 kHz in air. The precise radius
of each colloidal probe was determined before each measurement using a calibrated optical
microscope.
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7.3.3 Imaging

Two imaging techniques were used to investigate the clay material. The dry clay in air, with a
material stiffness on the order of MPa, amplitude modulation AFM (AM-AFM) [60, 198] proved
to be an effective technique to determine the clay surface topography.

With this technique the AFM lever is used as an harmonic oscillator by excited it with an
sinusoidal signal through a piezoelectric element. The properties of this harmonic oscillator
are then measured as a function of probe-sample separation. The amplitude response of the
oscillator will continuously decrease for smaller probe-sample separations due to an increasing
probe-sample interaction, which can be used as a gauge of the separation. Through the use of a
PID controller, the system can be locked on a certain amplitude setpoint and associated probe-
sample separation. By subsequently moving the probe over the sample material, a topographic
map of the surface can be traced. This a relatively fast AFM imaging technique, as for each
pixel only the amplitude signal and piezo position have to be measured, which can be done in
a couple of milliseconds.

AM-AFM was attempted on the submerged clay samples as well, but no stable amplitude
setpoint for the PID controller could be found. We expect this is due to the fragility of the
material in water. An alternative was found in Force Volume Mapping (FVM), in which a
full force-distance measurement is performed at each pixel of the image up to a predefined
force setpoint. This allows for the collection of all information associated with a force-distance
measurement, including sample indentation as a function of normal load. The collecting of
such a large number of force-distance measurements is however a time consuming process, with
scanning times for a 256x256 pixel image being on the order of multiple hours.

7.3.4 Compacting of the microstructure

As indicated in the introduction of this manuscript, force indentation data gathered using AFM
is normally interpreted through a contact mechanical model that at minimum approximately
describes the mechanical behavior of the investigated material. Due to the fragility of the clay
microstructure, no such model exists for the currently presented data. To nevertheless relate
the measured force-indentation data to the properties of the material, we propose to interpret
the pressure with which the material opposes indentation as the bond energy density required
to break down the microstructure.

We model the clay microstructure as a network of platelets, held together by inter-platelet
bonds. At each platelet-platelet interface, many such bonds are distributed over the surface
area on which the two platelets are connected. As will be clear from the force curves measured
with conical and spherical indenters, each time the probe enters the material we destroy part of
the microstructure by breaking many such bonds between the silicon platelets. This results in
compacting of the microstructure into a much denser structure of tightly packed platelets. To
interpret the gathered data we propose that the work performed by the probe equals the energy
required to break all the bonds within the volume of broken microstructure. Here we ignore the
work required to expel water from the microstructure, though we expect these contributions to
be small due to the open structure of the clay.

While we do not know the precise energy €, associated with each bond, we make some
order of magnitude estimates. The bonds must be stronger than k;T or else the material would
thermally break down, putting a lower limit on the bond energy of about 0.025 eV. Likewise,
the bonds are certainly weaker than covalent bonding, setting an upper limit of about 1 eV
and giving us a bond energy ballpark of 0.025eV<e,<1 eV. The same estimate can be made
for the density of bonds py, as they are certainly less dense than the atomic lattice at 1/nm?
and denser than the platelet-platelet structure 1/pm?, giving us limits of 1/nm3<p,<1/pm3.
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If breaking each bond requires an energy €, [J] and the average density of bonds in the
material is p, [m~3], the energy fEy [J] required to break all the bonds in a volume element
dV is determined by

dE
W = Gbpb (7'1)

The instantaneous energy required to break these bonds is directly related to the amount of
new microstructure that is broken

dE av

o= el 2
il T (7.2)

The instantaneous work W [J] performed by the probe can be directly measured, and equals

aw dz
2 _Fp. 2 _F. 7.3
dt dt Y (7:3)
Where v [m/s] is the speed of indentation. Assuming all this work is utilized in breaking the
bonds in the material, we can equate % = % and find
av
Fv =eypp— (7.4)

dt

Assuming perfect contact between probe and surface, we can relate the volume of material
to be broken down at each instant of time to the surface area of interaction between the probe
and the material S(&) [m?], which depends on the indentation depth & and the geometry of the
probe.

av

do
=~ S()

o = 50w (7.5)
Combining these equations we find
Fv~ Ebpr((s)V (76)

which allows interpretation of €,p, as a pressure P(d) [N/m?] through

gfg; = P((S) ~ €pPb (77)
Thus by measuring the pressure exerted by the material on the probe during indentation, we
can estimate the bond energy density within the material.
In an AFM indentation experiment, F'() is directly measured. Through the geometry of
our probe and assuming the material surface to be an infinite half plane, we can determine the
surface of interaction S(9) for the cone-plane and sphere-plane geometries used

