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1 Introduction

Since the recognition of the limit of conventional optical microscopy by Ernst Abbe in the year
1873 [1], new ways have been developed to provide deeper insights into the microscopic world.
This is becoming increasingly important due to the ongoing miniaturization in technology or
material science. The advance of nanotechnology has produced manifold approaches to obtain

images in the nanometer regime.

The invention of scanning electron microscopy (SEM) enables us to surpass the diffraction limit
of light by scanning the sample with electrons. However, SEM requires vacuum conditions,
which inherently inhibit in situ measurements of samples containing liquids, for example biolog-
ical systems. Additionally, samples often have to be coated with a conducting material to prevent
charges, which often leads to a reduction in imaging resolution and to artifacts. While SEM
produces impressive high resolution images, it lacks quantitative topographic information. Scan-
ning probe microscopy (SPM) was invented by Binnig and Rohrer [2] in 1982 and provided a
tool for the evaluation of topography, thus contributing greatly to many surface processes. Here,
a tunneling current between a sharp conductive tip and a sample is measured and used as a feed-
back for the measurement of the topography. Scanning tunneling microscopy (STM) was the first
technique that provided true topographical information in the nanoscale range and the ability to
manipulate matter down to the resolution of single atoms [3]. Since the current between the tip
and the sample depends on the conductance of the sample surface, it typically has to be metallic

or at least semi-conducting.

To enable measurements on non-conductive samples, Binnig, Quate and Gerber invented the
atomic force microscope (AFM) [4] in 1986. Here, the probe consists of a cantilever beam with
a sharp tip on the bottom of the free end. The tip points towards the sample and is brought into
direct contact with it. When the topography changes during the scan, the cantilever deflects. This
deflection is measured with a laser that is focused on the back of the cantilever and detected with
a split photodiode which delivers a linear signal for the deflection of the cantilever. Despite this
contact mode, there are other advanced modes of operation like the intermittent contact mode,
where the cantilever is actuated at its freeair resonance frequency, whose amplitude is damped
when the tip oscillates near the sample surface. This reduced amplitude can be used as a feedback
signal to survey the topography of a sample. AFM is still one of the most important techniques

in nanoscience and exists in many variations.

Despite its many advantages, a major disadvantage of AFM is its size. Whereas typical scan

ranges are smaller than 100 um, the AFM head, consisting of the cantilever holder and the op-
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tical readout for the cantilever, is in the decimeter range, which is orders of magnitudes bigger.
This inherently inhibits in situ measurements on the surface of large objects or even endoscopic
measurements. The probes used for AFM are typically etched from silicon or silicon nitride.
This technology provides a limited degree of freedom in design and is associated with variations
typically more than 30 % of critical properties of the final device, such as its bending resonance
frequency [5, 6]. The alignment and calibration procedure for each newly mounted cantilever
requires an experienced operator. To simplify the setup, different self-sensing techniques have
been introduced comprising piezoelectric, piezoresistive, tunnel magnetoresisitve or capacitive
readouts of the cantilever bending. Despite the additional and expensive fabrication steps, they

have limited sensitivity [7-9].

Another approach is the use of an interferometric readout principle in which light is partially
reflected by a reference mirror and the cantilever itself and then collected by an optical fiber
to return a distance dependent light intensity [10-12]. A modern approach, using focused ion
beam milling leads to a cantilever carved out of the glass at the end of an optical fiber. With this
approach, the laser alignment process becomes unnecessary [13, 14] but the production of such

highly integrated, tipless cantilevers is extremely time-consuming.

A possible route to effective AFM probe fabrication may be found in 3D printing, which was
introduced to produce three dimensional objects in a layer-by-layer manner [15]. Two-photon
polymerization (TPP) lithography provides a viable solution to printing microscopic objects in
the nanometer range [16, 17]. This 3D fabrication method is mainly used to make small objects
which interact with light to yield products such as photonic wire bonds [18], photonic metama-

terials [19] or photonic surfaces [20].

In this work, two-photon polymerization 3D lithography is used to create a cantilever equipped
with a tip on top of a fiber array. The optical properties of the resist and the possibility to shape
freeform optical grade surfaces are used for guiding, absorbing and reflecting optical beams
within the device. The fibers are arranged in a row and the first fiber is used to photothermally
actuate the micro cantilever at its resonance frequency. The second fiber is used as an interfer-
ometer on which the cavity is formed between the fiber facet and a freeform mirror e.g. on the
backside of the cantilever. With the third fiber, light can be collected from an aperture at the very
end of the tip. A fourth fiber is equipped with a freeform mirror, which focuses sideways on the
tip. This can be used for either detecting light from or shining light on the tip. This near-field op-
tical information integrates the concept of scanning near-field optical microscopy (SNOM) [21]

into the new self-sensing micro-optomechanical system.

The cantilever actuation for tapping mode is accomplished by optothermal heating, which allows
the system to operate in changing environments or conductive liquids. The actuation process is
investigated by congruent simulations of heat transfer and wave optic properties. To ensure that
the polymer meets the required mechanical criteria to operate as a tip, long-term wear measure-
ments are performed and the shape of the tip is determined by deconvolution. In addition, 3D

printing technology is used to modify commercial silicon cantilevers. By adding a calculated and



simulated framework structure of resist on the back of the cantilevers, the eigenmodes and the
quality factor of the resonance spectrum are modified to improve the dynamic properties in order
to obtain high sensitivity for small tip-sample forces. To sum up, with 3D printing it is possible
to improve existing approaches in AFM or design new superior ones, which can combine the

advantages of AFM with the possibility of SNOM to measure the optical near-field.
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2.1 Atomic Force Microscopy

Feedback
electronics

Figure 2.1: Basic principle of an AFM. The sample is scanned in the xy-direction, while a feedback loop keeps the
deflection of the cantilever constant. Adopted from [22].

Nanotechnology is omnipresent in smartphones, TVs and cars. They all possess computerchips
with transistors in the nanometer scale [23]. To be able to develop technology of this size, one
has to know what happens during the fabrication processes. For this, an image of the topography
of the surface is needed, but the nanoworld is not accessible via classical microscopy due to the
Abbe limit. To overcome this problem, scanning probe microscopy was developed. In particular,
atomic force microscopy can be used to inspect sample quality or investigate intramolecular

forces [24] or samples down to the atomic range [25].

The atomic force microscope (AFM) consists of a cantilever equipped with a tip and is able to
measure forces in the sub-piconewton range [26]. To measure these forces, the cantilever, which
acts as a small leaf spring, is brought into contact with the surface and a small force is applied
to preload the cantilever (see figure 2.1). Then the sample is scanned in the x- and y-directions
and the change of topography leads to bending of the cantilever. When the deflection of the
cantilever is held constant with a z-feedback loop, the feedback signal matches the topography.
This basic principle has been developed further over the last decades for modern micro- and

nanotechnology.
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Figure 2.2: Variations of readout methods. Adopted from [22].

2.1.1 Readout Method

Optical deflection readout

Different approaches can be found in the literature to measure optical deflection, . These are
depicted in figure 2.2. Whilst most commercially available AFMs use the beam deflection read-
out, there is no solution which fits all needs. The optical deflection read-out is a method with
high sensitivity, but it lacks compactness due to the macroscopic elements. This leads to slow
z-feedback due to the large mass, because either the whole sample has to be moved in the z-
direction or the complete readout system including laser and photodiode. Additionally, the bulky
AFM head, which consists of the readout and alignment mechanism, prevents easy access to the
sample. This is the main reason for the lack of AFMs which include advanced optic methods
like fluorescence microscopy. Some approaches combine both methods, but only allow the in-
spection of transparent samples from the bottom while the AFM operates from the top. Before
taking a measurement, the laser has to be aligned to be focused on the cantilever and afterwards
the split photodiode has to be aligned so that the reflected laser hits the center. This step has to
be performed whenever the environment changes, due to the change of the refractive index.