Sep(8) = mtan(a)d? (7.8)
Ssp(0) = 27RO (7.9)

Note that this determination of S(J) ignores surface roughness, which for clay can be on the
order of multiple pm peak-to-peak. Due to this it is expected that the surface area will be
overestimated for small indentations, leading to an overestimation of the pressure.
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Added volume contributions

In the description provided above, the material of the broken microstructure is essentially
assumed to disappear, which does not correspond to reality. As the microstructure collapses it
creates a much denser layer of clay platelets that surrounds the indenting probe. As the stiffness
of the platelets is much closer to that of the probe than that of the surrounding microstructure,
we propose to include this layer as an effective increase of the probe size. This increase in
size of the probe increases the interaction area to a bigger S’(4) and the total indentation to a
larger value ¢’. In effect we assume that the probe and this additional dense layer retain the
geometrical shape of the probe.

To determine the size of this denser layer of platelets surrounding the probe, we propose
that its volume Vjqyer equates to the volume of material displaced by the probe Vp,ope. In this
denser layer, all the water is expelled and only the platelets remain, thus we multiply by the
volume fraction « of platelets in the material, which is on the order of 0.25-0.33.

‘/layer = Vina - @ (710)
By adding the volume fraction of the displaced material we increase the displaced volume by
‘/tot = Wayer + Vvind = (1 + Oé) : V%nd (711)

For the used cone-plane and sphere-plane geometries, again assuming the material surface to
be an infinite half plane, the amount of material displaced at an indentation § equates to

Vip(6) = gtan(a)Q-és (7.12)
Vip(0) = ”;52 (3R — 6) (7.13)

In the case of the cone, we assume conical angle to remain unchanged and can directly find
a new indentation depth which we can use to express S’(d)

Vipitor = gtan(a)2 B =(1+a) gtan(af .58 (7.14)
§ = YT+a-s (7.15)
S'(6) = mtan(a)d? =rtan(a) V1 +a- 62 (7.16)

For the spherical geometry the situation is more complicated, as both the indentation depth
and the radius of the probe will change due to the addition of layer. As for the conical case we
state

% SR — )= (1+0a)- %‘52 (3R — §) (7.17)

‘/sp,tot =

Both R’ and 4’ have to be expressed as a function of §. From geometrical arguments we can
state R — R = §’ — §. After replacing R’ in the equation above and some permutations, we find

2
=70 47 (R—8) = (1+0)- (77523 . %53) (7.18)

which has to be solved numerically (Fig. 7.5). With §’(§) known, R’ is calculated through
R —R=¢-46.

For both geometries the addition of this dense layer increases the surface of interaction
and thus decreases the measured pressure. In the experiment we measure F'(d) and compute
P(6) = F(0)/S'(9) for each probed indentation. It should be noted that due to the small volume
fraction of platelets in the clay microstructure, even for large indentations the contribution from
this effect to the total surface of interaction is small.
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Figure 7.5: Numerical solution to equation (7.18) for R = 30.04 um, the size of the probe used
during indentation with colloidal probe. Values are presented for indentations up to 10 pm.

Fitting procedure

Due to the inhomegeneous nature of the clay samples, force-distance measurements often pro-
duce data that is difficult to interpret. This is especially true for data from conical probes,
which are sensitive to local variation within the clay microstructure. Some care has to be taken
while applying the model to ensure the resulting values retain physical sense.

Some force-distance measurements included events where larger parts of sample material
was displaced. Should such events be included in the fit, the pressure exerted by the the
material will be underestimated due to the resulting drop in force versus indentation. All such
curves were excluded from further considerations, which creates a bias towards the more stable
segments of the material.

A second experimental difficulty is the large variation in the measured data. For the water
saturated clay samples this was faced by collecting a large amount of force-distance curves. A
grid of 32x32 measurements was collected, equating to a data set of 1024 force-distance curves
for each investigated probe type and approach speed. Instead of comparing the properties
of individual curves, the dispersion of a property within the dataset was used as a basis of
comparison.

In AFM measurements it can be difficult to precisely determine the point of contact between
probe and surface. This is partly because the probe-sample separation cannot be measured
independently of the lever deflection and partly due to phenomena such as the ’jump-to-contact’.
This makes it difficult to determine which data points in each curve should be included when
quantifying the interaction with the surface. Manual determination of this point is unfeasible
due to the large amount of force-curves required to obtain statistically significant data.