Interferometric readout

The interferometric readout is the second method that uses a laser. The sensitivity is the same as
for the beam deflection readout [27], but it is only possible to measure the deflection of the can-
tilever in one direction so that the lateral deflection cannot be distinguished from the deflection
along the cantilever. Here, a laser beam is reflected by the cantilever and interferes with a refer-
ence beam, as in a Michelson interferometer. Different setups have been proposed. Schoneberger
and Alvarado [12] reported the first interferometric readout. Rasool et al. [10] proposed a read-
out by using an all-fiber Fabry-Pérot interferometer, so no optical lens system is needed. It is
a simple setup, but the alignment is hard to perform, since the fiber has to be positioned with
micrometer precision. Therefore, a piezo ring actuator is utilized. Since the same fiber is used
for coupling the light in and out, the input has to be split to allow the connection of the laser and
the photodiode. This can be done by a classical 3 dB 2x2 coupler, which has to be passed two
times and thus leads to a loss of a factor of four, or it is possible to use an optical circulator. The

circulator is a three port device and is designed so that light which enters one port, exits from the
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Figure 2.3: Interferometric distance readout concept of a cantilever with fiber optics. a) The experimental setup pro-
posed by Rasool et al. [10]. b) Light transmission and reflection of this setup. The light is partly reflected
on the fiber facet and on the cantilever and interferes depending on the distance d between the fiber facet
and cantilever. Adopted from [22].

next. Thus, when coupling the laser into port 1, the light is guided into port 2, were the readout
fiber is connected. The reflected light, which couples into port 2 is then guided to port 3, where
the photodiode is connected to convert the light into a photo current, which is then converted, by
a transimpedance amplifier, into a voltage which can be fed into the AFM controller. To prevent
laser light from being partly reflected back into port 3, which would be guided to port 1 with the

laser connected, a Faraday insulator is used.

Since the interferometric distance readout is mainly used in this work, it will be discussed in
more detail. The optical cavity depicted in figure 2.3 is formed by the facet of the single mode
fiber (SMF) and the cantilever. The cantilever acts as one side of the mirror, whereas the facet
acts as the other side. Light is partly reflected on the fiber-air interface and can be used as a
reference beam. At the cantilever, a part of the transmitted light is reflected back and couples
with a coupling efficiency F¢ back into the fiber core. Assuming similar reflective indices for the
fiber end Rsyr and the cantilever Rc,y,;, @ monochromatic laser and high order reflections, it is
possible to describe the reflection at the cavity with the well-known Fabry-Pérot-Etalon formula

[28] in which the intensity at the photodiode is given by

4Rsin? & .
(r) — 2 (i)
= (I—R)2+4Rsin2§ll (@1
2
with the phase shift
4r
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—— Experimental Results
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Figure 2.4: a) A simulation of the reflected power for a wavelength of 1311 nm and different reflectivities. b) Mea-
surements of different cavities with fixed length and a tune of the wavelength. The cavities are produced
with 3D printing. Adopted from [22].

and the incident intensity / (), the reflectivity R = 1 — T = Rcan = Rsyr, the refractive index n
of the medium in the cavity and the vacuum wavelength of the laser Ay. Maxima of the intensity
are shown by
0 2nd
=—=— N. 23

m o 7o me (2.3)
The calculation of the mode field overlap of the light reflected at the cantilever and the mode field
of the SMF can be simplified by the Gaussian approximation [29]. For a perfectly aligned fiber
and a cantilever parallel to the fiber facet, only the distance d causes the mismatch and thus the
optical signal can be used as a method for measuring the distance. The coupling efficiency F¢ of

the light which is transmitted at the fiber facet and couples back into the SMF can be calculated
by the Gaussian field approximation [10, 28]

a\' a\] "
l+( 55 =1+ — 2.4
+(2ks2>] +<Zr>] (2.4)
with the wavenumber in free space k, the mode field radius w, the spot size of incident beam
s = v/2w and the Rayleigh length

T=F=

a:%%. (2.5)

This leads to an effective reflective index of the mirror of

Torr = Fc - Reant- (2.6)

Thus, using equations 2.1 - 2.3 it is possible to match R, ¢y of the cantilever to the air-SMF inter-

face when changing the distance d or the wavelength Ay. The equations do not match perfectly,
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since they consider high order reflections, which is not the case in this setup, due to the low
refractive indices of the fiber and cantilever surface, and the equations do not take the coupling
losses into account. In figure 2.4 a simulation of the reflected power of a distance sweep for
a fixed wavelength of the laser Ap = 1311 nm and different reflectivities is depicted, as well as
measured wavelength tunes for different cavity lengths. The cavities were written via direct laser
writing on an SMF to demonstrate the influence of the distance d. To measure the distance be-
tween the cantilever and the fiber facet, the wavelength A is kept constant. When, during the
measurement, the cantilever bends and thus changes the length of the cavity, a change of the
intensity on the photodiode is induced. This leads to a change of the photo current and thus to
a change of the voltage produced, which is used as a feedback signal. Since the intensity for
different distances has the shape of a sine wave for low reflectance, the sensitivity depends on
the wavelength and distance. For this reason, a laser that has an external cavity and is tunable
between 1520 nm to 1620 nm is used to select the wavelength with the highest sensitivity. For
classical setups the alignment procedure is similar in complexity to the one with the deflection
readout but can be more complicated due to the small distance between the fiber and the can-
tilever [30]. New approaches produce the cantilever directly on top of the SMF, which makes
alignment unnecessary. However, the fabrication relies on a complex process of laser processing,

carving and focused ion beam milling [13, 14, 31].

Self Sensing Approaches

In addition to readout methods using a laser, other approaches have been developed, such as
using a quartz tuning fork [32, 33], piezoresistive cantilevers [8, 34], piezoelectric sensors [35]
or capacitive sensors [36]. However, practically all htese methods suffer from cantilever mass
production issues [37]. Due to the increasing demand for highly efficient and low-cost magnetic
hard disks for data storage, magnetic tunneling junctions can be used in state of the art read-heads
in hard drives [38, 39]. Including the miniaturization opportunities [40], this effect can be used
for self-sensing cantilevers when they are adapted for high strain sensitivity [41]. These sensors

are used in this work, which is why they are further discussed.

The anisotropic magnetoresistive effect was discovered in 1856 [42] and led to the discovery of
the giant magnetoresistive effect (GMR) in 1986 [43] (Nobel prize in Physics 2007 to Albert Fert
and Peter Griinberg), the development of aluminum oxide tunnel junctions [44, 45] and magne-

sium oxide tunneling junctions [46, 47], which together led to an increase in strain sensitivity.

The sensors consist of up to ten layers, but can be schematically explained with only three layers;
a ferromagnetically pinned reference layer, a thin dielectric insulaton layer and a third ferromag-

netic layer. The insulaion barrier is thinner than a few nanometers, which enables electrons to
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tunnel through, which is why it is called a tunnel barrier. The full quantum mechanical current

can be calculated by Simmons’ expression from 1963 [48]

IU) = 9(1) <<c1>— 12/) exp (—1.025@%) - <c1>+ g) exp <—1.025\/qjlzjzb>>

2.7)
with the current / as a function of the barrier height &, the applied bias voltage U and the barrier

thickness t,,.

The electric current in the electrodes is split into two partial currents since they are conducted
in two sub-bands, one with spin-up N1 and one with spin-down NJ. The electron spin must
be conserved during tunneling, which only allows tunneling between two sub-bands with the
same spin polarization. When both electrodes are in parallel magnetization, which means a
magnetization in the same direction, the sub-bands of both electrodes are equal. However, when
the magnetization is different, a mismatch between the sub-bands is introduced, which leads to
a decrease in current. In figure 2.5 the concept is explained schematically. This means that the
conductance G between both layers can be expressed by the angle o between the magnetization

of the electrodes by
1 1

where G, and G, are the conductance in parallel and antiparallel state. This effect is used
for high sensitivity magnetic field sensors, which are often used in read-heads of hard drives
[49]. When using magnetostrictive materials in the electrodes with one electrode magnetically
pinned, the TMR-junction can be used as a strain sensor, since the magnetization of the unpinned

electrode rotates when strained [50], due to the inverse magnetostrictive effect [51].