The point of contact was thus determined by finding the first point that exceeds a small force
value above the baseline, usually on the order of 0.5 nN. As the point of contact determined
this way will be slightly behind the real point of contact, this leads to an underestimation of the
interaction surface area and subsequent overestimation of the pressure at small indentations.
At larger indentations the contribution from this error decreases and more accurate values are
found.
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7.4 DMaterials

The clay samples were a naturally sensitive clay, extracted using a 50 mm diameter Swedish
STII piston sampler, from a depth of 6 to 9 meters at the test site of Utby in the region of
Gothenburg, Sweden. [199] The main clay mineral for clay from this site is illite, but it also
contains chlorite, quartz, feldspar and calcite. [200] Previous investigations of material from
this site found sensitivities of 25 to 35. [201].

7.4.1 Clay sample preparation

Disks of clay were created by cleaving a rod of extracted soil material using an steel wire. No
further preparation was performed. The clay samples meant for dry measurements were left to
dry naturally over multiple hours. The samples destined for measurements in a water saturated
state were stored in a layer of deionized water. Leaching with deionized water has been found
to leach ions from the clay material, which will severely weaken the clay structure. [189]

Some measurements were attempted on disks that had been cleaved the day before the
measurement and left to dry for a day before submerging them in water. AFM measurements
proved to be difficult on these samples as an oily residue released from the sample and deposited
on the AFM optical window. Disks cleaved on the day of the measurement did not have this
problem. It is unclear whether the residue was a result of the drying and rehydrating of the
sample, or a property of these specific clay disks.

7.5 Results on dry clay in air

7.5.1 AM-AFM

The dry clay surface was imaged using AM-AFM (Fig. 7.6), both before (Fig. 7.6a) and after
(Fig. 7.6b) force-distance measurements were performed. The dry sample material featured a
RMS roughness of 822.5 nm over a 50 by 50 pm area. The total difference between maximal
and minimal height of the investigated area was 6.2 pm, close to the limit of what the AFM can
resolve.

The dry clay surface showed clear deterioration after force-distance measurements were
performed. Holes with a radius of multiple microns were visible at the locations of measurement
(Fig. 7.6b, red circles). Horizontal streaks are visible in the post-force-measurement image as
well, indicating deterioration of the tip geometry. As the sample material is expected to be softer
than the probe, it is unlikely that the tip was damaged and is probably caused contamination
of the tip with sample material.

7.5.2 Force-distance measurements

To investigate the heterogeneity and stiffness of the clay material, force distance measurements
were performed on the clay samples on multiple sites using conical and colloidal probes. The
different probes allow us to investigate the material response both above and below the lateral
length-scale of the microstructure. The varied behavior of the force-distance measurements will
first be quantitatively described, after which the extracted pressure profiles will be presented.

Conical tips

Force-distance measurements were performed on 17 sites on the dry clay material. Care was
taken to maintain a minimal distance of 1 micron between each site to exclude the possibility
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Figure 7.6: AM-AFM height map taken on clay samples in air before (a) and after (b) force-
distance measurements. Before force-distance measurements, the sample had an 822.5 nm RMS
roughness over 50x50 microns. The site for the force-distance measurements is indicated in red.
The trough at this location has deepened as the material deteriorates under the force-distance
measurements.

of interfering measurements. Ten repeated curves were measured at each location.

The measurements revealed complex behavior of the clay material under compression (Fig.7.7).
Some curves showed clean hard contact between the probe and sample (Fig. 7.7a), reminiscent
of force-distance measurements performed on silicon wafers. Upon retraction the probe ad-
heres onto the sample until the pulling force exceeds the bond strength and snap-off occurs. A
slight shift in the distance axis is visible between approach and retract curves while in contact,
which is caused by relaxation in the z-piezo in open-loop operation and does not represent the
response of the material.

Many force curves did not show clean contact behavior, but revealed erratic behavior as
the probe indents the material. A roughly linear response may be measured at first, but after
applying sufficient force, the sample material is displaced and the measured force saturates or
drops (Fig. 7.7b). This is usually followed by a return to a roughly linear response as the probe
comes into contact with more stable material.

In some curves a more gradual response is measured upon first compression of the material,
which slowly rises into a stronger resistance to indentation (Fig. 7.7c¢). This is associated
with the displacement of weaker parts of the microstructure until a a more resistant region is
reached.

Repeated measurements on the same location clearly demonstrates the compacting of the
material (Fig. 7.7d). With each repeated curve, the point of first contact moves deeper into
the material as it is compacted by the probe. This effect is largest for the first few curves,
after which the compacting behavior diminishes. It becomes increasingly harder for already
compacted material to be further compacted.

Pressure profiles

The pressure as a function of indentation was determined using the model described in section
7.3.4 (Fig. 7.8). Due to underestimation of the interaction surface area the found pressure
diverges for small indentations, but reaches the MPa scale at maximum indentation.
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Figure 7.7: Force-distance measurements on dry clay samples in air using conical probes. (a)
"Clean’ force-distance measurement. The difference between approach and retract curves in
contact is due to open-loop operation of the z-piezo. (b, ¢) 'Messy’ force-distance measurements.
If the probe applies a sufficient force the sample material is displaced, indicated by decreased or
even negative slope in the force. (d) Repeated measurements on the same location, displaying
a compacting of the sample material. Subsequent curves show less material displacement, and
the point of contact moves further into the material.

Note that not all data reaches a stable value at the maximum indentation and some caution
should be taken with interpreting the obtained value. Likewise 10 repeated curves were taken
at the same location, thus the values obtained do not represent undisturbed material.

Each curve was attributed an average pressure value by taking the mean of the 10% of data
at the highest indentation (Fig. 7.9). The found values were distributed between 10 kPa and
1 GPa with a log-normal fitted mean of 501 MPa.
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Figure 7.8: Force curve and corresponding pressure profile as measured using a conical indenter
on a dry quick clay sample in air. The contact point is determined through a 0.5 nN setpoint.
At small indentations the pressure profile diverges due to underestimation of the interaction
surface area, but reaches a constant value at higher indentations.
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Figure 7.9: Distribution of the average pressure reached at 10% of maximum indentation using
conical indenters on dry quick clay samples in air. The distribution is fitted with a log-normal

distribution with a mean of 100 MPa and lower and upper standard deviations of 11.1MPa and
1 GPa respectively.

132



Colloidal probes

Additional indentation measurements were performed on the dry clay samples using colloidal
probes with a radius around 30 pm. These were performed at 15 different locations, repeating
10 measurements each time for a total of 150 curves. The radius of the interaction surface for
a colloidal probe can be estimated as a = V2R, with R the radius of the probe and § the
indentation depth, both in meters. For a 30 pm probe indenting 100 nm, this gives a length
a of approximately 2.5 pm. Care was taken to retain a minimal distance between measuring
sites of 3pm.

The resulting force-distance curves demonstrate more consistent behavior compared to those
measured for conical probes (Fig. 7.10). A long range attractive interaction was found both
while approaching and retracting from the sample (Fig. 7.10a). The attraction roughly in-
creased in strength with a D! scaling, which is equal to that of an electrostatic coupling
for a sphere-plane condensator. As such we expect this attractive interaction is the result of
electrostatic coupling between charges trapped on both surfaces.

For the majority of curves this was directly followed with hard contact with the surface
(Fig. 7.10b). On one site more complex behavior was found. At first contact between the probe
and the surface the attractive interaction disappears and a lower attractive force is measured,
followed by ringing of the lever (Fig. 7.10c, 7.10d). This is followed by second shorter ranged
attractive interaction with weaker strength, after which hard contact with the surface follows.

A possible explanation for this behavior is transfer of material from the surface to the
probe upon first contact, which partly equilibrates the charge difference between probe and
sample. While the transfer of mass and momentum from the surface to the tip could explaining
the presence of ringing, it is unclear why this behavior would be reproduced upon subsequent
approaches.

On some sites, repeated force-distance measurements display a decreasing attractive inter-
action strength per measured curve (Fig. 7.11a), possibly due to equalization of the charge
difference between probe and sample or adherence of sample material to the probe.

In contrast to the conical probe measurement, no compacting of the sample material is
visible when indenting the dry clay surface with colloidal probes (Fig. 7.11b). This is against
expectations, as while the interaction area is bigger than the microsctructure in the lateral
directions, this is not true in the normal direction. Compacting of the microstructure in the
normal direction should still be visible.

Pressure profile

The pressure per indentation was calculated as explained in section 7.3.4 (Fig. 7.12). As
no compacting of the microstructure was visible in the force-distance data, the pressure was
calculated without the addition of additional volume due to breaking of the microstructure.
The interaction surface was simply taken as S(6) = 270 R.