2.1.2 Tip-Sample Forces

The tip is sensitive to various forces from the sample and the surrounding medium. These might
be attractive or repulsive, depending on the distance, material or charge of the sample and tip.
There are large differences between measurements in water and vacuum due to damping prop-
erties and capillary effects. The forces cannot be separated since they add up vectorially. It is
important to know which force is dominant during the measurement to prevent a hopping be-

tween the regimes. The most important ones are listed below.

Van der Waals Force

Different kinds of interacting forces between molecules are important and depend on the charac-
ter of the polarization of the molecules themselves. The London dispersion force can be described
as Van der Waals force in a narrower sense [53]. This force describes the spontaneous formation

of electric dipoles even in non-polarized materials. These dipoles interact with other charges in

10
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Figure 2.5: Principle of tunnel magnetoresistance sensors. Two ferromagnetic (FM) layers are divided by a thin in-
sulator. When changing the magnetization of the layers, the densitiy of states (DOS) is shifted, which
leads to the formation of different sub-bands. Since the electrons conserve their spin when tunneling from
one layer to the other, the conductance is proportional to the product of the Fermi level of spin polarized
sub-bands of the electrodes. This leads to a change of the conductance, when changing the magnetization
of one layer. a) The schematic of a parallel configuration with high conductance, and b) an antiparallel
configuration with low conductance. Adopted from [52].

a molecule and induce polarity [54, p. 145ff], which leads to an attractive force with a potential

in the form

C
Uypw = — \;16)w (2.9)

with the interaction constant Cypw of the Van der Waals force and the distance r between the
dipoles. This dispersion force is always present in contrast to induction or orientation forces,
which makes it one of the most important forces in AFM. It typically dominates the distance
range between sample and tip of 0.2nm to 10nm [53, p. 107]. Due to this large range one has
not only to consider the molecule or atom at the top of the tip when calculating the force, but to
take the tip itself into account. Typically, this is done by assuming the tip as a half-sphere with

radius R. The interaction energy for a large sample can then be approximated by

HR

Z
which leads to the force HR
F =—— 2.11
VDW 622 (2.11)

with the Hamaker constant H [55] with values around 1-107'°J [56] and the tip-sample dis-
tance z. The negative sign indicates that the force is attractive. As the forces are proportional to
772 they are considered as long range forces. For distances below 10 nm they are in the range of
0.1 nN [57].

11
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Figure 2.6: Plot of the Lennard-Jones potential in red, the calculated force in blue and the force gradient in green. At
r = Ry, the potential is set to be zero and at the equilibrium state, where no force is acting, the potential is
Up. Adopted from [22].

Pauli Repulsion

The force that keeps atoms from penetrating each other was postulated by Wolfang Pauli in 1925.
The Pauli exclusion principle inhibits a significant overlap of the quantum mechanical state of the
charge clouds of two electrons [58, 59]. George Uhlenbeck and Samuel Goudsmit were inspired
by this work and introduced the spin of electrons [60] which increased the quantum numbers
from three to four [61]. This force is responsible for the repulsion of the tip from the sample. It

is purely quantum mechanical and the potential can be approximated by »~'2 [56, p. 147].

12
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Lennard-Jones Potential

Adding the Van der Waals and the Pauli potentials results in the Lennard-Jones potential, which
describes the potential of neutral atoms. It can be written as

12 6
R R,
(") — () ] (2.12)
r r
were U is the potential well depth, r the distance between the atoms and the equilibrium distance
R,.

ULJ(I”) = 4U0

Figure 2.6 shows the course of the potential as well as the force and the force gradient. This
potential is calculated for single atoms, but in AFM the sample as well as the tip are not single

atoms but ensembles of atoms, which causes additional effects such as elastic deformation.

Electrostatic Force

The Lennard-Jones potential describes the force between atoms for small separations. For larger
separations, other forces such as electrostatic force, become dominant [57]. For a difference in

potential AV, the electrostatic energy is given by

U, = —%C(z)(AV)Z (2.13)

with the capacitance C between sample and probe. This leads to the force in the form of
1dC

_ Y 2
Fu=—5 (AV)2. (2.14)

For a potential of 1V, a tip radius of 50 nm and a distance z =1 nm between sample and tip, a
force of approximately 1 nN can be calculated. This is smaller than the Van der Waals force [56,
p. 149]. For distances larger than 10 nm, electrostatic forces become stronger than the Van der

Waals force.

Capillary Force

In addition to the inherent forces between the atoms and molecules, other effects can disturb
AFM images. One of them is capillary forces. Due to the humidity at room temperature and
pressure, a thin water layer or droplets are always present on top of the sample. The thickness
and size of the droplets depends on the humidity as well as on the sample. In particular, water
is always present on titanium and graphite samples [63]. When the tip touches the water layer, a

meniscus develops which attracts the tip. It can be calculated by

_ 47mRE;cos 6

F, = 2.15
1+z/d @.15)
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a)

Sample

Figure 2.7: a) Schematic of a water meniscus formed between the sample and the tip. Adopted from [22]. b) An
environmental scanning electron microscope image shows such a meniscus. Adopted from [62].

with the radius R of the probing tip, the surface energy E; of the liquid film (72 mJ for water) the
distance z between tip and sample and the height d of the meniscus. This can lead to forces in
the region of 0.1 nN [64] and can cause different artifacts when scanning a sample in non-contact
mode. In this case, the tip can penetrate the water layer for high amplitudes or scan along the
water layer for small amplitudes or low applied forces. To overcome this problem, it is possible
to measure in low vacuum (vapor pressure of water at room temperature is 32 mbar [65, p. 6-10])

or change the environment from air to water and fully immerse the sample.

2.1.3 Modes of Operation

Over the decades, different modes of operation have been developed. Besides the topography,
practically all physical properties such as Young’s modulus [66], thermal conductivity [67], piezo
activity [68] or surface potential [69] can be measured. Depending on the property of interest,
certain modes should be chosen. In this work different modes, which are presented below, are

used.

Contact Mode

There are two possible modes for contact mode. Both use the repulsive force when the cantilever
is brought into contact with the sample to measure topography as well as friction. It is possible
to leave the sample at the original z-height and just use the change of the deflection of the can-
tilever to acquire the topography of the sample. For this the relation ., between the cantilever
deflection and the measured photo current has to be calibrated by a force distance curve (see
section 2.1.4). This mode is only possible when the area scanned is small and has a low profile

topography. Additionally, the force F, which equals

F.=k Az (2.16)
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Figure 2.8: Potentials for contact and non-contact (tapping) mode. To have a stable measurement, the tip is pressed
against the sample until the repulsive force becomes dominant. In tapping mode, the cantilever is driven
at its free-air resonance frequency. When the tip approaches the sample, long range forces disturb this
potential which leads to a shift in resonance frequency and phase. Adopted from [52].

also known as Hooke’s law, where k; is the spring constant of the cantilever and Az the deflection,
changes with the topography, which can lead to artifacts.

The second contact mode features a feedback in z-direction. When the sample is scanned, a
feedback loop controls the sample’s height to keep the deflection of the cantilever constant. This
way it is not necessary to know the calibration factor J., of the readout system but rather the
traveled distance Az has to be known. For small actuations the piezo is linear enough to have a

travel proportional to the applied voltage, but for larger ones a strain gauge should be used.

The cantilever’s deflection can be modeled by the interplay of the Lennard-Jones potential and

the harmonic oscillator potential [70]

5(17 20)* (2.17)

Vspring(z) = 3

which is responsible for the force calculated by formula 2.16. Figure 2.8 shows the plotted

effective potential, which shows a single minimum.

Intermittent Contact Mode

The intermittent contact mode or tapping mode is a dynamic mode. In this mode, the cantilever
is driven near its resonance frequency. To drive the cantilever, typically a piezo is used, but it is
also possible to drive the cantilever optothermally [71] or magnetically [72]. In this mode, the
actuation frequency is fixed and the amplitude is used as feedback signal. When forces act on
the tip, the resonance frequency shifts, depending on the direction of the force. For attractive

forces, the resonance frequency shifts to a lower frequency and vice versa for repulsive forces.
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Amplitude

Drive Frequency

Figure 2.9: Resonance frequency of a cantilever far away from the sample (red) and when repulsive forces act at the tip
(blue). When driving at a fixed frequency, the measured amplitude is reduced due to the shifted resonance
frequency. Adopted from [22].