Some care should be taken when interpreting the found values. The maximally achieved
indentation is on the order of 40 nm, much lower than the micrometric roughness of the surface.
This makes it probable that only part of the probe touching the surface, and the interaction
area is defined by the geometry of the surface instead of the geometry of the probe. Due to
this, the interaction area S(J) may be significantly overestimated. As such the found pressure
does not saturate in any of the measurements, but does reach the order of kPa at maximal
indentation.

The average pressure over the 10% of data at the deepest indentation was averaged to
determined a single pressure value for each measurement (Fig. 7.13). The resulting values span
from 100 Pa to 10 kPa, with a log-normal mean of 2.41 kPa.
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Figure 7.10: Force-distance measurements on dry clay samples in air using colloidal probes. (a)
An attractive interaction that increases for decreasing separation, followed by contact with the
sample. (b) close-up of the contact area in (a). (c) Measurements displaying more complicated
behavior. (d) close-up of the contact area of (¢). The attractive interaction abruptly disappears
Close to the surface, followed by ring-down. A subsequent weaker attractive interaction is
visible, followed by contact with the surface.
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Figure 7.11: Repeated force-distance measurement performed on dry quick-clay in air at the
same location using colloidal AFM probes. (a) The long range attractive interaction dimin-
ishes in strength for subsequent measurements. (b) Response in contact remains consistent for
subsequent measurements. No compacting of the material or increase in resistance is visible.
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Figure 7.12: Force curve and corresponding pressure profile as measured using a colloidal
indenter on a dry quick clay sample in air. The contact point is determined by taking the last

local minimum. At small indentations the pressure profile diverges due to underestimation of
the interaction surface area.
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Figure 7.13: Distribution of fitted average pressures at maximum indentation as a function of
approach speed, for force-indentation curves as measured on dry clay surface using colloidal
indenters in air. The distribution is fitted with a log-normal distribution, finding an average
pressure of 2.41 kPa with lower and upper standard deviations of 0.79 and 7.37 kPa.
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7.6 Results for clay in deionized water

While the measurement on the dry sample surface make an interesting benchmark for compar-
ison, it is not the natural water saturated state of the material as it is found in the soil. For
this reason it was attempted to perform force-distance measurements and image the surface
topography of the clay samples submerged in water.

As the pore-water chemistry in the clay microstructure is sensitive to the ionic content, one
would ideally submerge the samples in water with ionic content identical to the water found in
the clay pores. Determining this content and recreating it in water is however beyond the scope
of this manuscript. In order to still submerge the samples in a well defined liquid, deionized
water was used.

Performing all the measurements in deionized water comes at the cost of leaching the natural
ionic content out of the clay samples. The removal of these ions reduces the screening of
electrostatic interactions, significantly weakening the clay material. The results presented in
the following section should thus be seen as a ”worst-case” scenario. If clay samples could be
submerged in such a way that their natural properties are preserved, the material would likely
demonstrate a stronger resistance to indentation.

7.6.1 Force volume mapping

Imaging the surface using AM-AFM proved to be difficult. In AM-AFM the amplitude setpoint,
usually expressed as a percentage of the free amplitude, determines the interaction strength
between sample and probe. If the setpoint is too high, there is not sufficient signal for the PID
controller to accurately track the surface. If it is set too low, high forces will be exerted on
both the sample and probe, leading to deteriorated sample surfaces and broken probes. For the
submerged quick clay surface it was not possible to find a suitable amplitude setpoint, which
we suspect this is due to the fragile nature of the material.

An alternative solution was found in Force Volume Mapping (Fig. 7.14). By measuring a
full force-volume curve up to a predefined force-setpoint for each pixel, an image of the surface
topography can be reconstructed.

The surface of the water saturated clay is similar to that of the dry clay, though the inves-
tigated area had a surface roughness of 1.543 pm RMS over a 50x36 pm area, which is higher
than that found for dry clay (0.822 pm RMS over 50x50 pm). The top 14 pm of the imaged
area was excluded to avoid imaging artifacts affecting the roughness statistics.

The surface did not feature any structural order and no hexagonal structure is visible. This
would be in agreement with claims of [172], but it should be noted that the spatial resolution of
the measurement is too low to make definite claims. Force volume mapping with higher spatial
resolution is possible, but was not attempted.
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11 um

Figure 7.14: FvM height map taken on a clay sample in distilled water using a 4 nN force
setpoint. The surface structure of the material is clearly visible. The RMS surface roughness of
of the bottom 75% of the map is 1.543 pm over a 50 x 37 pm area.
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7.6.2 Force-distance measurements

A large number of force-distance measurements were performed on the saturated clay mate-
rial. The measurements were performed at various approach speed in an attempt to probe
viscoelastic behavior of the material in the available speed range of 1 to 50 pm/s.