Figure 2.9 depicts this situation for repulsive forces. The description of this distorted harmonic

oscillator is

2717Qf;)mz(t) +kz(Z0 - Z(t)) = AdKz COS(27det) + Fi [Z(t),Z(t)] (218)

external driving force tip-sample force

mz(t) +

2
spring constant, effective mass, equilibrium position and the eigenfrequency of the cantilever.

with z(¢) as time dependent position of the tip and the parameters k,, m, zo and fy = L \/ % as

The quality factor Qg will be further discussed in section 2.1.5. The cantilever is driven with the
amplitude A, at the frequency f;. The resonance frequency fy of the cantilever can be found by
tuning the cantilever far away from the surface. Here, the tip-sample forces can be neglected and

a steady state solution for the driven-damped harmonic oscillator can be found with the ansatz
Z(t=0)=z0+Agcos2mfat + ¢) (2.19)

with the phase ¢ between excitation and oscillation. It can be used to solve the equation 2.18,

which leads to an expression for the amplitude Ag and phase ¢

A
Ay = d (2.20)
R
12 Qo fo
tang = — L0, (2.21)
’ Qoy_ 1

0

When taking the highly non-linear tip-sample force F [z(7),z(¢)] into account, an analytic so-

lution becomes complicated. In literature it is proposed to focus on steady state solutions and
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expand the tip-sample force into its Fourier series [73], which results in two coupled equations.
They have been discussed by Diirig [74] and Sader et al. [75] leading to

o A fa . QoAE
sing = — <Aofo + nkZAA()) (2.22)

where AE is an expression for the dissipated energy. Therefore, the phase can be used to measure
energy dissipation on different materials, even if there is no topographical difference between
them [76].

Multi-Frequency Mode

In tapping mode one has to estimate the topography of the sample and select an adequate am-
plitude. For high topographies, high amplitudes should be chosen to ensure that the cantilever
is always able to overcome high areas to prevent tip degradation and to have a stable feedback.
But this comes at the cost of higher noise levels and lower sensitivity for short-ranging forces
[77, 78]. The multi-frequency mode is able to combine both advantages by using one harmonic
of the cantilever for the topographical feedback and another harmonic with a small amplitude for
high-sensitive scanning [79]. The setup of this mode is basically the same as for the tapping mode
in terms of feedback, but an additional eigenmode is actuated with constant oscillation energy
and frequency. Since both signals are filtered through a lock-in amplifier, they do not disturb
each other. During the measurement two additional channels can be displayed with the phase
and the amplitude of the higher harmonic oscillation, both with high sensitivity for mechanical

or electromagnetic properties [80].

2.1.4 Force Distance Curves

All sensors that measure the distance return a position signal either directly in a voltage or in
another form like current, resistance or capacity, which has to be converted to a voltage through
an adequate amplifier or circuit. Whereas the gain of the amplifier or circuit is known due to the
design, the conversion of the position signal to the distance in meters depends on many factors.
For the classical deflection readout on which a laser is focused on the tip and the reflected light
is directed to a split photodiode, the voltage produced by a differential transimpedance amplifier
highly depends on the coating of the cantilever, the position of the focus point and the size or
even the form (triangular or right angular shaped) of the cantilever. The same applies to TMR
sensors where the conductance as well as the rotation of the magnetization of the strain sensor
highly depends on size, form, magnetization and purity of the layers. It is important to know the
sensitivity to be able to estimate the applied forces during measurement, calculate the topography
in non-feedback modes and to determine the overall performance of the readout system. To
determine the sensitivity, the tip can be deflected by a known distance and the sensor signal
recorded. When the sensor signal is plotted over the traveled distance, the plot is called a force

distance curve.
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Figure 2.10: Typical force distance curve acquired with the Asylum MFP3D AFM. When approaching the sample, the
cantilever snaps into contact when attractive forces are stronger than the restoring force of the cantilever.
This leads to a down bending of the cantilever. Further movement leads to a straightening of the cantilever
and finally to an upbending. When withdrawing the cantilever, it bends down and even further downwards
then when approaching due to the formed water meniscus and other additional adhesion forces. When
the restoring force of the cantilever is larger than the adhesion, the cantilever snaps off.

In figure 2.10 a force distance curve is plotted. It contains a trace and a retrace plot. When
approaching the surface with the cantilever on an actor, such as a piezo, the cantilever is straight
until the Van der Waals force attracts the tip. Then the tip snaps onto the surface. When the piezo
further elongates, the cantilever stays at the surface and starts to bend back until the cantilever
is straight. This point is defined as zero. After this point, the cantilever starts bending upwards
and the deflection signal increases. For a linear sensor, which means that the signal output is
proportional to the traveled distance as in the classical deflection readout, the slope equals the
sensitivity. For a non-linear readout, such as the interferometric readout, the sensitivity changes
while the cantilever is deflected. Therefore, the laser should be set to a wavelength in which the
cantilever operates in a linear regime. When retracting the sample surface from the cantilever,
it starts to relax until it bends downwards due to adhesion. When the restoring force of the
cantilever becomes bigger than the adhesion forces, it snaps off the surface. The adhesion force
includes the capillary force from the water meniscus as well as other forces like stickiness [81]

or chemical [82] or biological bonds [83].

2.1.5 Properties of Cantilevers

The cantilever with its tip is the most important part of the AFM and is typically the limiting
factor for lateral resolution. It is crucial to choose a cantilever with the right properties. For
instance, a cantilever for contact mode has to have a spring constant way below the one for a

cantilever for tapping mode to reduce the force on the sample.

Cantilevers are available in two forms, V-shaped cantilevers for contact mode and rectangular

ones, which are suitable for dynamic and contact mode, depending on the dimensions. Whereas
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Figure 2.11: Plot of the first three mode shapes of a cantilever beam with one fixed end on the left and one free end
on the right.

in contact mode, the cantilever mainly acts as a spring to ensure that the tip stays in contact
with the sample, the dynamic mode requires further calculations. The spring constant k of a

rectangular cantilever with a constant cross section can be calculated by

_ EWH?

k== (2.23)

with the Young’s modulus E, width W, length L and height H of the beam. Formula 2.23 can
only be used for rectangular cantilevers. The calculation for other forms is proposed in literature
[84]. For vibrational modes the form of the cantilever is as important as the resonance frequency.
The form of a cantilever normalized to 1 with one clamped and one free side is given by [85]
—-1)" K h K
_ (=D c0s K,,x — cosh K,x — w (sin K, x — sinh K;,x) (2.24)
sin k;, + sinh ;,
with the mode number n and the wavenumbers k;,,, which are the solution of the equation

coshx,cosk, = —1
K, ~ 1.875, 4.694, 7.855, m(n—0.5) for n=1,2,3,>4. (2.25)

It is important to note that the deformation of a cantilever is different for a dynamic oscillation
and for a static force acting at the tip. Since the calibration of the cantilever is done in a static
mode with a force distance curve, it is not possible to directly use the fitted calibration factor
to convert the sensor signal in the amplitude of the tip. For a classical beam deflection readout
literature proposes a correction of 9 % [86]. The frequency of the modes can be calculated by

1 ,H | E

— (2.26)

= — K —
Z 2 "2\ 12p

with the length L of the beam, the elastic modulus E, the density p and the height H of the beam.
When the cantilever is driven at its resonance frequency, energy is stored in the oscillation. The
quotient Qp = Z’A’% is called the quality factor; Ej is the stored vibrational energy and AE is the
total energy loss per vibration cycle, which equals the added energy when the oscillation is in

steady state. The loss, and with it the quality factor, mainly depends on clamping loss, thermoe-
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Figure 2.12: Scheme of the behavior of a cantilever in dynamic mode on a topography with a step. The higher the
resonance frequency and the lower the quality factor, the faster the cantilever settles to the new state.
Adopted from [87].

lastic dissipation, bulk internal friction and other surface effects [88]. For polymer cantilevers,
the dominant source of damping is the thermoelastic dissipation which results in a quality factor
more than one order of magnitude lower than when using silicon or silicon nitride [87]. The qual-
ity factor in combination with the resonance frequency has significant influence on the scanning
speed of the AFM since the sensitivity is limited by the 3 dB roll-off at the frequency f3;5 = %
[89]. The situation for all combinations of high/low resonance frequencies and high/low quality

factors are depicted in figure 2.12.