As with the dry samples, force-distance measurements were performed using both conical
and colloidal probes. Probe-sample interactions on the saturated quick clay partly displayed
the same behavior as found on the dry clay, though the material was found to be much more
compliant.

Conical probes

The force-distance measurements using conical probes displayed varied behaviour (Fig. 7.15).
In some cases a ’clean’ transition to stiff contact with the surface was found (Fig. 7.15a),
quantitatively comparable to the curves measured on the dry clay surface. In other this was
preceded by a region of more compliant material (Fig. 7.15b), while in some cases no stiff
contact was reached after a micron of indentation (7.15¢). This demonstrates that the material
is heterogeneous with spatially varying material properties.

Displacement of sample material was visible for many of the curves (Fig. 7.15d), indicated
by the measured force suddenly dropping to a lower value after exerting a certain loading force
on the probe. Repeated force-distance measurements on the same location clearly demonstrated
compacting of the clay surface (Fig. 7.16), as was the case for the dry clay. The point of contact
moved progressively further in the z-direction with each measurement, while the frequency
of material displacement decreased for subsequent approaches. As the weaker bonds in the
material are broken and more malleable material is displaced, a local structure more resilient
to further probing remains.

To determine a distribution of the pressures exerted by the material on the probe, maps of
32 by 32 indentation measurements were performed at 1, 5, 10 and 50 pm/s. Each measurement
was performed on a new location sufficiently far removed from previous measurements to make
sure the newly probed material was undisturbed. For the conical probes an interdistance of 1
pm was chosen.

Pressure profile

The pressure as a function of indentation was determined using the method described in section
7.3.4 (Fig. 7.17). As the force curves displayed clear compaction of the clay material, the used
model included the added volume due to compacted material as previously described in this
chapter. The contact point was determined by finding the first data point that exceeded a force
threshold of 0.5 nN. As for the measurements in air, the pressure diverts for small indentations
due to underestimation of the contact area. For the majority of curves the found pressure
saturated at large indentations.

To estimated the variance in the found material response, the 10% of data at the largest in-
dentation for each pressure curve was averaged to attribute a single value to each measurement.
The resulting values were roughly log-normally distributed (Fig. 7.18).

No clear correlation of the found pressure with approach speed was found (Table 7.1),
indicating there is no viscoelasticity of the material at the speeds presently explored. This
substantiates the assumption that the work due to drainage of water from the microstructure
is small compared to the work required to break down the microstructure.
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Figure 7.15: Force-distance measurements performed on the water saturated clay surface using
conical indenters. (a) Sharp transition into high resistance. (b) High resistance preceded by
softer material. (¢) Indentation of 1 pm into soft material. (d) Material being displaced upon
entry into the clay.
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Figure 7.16: Repeated force distance measurements for conical indenters on water saturated
clay samples. Repeated indentations were found to compact the clay material, both on (a)
more and (b) less compliant areas of the clay surface.
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Figure 7.18: Distribution of fitted average pressures at maximum indentation as a function of
approach speed, for force-indentation curves as measured on the water saturated clay surface

using conical indenters. Each distribution

was was fitted with a log-normal distribution, finding

the average values and upper and lower standard deviations indicated in table 7.1.
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Vapp (nm/s) ‘ (P) (kPa) ‘ Tlower (kPa) ‘ Tupper (KPa)

1 23.3 8.38 65
5) 29 11.3 74
10 22.8 8.29 62.6
50 29 10.3 81.9

Table 7.1: Parameters resulting from fitting a log-normal distribution to the found average pres-
sures for conical probes on water saturated clay per approach speed. No significant correlation
between average pressure and the explored approach speeds was found.
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Colloidal probes

Lastly the saturated clay samples were investigated through microindentation measurements
using colloidal probes (Fig. 7.19). The resulting curves yet again revealed varying responses: A
direct high resistance to compression (Fig. 7.19a), a slowly rising compliant response followed
by higher resistance (Fig. 7.19b), or a compliance persisting up to the chosen force setpoint
(Fig. 7.19¢).

Displacement of material occurred in a minority of measured curves, indicated by the mea-
sured force suddenly dropping to lower value before increasing again. As the probe is bigger
than the microstructure in the lateral direction any local displacement of material will be av-
eraged out over the probe surface. This does not hold in the direction normal to the surface,
where the probe is still sensitive to collapse of the sample material.
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Figure 7.19: Force-distance curves as measured on a water saturated clay surface using colloidal
probes. (a) & (b) Layer of compliant material followed by a stiffer response. (¢) Continuously
rising compliance under compression. (d) Displacement of material upon compression.