2.2 Optical Scanning Near-Field Microscopy

Besides the physical properties that can be gathered with AFM, laterally resolved optical infor-
mation is also of interest for research and industry. With this information, the mode field of lasers
or fibers can be calculated or in biology, the light of fluorescent tracers can be tracked [90]. The
resolution of the far-field is limited due to the Rayleigh diffraction limit

Ao Ao

d=0.61— = 0.61
NA nsino

(2.27)

with the minimum resolution d, the vacuum wavelengths A and the numerical aperture NA with
the refractive index n of the medium between sample and objective (n = 1 for air to n = 1.52 for
immersion oil [91]) and the maximal half-angle of the light cone accepted by the objective «.
However, this limit is only present when using the far-field of an object. In the near-field, expo-
nential decaying waves exist, which are not resolution limited. The origin of those waves can be

calculated by rewriting the dispersion relation, which is the solution of the Helmholtz equation

k, = \/ (02/¢?) — (K24 K2) (2.28)
with ky,ky .k, being the components of the wave vector k, the angular frequency o of the light as

well as the vacuum speed of light ¢, when the second part under the square root becomes larger

than the first part, which results in a negative radicand. This happens especially for transitions
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from higher n; to a lower refractive index n, for supercritical internal reflections with an angle

above the critical angle sin 6, = :’l—f The solution then is in the form of
E(r1) =Re [Eoe(i"“x”kyy)) —ior)| eIk (2.29)

which results in evanescent waves near the surface. Those waves can be measured by guiding
them from the surface, either by a metal tip on which plasmons can oscillate and stimulate light
emission (the so called scattering SNOM) or by tips with aperture. These tips are produced by
a manual pulling process, where metal coated fibers are thinned by a melting or etching process
[92]. It is important to note that with the immersion of the tip into the evanescent waves, an

interaction occurs that can change the evanescent waves, which results in artifacts [93, p. 122].

2.2.1 Theory of Operation

For a SNOM measurement the tip has to be kept a few nanometers above the surface, while the
sample is scanned under the tip with a scanner similar to the AFM. A classical SNOM setup
consists of a tuning fork, with the fiber glued on one prong so, that the fiber is parallel to it. A

phase-locked-loop control system actuates the tuning fork at its resonance frequency. Then, the
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Figure 2.13: a)-¢) Various SNOM configurations for aperture probes and d)-f) apertureless probes used for scattering
SNOM with different illumination schemes. Adopted from [22].
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Figure 2.14: Schematic of a complete SNOM setup. The fiber oscillates vertically above the sample via a tuning fork
and the changing resonance frequency is used as topography feedback. The sample is scanned under the
tip to obtain the topography and the optical signal space-resolved. Adopted from [22].

tip is approached to the surface. When the tip is in small distance to the surface, forces act on it,
which results in a change of the resonance frequency just as in the tapping mode in section 2.1.3,
but here the tip does not oscillate vertically, it oscillates laterally to the sample surface, which
makes a feedback more complicated. This mode is called ’shear force mode’ and is typically used
for aperture probes. Optical resolutions in the sub-20 nm range have been reported [94]. For the
feedback it is also possible to employ a quartz tuning fork [95] which immediately delivers a
sensor signal. Another approach is also presented in literature where a configuration similar to
tapping mode was used. The fiber was glued on a big tapping cantilever which was driven by
a piezo actuator [96]. Due to its size, the resonance frequency was in the range of 5 kHz only,

which inherently limits the bandwidth.

Another approach than aperture probes is to use metal coated tips. The setup is similar to a non-
contact AFM setup, but also includes macroscopic optics for illumination and collection of the
stray light. Here, with the help of an interferometer, the modulation of the phase signal caused
by the sample tip interaction is measured and results in a resolution of 10 A [97]. Most setups

so far have in common the use of macroscopic optics and limitations in sample properties. Since
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the tuning fork for aperture SNOM or the AFM head with its laser for apertureless SNOM are
bulky and typically completely cover the sample from above, it is only possible to illuminate
the sample from below. This means that the sample has to be at least semitransparent. The
same applies when the tip is used for illumination and the stray light has to be collected from
underneath. As a third method it is possible to illuminate and collect the light through the same
aperture. But due to the high coupling loss this is only suitable for tip-sample distances smaller

than 5 nm [98]. More exotic setups illuminate from all sides [99].

2.3 Two-Photon Polymerization Lithography

In the last few decades, atomic force microscopy nearly exclusively utilized silicon or silicon
nitride cantilevers which were etched out of a wafer. This results in little customization possi-
bilities and high variances. 3D printing however, offers high precision and vast customization
options. Moreover, 3D printing is able to fabricate the desired structure on the target area with
submicrometer precision. This prevents the necessity of adjustments after production. The so

produced cantilevers can be used directly.

2.3.1 Overview

With the help of two-photon polymerization (TPP) it is possible to polymerize a resist with
photons having only half of the energy normally needed to crosslink the polymer. In linear
absorption the absorbed photon matches the energy between the occupied ground state Sy and a
higher energy state S; whereas in non-linear absorption of TPP two photons are needed to lift
the electron with the help of the short-term existing virtual state S; to the higher state S;. Due
to the short lifetime of approximately 1fs [100, ch. 1.3] of the interstate ;, it is necessary to
have a high density of photons in the area. This is the key to be able to only develop the resist
at the point of interest since outside the focus the density of photons is too low, which makes
it possible to illuminate through the remaining resist without developing it. The reaction speed
of the TPP is proportional to the square root of the photon density. The point-spread function
of the photopolymerization is the square of that for single-photon polymerization [101]. This
means that the voxel of the TPP has almost the same diffraction limited lateral size of the voxel
produced by single-photon polymerization with half the wavelength of the TPP and a smaller
longitudinal extent [102]. The form of a voxel is schematically depicted in figure 2.15 and has
a higher expansion in z-direction than in lateral direction. To reach a high density, the laser has
to be focused with an objective with a high numerical aperture and a pulsed laser has to be used.
In the Nanoscribe Photonic Professional GT a femtosecond pulse laser is applied. The intensity
can be calculated by
Praser  Npn-Epp

Lcor = - 2.30
Lase A AL-A ( )
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with laser power Ppyg.r = ELA“;" , the pulse width Az, the laser energy Eju5er = Npp - Epp,, the number
Ny, of photons per pulse, the photon energy E,;, and the illumination area A. In these formulas,
the reason for the use of a femtosecond laser can be found. For very short pulses, the density of
photons in this time is way above the density of a continuous laser. The Nanoscribe GT contains a
frequency doubled pulsed laser with an emission wavelength of 775 nm. The used resist IP-Dip is
transparent for this wavelength, but is absorbing in the ultra-violet regime (A = Ag/2 =388 nm).

The chemical reaction inside the resist can be schematically explained by

Initiation
$2h0 . ..

I — 2R I: Initiator {1}
R+M — R — M- R: Radical (2}

Propagation
R-M:+M —R-M—- M- M: Monomer {3}

Termination
2R—P»— R-P-P-R P: Polymer {4}

The resist consists of at least two materials: monomers and an initiator. The initiator is activated
by two photons and splits into two radicals. The radicals cut the double bonds of the carbons of
the monomers and oligomers, which then in turn creates new radicals at the end of the monomers
and oligomers. This reactions becomes a chain reaction and can lead to large cross linked poly-
mers. A termination reaction occurs when two activated polymers react with each other. An
additive is added to index-match the used resist IP-Dip so that it can be used as immersion fluid
[103].

2.3.2 Printing Setup

The printing setup is depicted in figure 2.15. For writing in all three dimensions the model is
sliced into small layers with heights in the range of 50 nm to 300 nm. To write this layer, the
laser is reflected by two galvo mirrors, one for x- and one for y-direction. With these mirrors, the
laser can be moved through the objective over the whole visible area. Additionally, the laser can
be switched on and off to be able to write parts of the layer which do not touch each other. To
write the next layer, the whole sample is moved in z-direction. With this technique it is possible
to write arbitrary forms as long as the higher layer has enough contact to the layer underneath.
Effects like shrinking of the developed resist theoretically further improve the resolution but also
lead to problems like upbending, which is investigated in chapter 5.1.5. The size and resolution
of the structure depends on the magnification of the objective and the wavelength. In this work,

an objective with a magnification of 40X and a numerical aperture (NA) of 1.4 is used, as well as
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Figure 2.15: a) Schematic drawing of the writing process. The objective is covered with resist which also acts as
immersion liquid to increase resolution. The laser is focused and the area on which the power is high
enough to allow two-photon polymerization is marked, which results in a written voxel schematically
depicted in b). Adopted from [22].

an objective with a magnification of 63X and an NA of 1.4. It is possible to write objects bigger

than the lens coverage by stitching.
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3 3D Printed Polymer Tips

3.1 Introduction

In recent times 3D printing became a versatile tool for rapid prototyping. This chapter presents a
new application for 3D printing.

To investigate a fine-structured sample with regard to topography and mechanical properties, the
method of choice is typically atomic force microscopy (AFM). Besides its wide popularity in ma-
terial science and its easy accessibility for researchers, the AFM itself offers multiple approaches
to investigate sample surfaces.

Dependent of the sample structure and AFM mode, the proper cantilever has to be selected. De-
spite major criteria like spring constant and resonance frequency, the performance of an AFM

depends on the size, shape and composition of the probing tip [104, 105].

Whereas the tip radius itself is the limiting factor for lateral resolution, the overall shape of the
tip is also important [106]. To measure deep trenches or high aspect ratio features, the width and
the height of the tip are of high importance. Some more specific tasks, like surface structures on

sidewalls, require even more advanced tip designs [107].

Various fabrication methods and materials such as diamond [108], carbon [109], polymers and
metals [110] have been introduced to obtain different functionalities. Kim and Maramatsu have
presented polymer tips in order to obtain hydrophobic tips [111, 112]. Tip sizes down to 100 nm
have been reported, as well as tips with reduced adhesion forces. This radius is already good to
measure samples with scan sizes in the range of multiple micrometers, because it is not possible
to resolve lateral features smaller than 100 nm due to the convolution of tip radius with a sample
feature. Jung et al. [113] have decreased the radius by subsequently O,-plasma ashing the tip
down to 15 nm. Lee ef al. [114] have attached hydrogel probes by using mold inserts.
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Substrate

Cantilever

Figure 3.1: Schematic drawing of the 3D printing process. A tipless cantilever is fixed on a substrate. The objective
focuses the infrared laser within the resist, which also serves as immersion-medium. Adopted from [115].

3.2 Proof of Concept

For the written tips, a commercial 3D printer is utilized (Photonic Professional GT, Nanoscribe
GmbH) and as resist the Nanoscribe IP-Dip. The resist is an ultraviolet light curable resist, which
is exposed to a tightly focused infrared femto-second light source. To fabricate the tip, a tipless
cantilever is mounted on a substrate and immersed in resist. The laser beam is directed in the
lateral direction with galvo mirrors to expose a layer of the tip. After the layer is finished, the
focus is brought to the next layer and scanned again. Those steps are repeated until a sharp tip is

completed on the cantilever.

In figure 3.1 the writing process is depicted. As objective a 63x, NA=1.4 was used. The writing
speed was chosen to be 20 mm/s and the slicing and hatching distance for the layers was set to
100nm. In order to obtain a tip that is as sharp as possible, the last 5 um of it were sliced in
50 nm layers and the writing speed was reduced to 1 mm/s. The SEM inset in figure 3.1 shows a

clear transition between both stages.

To test the cantilever with the polymer tip, a home build 800 um scan range AFM was used,
which consists of a commercial controller (ARC2, Asylum Research) and related software as

well as a 800 um piezo stage for lateral scanning, which also hosts a 30 um z-piezo.

To test the performance of the tip, the two most common AFM modes, contact mode and inter-

mittent contact mode, were used. Both modes are further discussed in section 2.1.
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Figure 3.2: a) Measured topography of two trenches produced with different forces applied. b) Cross sections of the
topography of one trench in x- and y-direction.

3.2.1 Polymer Tip in Contact Mode

In contact mode not only the vertical forces acting at the tip are high, but also the lateral ones.
Here, the cantilever tip is sliding along the surface. To reduce damage on the tip, a cantilever with
a significantly lower spring constant than for intermittent contact mode was chosen. A tipless V-
shape cantilever with low spring constant ( < 0.1 N/m) was selected and a polymer tip was added.
As sample a soft material was used onto which trenches were scraped in with different forces; this
is presented in figure 3.2. This was a pretest for very deep trenches on which normal cantilevers
with tip lengths in the range of 10 um cannot touch the surface at the bottom since they are too
short. Both trenches were resolved well and no artifacts were visible. To further investigate the

polymer tips, a new measurement was performed with an additional test grid.

The TGT1 test grid (NT-MDT), which consists of an etched array of sharp silicon tips was also
measured in contact mode. When measuring with typical forces in the range of 5nN to 100 nN,
the topographical images were identical to the one in section 3.2.2 acquired in tapping mode.
But with increasing forces, the sharp tips of the TGT1 grid became misshaped. In figure 3.3
the measured topography with an applied force of 340 nN =+ 10% is depicted on the left side. To
highlight the artifact, on the right side an additional image is shown. In this image, the data is
divided into two groups, one with topographical values equal or smaller than 470 nm, which are
displayed white and one group with values higher than 470 nm. If the data points are presented
in this way, they reveal a clear ’double-tip’. Considering the fast scan direction, this can be
explained by a slipping of the polymer tip around the silicon tips of the grating. This effect
only occurs when measuring high features with large forces in contact mode. Even if this is not
a typical experimental setup, this should be kept in mind to be able to recognize and interpret

artifacts.
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Figure 3.3: a) Topographical image of the TGT1 grid measured without artifacts in contact mode. b) Vertically
cropped image of a measurement with high loading force. If a data point is higher than 470 nm it is
represented in black, otherwise in white. A deformation of the tip is visible.

3.2.2 Polymer Tip in Intermittent Contact Mode

The forces between the tip and the sample are 50 to 500 times smaller in intermittent mode [116].

Since this is one of the most common modes, further tests were performed in this mode.

Although the resist has a Young’s modulus of 2.34 GPa and thus should be sufficient for imaging,

there existed only little experience [111] with the behavior of such a tip.

As a test, two well defined test samples were measured. For general performance a standard
calibration grating with 10 pm pitch, 200 nm depth and a structure size of 5 um was used (Digital
Instruments P/N 498-000-026). To determine the tip radius, the TGT1 grating from NT-MDT

was surveyed.
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Figure 3.4: Topography and cross section of the Digital Instruments grating. Steep edges are visible.
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Figure 3.5: Schematic of the convolution of the tip and sample. When the sample features are smaller than the tip, the
shape of the tip becomes the dominant shape in the measured topography.

Steep patterns are generally good for calibration and measuring some effects like overshoots in
the control loop. Since the pattern is well defined, any conspicuities caused by the polymer tip

can be detected.

Figure 3.4 shows the obtained topography as well as two orthogonal, lateral cross sections. The
cross sections shows no additional artifacts like sloped edges or other unwanted effects. The size

and form of the tip is no problem for such big structures.

3.3 Sharpness of the Tip

The tip radius is important for small featured samples. The grating used is densely covered with
an array of sharp silicon tips with radii smaller than 10 nm. These tips have a smaller tip radius
than the written polymer tips, thus the obtained topography gives information about the form
and size of the polymer tip due to the higher contribution of the polymer tip to the measured

topography. In figure 3.5 this convolution process is depicted.

The surveyed topography is the convolution of the sample and the tip. This means, that the
topography is dominated by the largest shape of the tip-sample interaction. A large, blunt tip
will always give a blunt topography even if the specimen has small, sharp-edged features. A
schematic of the measurement process is shown in figure 3.5. An example for such a kind of
convolution is a so called ’double-tip’ artifact [117]. By scanning with a tip with a deformation
or a dirt particle, which essentially forms a second contact zone with the sample, the measured
topography will appear as an image which contains additions to the topography looking like the

same image with a small lateral shift [118].