Repeated force-distance measurements on the same location revealed compacting off the
material, demonstrated by the point of contact moving deeper into the surface for repeated in-
dentations (Fig. 7.20a). The resistance of the material to compression increased for subsequent
measurements (Fig. 7.20b).

To determine the variance in the pressure exerted by the water saturated clay sample upon
compression, indentation measurements were performed over a map of 32 by 32 point, separated
by at least 5 microns to prevent interference between measurements. Each measurement was
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Figure 7.20: (a) Repeated measurements using colloidal probes on the water saturated clay
surface show compression of the sample material indicated by the point of contact moving
deeper into the sample material. (b) The same data as in (a) with the point of contact taken
as 0 for each curve. The sample resistance of the sample material to compression increases for

repeated measurements.

performed on a new location not previously disturbed by measurements. Only a single force-
distance curve was gathered on each site, so only the response of uncompacted sample material

was included.

The resulting average pressures were roughly log-normally distributed (Fig. 7.22). No clear
correlation between approach speed and pressure found (Table 7.2), revealing no indication of

viscoelastic behavior at the speeds explored.

Vapp (1m/s) ‘ (P) (Pa) ‘ Tlower (Pa) ‘ Oupper (Pa)

1 40.7
) 33.8
10 36.8
20 32.1
50 27

18.9
16.3
20.5
16.6
15.2

87.7
69.8
66.2
62.1
47.8

Table 7.2: Parameters resulting from fitting a log-normal distribution to the found average pres-
sures for colloidal probes on water saturated clay per approach speed. No significant correlation
between average pressure and the approach speeds investigated was found.
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Figure 7.21: Force curve and corresponding pressure profile as measured using a colloidal
indenter on a water saturated quick clay sample. The contact point is determined through a
0.5 nN setpoint. At small indentations the pressure profile diverges due to underestimation of
the interaction surface area, but reaches a slowly rising value for larger indentations.
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Figure 7.22: Distribution of fitted average pressures at maximum indentation as a function of
approach speed, for force-indentation curves as measured on the water saturated clay surface
using colloidal indenters. Each distribution was was fitted with a log-normal distribution,
finding the average values and upper and lower standard deviations indicated in table 7.3.
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7.7 Discussion

When comparing the measurements performed on the clay material in its dry and water sat-
urated state the dry clay material resists compression three to five orders of magnitude more
strongly than the water saturated clay (Table 7.3). This is not unexpected as we believe the
microstructure of the water saturated material is held together by ionic bonds in between the
clay platelets, while the response of the dry material is likely the result of solid-solid friction in
between the particles. It is clear that the dry and water saturated clay system have different
properties and measurements of the dry clay properties can not be used to predict the behavior
the clay in a water saturated state.

(P) Dry Water Sat.
Conical | 0.1 GPa 10 kPa
Colloidal 1 kPa 10 Pa

Ratio [ 10° |  10° |

Table 7.3: Order of magnitude with which the clay material resists indentation for each of the
scenarios explored in this manuscript.

The response of the clay material equally depends on the lengthscale at which it is probed.
Sharp conical probes are sensitive to the local material properties of the clay microstructure,
which are determined by the strength at with which individual platelets are bound within the
microstructure. Colloidal probes that have an area of interaction larger than the microstructure
will find less resistance of the material as the response is averaged out over the interaction
surface (Fig. 7.23).
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Figure 7.23: Comparison of typical pressure profiles found for conical and colloidal indenters
on water saturated clay samples.

On the dry clay material this difference seems to be even more pronounced, but here the
level of indentation of the surface is limited and the model of a colloid indenting a half plane
likely breaks down. It is more likely that the colloid makes contact with a limited number of
asperities, leading to overestimation of the interaction area, making the material appear to be
more compliant.

Samples of similar natural clay material were found to have a strength on the 10 to 100 kPa
in macroscopic experiments using oedometers. It should be noted that due to the storage in
deionized water, our investigated samples are likely weaker relative to the natural state. [189]
While the experiments using conical indenters replicate the values found for the natural clay
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Figure 7.24: Found average pressure near maximum indentation for indentation measurements
on the water saturated clay surface as a function of approach speed for both conical and colloidal
indenters

material, the found values when using colloidal indenters are likely to more closely resemble
the values found if macroscopic experiments had been performed on the sample material.