As shown in figure 3.6, none of those unwanted effects are visible. Only a pattern of sharp spikes
is depicted. This means that the data from the measurement can be taken to determine the tip
radius and shape.
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Figure 3.6: Topography of the TGT1 grating (NT-MDT) measured in tapping mode with a polymer tip. The shape of
the measured tip apex is similar to the polymer tip apex due to convolution.

The deconvolution of the obtained topography and thus the radius of the polymer tip is calculated
with the deconvolution software Deconvo2 (NT-MDT). This led to a radius smaller than 25 nm.
This technique can further be used to survey the size and shape of a voxel written by two-photon

polymerization.
Figure 3.7 shows the cross section of the calculated tip.

The tips of the TGT1 grating are specified with radii of smaller than 10 nm. The used software
Deconvo2 does not know about this specification of the grating. Basically, the software looks
for the finest resolution in the image for every direction. It is also possible to scan over small
nano-particles with sharp edges. This means, that the smallest possible calculated tip size will be
in the range of the 10 nm of the tips of the TGT1 grating. This would be the case for a d-peak-
like tip, an infinitesimal small tip. Since the tip has a non-zero size, a value larger than 10 nm is

expected.

The software Deconvo2 plots a two dimensional image of the calculated tip. Figure 3.7 shows
the topographical information as a heat map as well as a cross section. In the cross section a
circle with a radius of 25 nm is plotted. The curvature of the tip and the circle match excellently.
As already mentioned, this means a tip radius smaller than 25 nm is realized since the measured

tip is a convolution of the topography of the TGT1 grid and the tip.

3.4 Tips on Self-Sensing Cantilevers

Whereas it is possible to buy common cantilevers with tips, most self-sensing cantilevers based

on piezoelectric [7], piezo resistive [8, 9] or tunnel magnetoresistive (TMR) [119, 120] sensors
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Figure 3.7: Topographical structure of the polymer tip used to scan the TGT1 grating (NT-MDT) processed with the
software Deconvo2 (NT-MDT). In the cross section a circle with a radius of 25 nm is plotted.

do not provide a tip since this would add extra steps in the etching process. To overcome this
problem, a typical solution is to manually glue a sphere with a diameter in the range of 5 um to
the end of the cantilever [121]. Self-sensing cantilevers are mostly time-intensively fabricated
individual items. For unskilled people it is quite difficult to attach a sphere with a diameter of
5 um to the end of a cantilever with widths typically smaller than 50 um, so this process does
not provide a high yield. Furthermore, a sphere in this size is not an ideal tip. The topography
obtained is a convolution of the tip and the sample. A steep edge thus is imaged as round edge

with a radius of 2.5 pym, which is only suitable for large images.

As example, a self-sensing TMR-cantilever was equipped with a copper sphere with a diameter
of 5um. With this tip, a carbon fiber sample (SThM Test Sample’, Bruker) was measured in
multifrequency dynamic mode (see chapter 2.1.3). The sample consists of carbon fibers embed-
ded in epoxy. This composite was cleaved and polished to have a flat surface consisting of two
different materials. As scan size 100 um were chosen, which is the typical upper limit of com-
mercial AFMs. In multifrequency mode the cantilever is simultaneously driven at the first and a
higher harmonic. The first harmonic is used for the topographical feedback whereas the higher
harmonic is driven at a smaller amplitude and thus more sensitive to force gradients [77, 78, 122].
The measurement is depicted in figure 3.8. The topography shows a relatively flat image but it
is possible to distinguish between both materials due to their different abrasion when polishing.
At the first harmonic, the amplitude is used as feedback, so for an ideal control loop this signal
would be at the chosen setpoint for the cantilever amplitude. When the control loop is too slow,
the amplitude differs from the setpoint and a variation in the amplitude always means an error.
This is why this image is also called ’error image’. The phase in the first harmonic is effected by
the energy dissipation from the cantilever to the sample [123]. This helps to distinguish between
different materials. In figure 3.8 it is already possible to spot the circular fibers with a diameter

of around 6 um.

The second harmonic frequency is driven with a constant amplitude at the shake piezo and the

cantilever deflection signal is recorded. Since there is no control loop, also the amplitude changes
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Figure 3.8:
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AFM images of carbon fibers embedded in epoxy obtained with a self-sensing TMR-sensor in multifre-
quency mode. Left images are obtained with the first harmonic of the cantilever, which was used for the
feedback. The oscillation of the higher harmonic driven with a piezo with fixed AC-voltage was recorded.
On the top right a cross section of the first and second harmonic phase (marked red and blue in the phase
images) is shown. The higher harmonic phase reveals higher contrast. This images were recorded with
a copper sphere as tip with a diameter of 5um. This large tip radius leaves circle-like structures well
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observable in the second harmonic and at the dirt particles in the topography.
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with the energy dissipation due to different materials. This is why this image has more similarities

to a phase image than the amplitude image of the first harmonic.

Although a big scan size was set, it is possible to spot circle-like structures, especially in the
second harmonic. The dirt particles in the topography show the same effect. This results from

the convolution of the spherical tip and the sample.

Measuring small features on samples requires more effort than just manually attaching a sphere
on the cantilever. One solution is to add a tip by focused ion beam deposition [119]. This gives
small, hard tips in the range of 25nm [124] but is only practicable for individual cantilevers
or leads to a high-cost manufacturing process [125]. Here too, polymer tips written with two
photon absorption provide a fast and easy solution. The Nanoscribe machine can be used without
any tuning. To show the improvement of a polymer tip over a copper sphere, a similar TMR-
sensor used for measuring figure 3.8 was outfitted with a 3D printed polymer tip. For the writing
process of the tip for the TMR-cantilever, the fully etched wafer, containing 128 sensors, was
mounted onto the Nanoscribe machine. The writing process itself took only about 1.5 min for
one tip as presented in section 3.7. After cleaning the wafer, the TMR-cantilever was ready for

measuring.

In figure 3.9 a lymphocyte was measured with the same multifrequency mode as in figure 3.8.
The lymphocyte offers a good opportunity to show the fine resolution of the tips, since it has a
size of about 7 um [126], but as a biological cell it has structures down to the nanometer range.
The scan range of the image was 11 um. The lymphocyte has a high topography up to 1 um
which means that it is not possible to show fine topographical effects in the topography image,
which results in a blurry appearing image. Here again, the amplitude of the first harmonic is the
error image whereas the phase images and the amplitude of the second harmonic reveal material
contrast. In figure 3.9 a zoom image of the phase of the second harmonic is provided. A circle
marks a distinct filament with a size in the range of 40 nm. Actually a shift from line to line is

noticeable, which indicates that the lower scan size limit of the 800 um-stage is reached.

3.5 Long-Term Stability of Polymer Tips

It is plausible to suspect that polymer tips cannot withstand the tip-sample forces for a long time

since polymer is much softer than conventional silicon tips.

To test the long-term reliability of the tip in the harsher contact mode, a measurement process
was developed. In order to get the tip radius over time it was necessary to mix contact- and
intermittent contact mode. The intermittent mode gives better resolution for the tips because in
contact mode the higher forces lead to small shifts when the polymer tip and the tip from the
grating are pressed together. This results in a blunter measurement than in intermittent contact

mode.
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Figure 3.9: Multifrequency mode AFM image of a lymphocyte. The left images were obtained with the first harmonic
with the feedback on the amplitude. The second harmonic reveals higher contrast of the structure of the
cell membrane. The zoom image of the phase of the second harmonic on top right reveals fine structures
with a diameter in the range of 40 nm.
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Figure 3.10: Figure a) and b) show topographical images with a scan range of 5pum of the TGT1 scanned with a
polymer tip. Between those images the tip was scratched hard for 3.1 cm in contact mode. Figure c¢)
depicts the two cross sections from a) and b) with no visible differences. Figure d) displays the tip apex
after various scratching distances. Tip wear is noticeable, but in an acceptable range.