7.7.1 Bond density

As proposed in section 7.3.4 the pressure exerted by the water saturated clay material upon
indentation can be related to an estimation of the bond energy density of the material. This
interpretation is most applicable to the case of colloidal probes as the large interaction area
leads to an averaging over the clay microstructure.

As the energy required to break a bond must be between 1 eV (covalent bond) and 0.025
eV (kyT), we can make a rough estimate the bond density by taking ¢, = 0.1eV. For a pressure
of 10 Pa this estimates the bond density at 624 pm~3, roughly taken a bond per 100 cubic
nanometers. These bonds would only be present at platelet-platelet interfaces. Considering the
structure as visible in the SEM images of figure 7.2 and the knowledge that about % of the clay
volume is water, this is not an unreasonable value. While the actual average bond energy might
be an order of magnitude lower or higher, due to the cubic scaling the found bond density will
not change significantly.

7.7.2 Viscoelasticity

As the clay material consists of a network of silica platelets filled with water, it is expected that
at sufficiently short timescale the drainage speed of the water in the network will contribute to
the resistance of the material to compression. No correlation between material response and
approach speed was found for approach speeds between 1 to 50 pm (Fig. 7.24), for both conical
and colloidal indenters. This is in agreement with a structure that is more than % water by
volume.

To further investigate possible viscoelastic properties of the material, it would be interesting
to make use of dynamic measuring methods that utilize the harmonic oscillator properties of the
AFM cantilever. Using such techniques, one can vary the excitation frequency w and amplitude
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A of the probe oscillation, creating an effective approach velocity of v = %. This would

2m
significantly enlarge the range of drainage speeds that can be explored.

7.7.3 Topographic imaging of the clay microstructure

As demonstrated, Force Volume Mapping is an effective technique to visualize the clay mi-
crostructure in a liquid environment. Albeit being a slow technique, it is conceptually straight-
forward, works well on soft materials and is compatible with the high surface roughness of the
clay. Some care has to be taken when interpreting the result, as for each pixel one measures
the height at which a certain force setpoint is reached to construct a topographic image of the
surface, which does not deconvolute material indentation from the measured height. When a
high force setpoint is chosen, the surface of softer material will have a lower apparent height.

An additional benefit of FVM is that the force-distance data of each pixel also contains the
force-indentation data. Although not performed in the presented work, correlations between
position and material response can be made. This allows material properties to be ascribed to
specific parts of the microstructure, which can be usefull considering the heterogenous nature
of extracted natural clay samples.

As AFM is compatible with water, the natural microstructure of clay can be investigated
without the requirement of vitrifying the water through plunge-freezing or HPF. As such AFM
can contribute in determining the validity of the various models for the natural microstruc-
ture of water saturated clay in existence, though this would require the control of additional
experimental parameters.

7.8 Conclusions and Outlook

We have demonstrated that AFM can be used as a tool to probe the properties of water saturated
clay materials, both at lengthscales below and above the typical size of the clay microstructure.
Room temperature imaging of the clay topography at the microscale has been demonstrated,
both in a dry and liquid environment.

The clay surface was found to have a surface roughness on the order of microns, both in
the dry and water saturated state. Dry clay material resisted compression in the kPa to GPa
range, much stronger than the water saturated clay, which only resisted in the Pa to kPa range.

For both dry and water saturated clay, resistance of the material to indentation was found
to be higher below the lengthscale of the microstructure, as probed with conical indenters, than
above this lengthscale, as probed with colloidal indenters.

To expand upon the current work, further control of the experimental parameters is required.
The first is homogeneity of the clay material, as the natural clay samples include an uncontrolled
fraction of non-clay particles such as silt. Using recently developed techniques it is possible to
remove such fractions from the clay material and reconstitute the remainder into a new sensitive
material through flocculated sedimentation and leaching in geotechnical centrifuge. [191]

The method used in this work to cleave the clay from the bulk, slicing with a thin steel wire,
could possibly alter the state of the surface from its bulk form prior to measuring, especially
considering the softness of the material. It should be confirmed that no such alterations take
place when using the current method or a better cleaving method needs to be employed.

Another important parameter to control, the solute content of the water in which the
clay material is submerged. Ideally this would have the exact same composition as the water
naturally present inside the bulk clay, which is certainly different from the deionized water
used in the current study. Assuming the solute content of the water does not significantly vary
throughout a single sample, it should be possible to determine which concentrations of solutes
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are present. Water with equal contents can then be recreated to submerge the clay material
for AFM measurements.

These improvements are straightforward to implement and not new to the field. As such
we are confident the currently presented work will form a foundation for further investigations
into the clay microstructure and other complex material.
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