The common cantilevers for those modes differ in terms of spring constants and resonance fre-
quencies. For contact mode, a soft cantilever with a spring constant smaller than 1 nN/nm is
typical, whereas a spring constant of 10nN/nm to 100 nN /nm is typical for intermittent contact

mode.

To measure in both modes, a trade-off between both cantilever types had to be found. For this
measurement the AFM probe All-In-One-Tipless (BudgetSensors) was used. It is equipped with
four cantilevers, ranging from a soft contact cantilever (spring constant: 0.2nN/nm, resonance
frequency: 15kHz) to a hard dynamic mode cantilever (spring constant: 40 nN/nm, resonance
frequency 350 kHz). It also contains cantilevers used for soft tapping mode with spring constants

of 1 nN/nm and resonance frequencies of 150 kHz.

With these cantilevers both modes are realizable, albeit not perfectly. The high spring constant
allows to apply forces in the higher ranges than the typically used 5 nN to 500 nN [116] in contact
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Figure 3.11: a) AFM image of a rose petal replica with a tip shorter than the structures of the rose. b) On the cross
section the origin of the artifact is depicted. The protrusions scan the cantilever which induces an inverted
imaging process, so that the topography of the cantilever is scanned. Those artifacts are marked blue in
the cross section.

mode, wherein the upper range is not used for topographical imaging, but for lithography in soft

material. This process can already start at 10 nN for thin layers [127].

After calibration of the spring constant and deflection of the cantilever with the method by Sader
et al. [128, 129], a first intermittent contact mode image was recorded. After the inertial image,
which was used to specify the unused tip, three additional images were recorded in contact mode.
For those measurements forces of 66 nN + 10% were chosen. As already stated, this is an untyp-
ically high loading force for topographical imaging. The scan size was chosen as 5 um and as
scan speed a tip velocity of 0.5 um/s. Each scan consists of trace and retrace with 512 lines each.
This setup results in an effective lateral scratch distance of 5.12 mm per image. After every third
image a scan in dynamic mode was done. These scans are not added to the total scratch distance.

After 4.6 cm of scratching in contact mode, a final image in dynamic mode was obtained.

The topography recorded with the unused tip and the topography gathered after 3.1 cm of scratch-
ing are optically identical. As proof, two cross sections of one silicon tip were chosen and su-
perimposed. They match excellenttly, thus the abrasion is negligible for standard topographical
measurements. To further investigate the abrasion of the tip, all four dynamic mode images were
loaded into the Deconvo2 (NT-MDT) software and the shape of the tip was calculated. In fig-
ure 3.10 the tip apex is represented with its cross sections after each 1.55 cm of scratching. As
expected, tip wear can be observed, but it is in an acceptable range, despite the high loading

force.

38



3.6 Adapted Tips

3.6 Adapted Tips

In some cases, it is not even possible to buy cantilevers which suit the special requirements.
When measuring samples with high aspect ratio, the probing tip also has to have this aspect
ratio. On many biological surfaces, high wax structures are present. Often they are also optically
active, due to their interaction with light. This disqualifies most optical investigation methods
like white light interferometry. For the investigation of such structures, e.g. in rose petals, which
can be used to improve solar cells [130], those adapted tips can be used to measure these high
structures. In this example a replica of a rose petal is measured. The features of rose petals can
reach heights of more than 20 um, as shown in figure 3.12, which means that typical AFM tips

with a length in the range of 10 um to 16 um are not suitable for the measurement.

When performing such measurements with short tips, the tip cannot reach the bottom of the
crevices because the structures touch the cantilever itself and not the tip. This leads to an inverted
imaging process, on which the high structures act as tips and scan the cantilever. As artifact this
results in the topography of the cantilever instead of deep trenches. As an example, such a
measurement was performed. In figure 3.11 this artifact is visible. The high protrusions are
dominating the topographical image as long as they are touched by the tip. On the deep trenches,
when the protrusions are touching the cantilever, the form of the cantilever is represented. In this
image, an NSG10 (NT-MDT) cantilever is used with a specified tip length of 14 um to 16 um.
The cantilever itself has a triangular shape at the end where the tip is located. This can be seen

directly by looking at the image and comparing it with the form of the cantilever.

The cantilever itself is tilted at an angle of about 12° to the sample surface, to ensure that only
the tip is getting in contact with the sample. A fit on those two blue marked regions reveal an

angle of 13°, which confirms the inverse imaging process.

To overcome this problem, a tip longer than the protrusions and with a higher aspect ratio is
needed. For 3D printing this is easy to accomplish. Therefore, a cylindrical tip was designed
with a height of 30 um and a smaller base than the NSG10 tip to ensure a good mapping of the

high structures.

As tipless cantilever the tapping type All-In-One (BudgetSensors) was chosen. In terms of spring
constant and resonance frequency it is comparable to the NSG10 tapping cantilever with tip used
to obtain the topography in figure 3.11. After writing the tip with a writing speed of 20 mm/s
(1 mm/s for the last 5 um), slicing in 100 nm layers (50 nm for the last 5 pm) the rose petal replica
was measured again. In figure 3.12 the recorded topography is depicted.

No cantilever-form-like artifact is visible and deep trenches between the high structures are visi-
ble. On the plotted cross section between 50 um and 65 um a vertical distance of approximately

25 um was resolved.

Not only are long tips needed for AFM. Various kinds of other shapes are developed for spe-

cial measurements like adhesion measurements [131], elastic modulus measurements [132] or
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Figure 3.12: a) AFM image of rose petals with a long polymer tip. As inset a SEM image of the printed tip is
provided. High protrusions and deep trenches with a height difference of more than 25 pm are recorded
without artifacts as presented in the cross section b).

protruding tips for optical alignment with respect to the probing position when the AFM has a
camera above the sample. In figure 3.14 a collection of SEM images of such tips is provided,
as well as a zoom image of the end of a tip. Besides the long or short high aspect ratio tips, a
protruding tip is depicted. If a protruding tip is desired, only a few commercial cantilever types

are suitable because of the complex etching process.

With 3D printing it is possible to choose the fa-
vored cantilever and then get the favored tip shape
by an easy writing process, even if the cantilever
is already equipped with a tip. For elastic prop-
erty measurements a complex mathematical sys-
tem has to be calculated because the pressure de-
pends on the indentation depth and contact area
of the tip [133]. Different assumptions of the tip
shape and the contact process itself lead to different
solutions like the Hertz Model [134], in which it is
necessary to decide by the acquired data if a cone

or sphere-like tip is used, the Derjaguin-Muller- Figure 3.13: SEM image of a polymer tip written
Toporov [135], the Johnson-Kendall-Roberts [136] over a standard one.

or the Oliver-Pharr model [137]. To overcome these approximations, different methods like glu-
ing a sphere by hand to the ends of cantilevers was introduced [121]. With 3D printing this is
no problem at all. If it helps to simplify the math to have a spherical tip, it is possible to simply
write a spherical tip. Despite the free choice of form and size an additional approach can be used.
The finished structure can be converted into carbon by a pyrolysis process [138, 139]. Due to the

shrinkage of the structure down to 20 % of the original size [140], this allows tips to be smaller
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Figure 3.14: A collection of SEM images of different tips. The tips are not only customizable in size a)-c), also some
tips are adapted to special functions. For spectroscopy experiments it is necessary to have a protruding
tip d), for measuring of elastic properties a sphere like tip is helpful e). Additionally, after a pyrolysis
process the carbon tip is harder and can easily be functionalized f).

than the lithography limit. Furthermore this carbonized structures are electrically and thermally

conductive, biocompatible, harder and easy to functionalize [141, 142].

3.7 Mass Production Capability

For research and industry, it is of high interest to not only have possibilities to produce tailored
probes but also to have the possibility to fabricate them fast and in high numbers. 3D printing
offers this possibility. To demonstrate the capabilities, a four inch wafer with TMR-sensors was
prepared and etched. The wafer was etched by Dr. Ali Tavassolizadeh from the University of
Kiel. The production of one wafer takes more than two weeks of machine time in a clean room.
Therefore a failsafe procedure with a realigning of every cantilever was used. The wafer was

loaded into the wafer holder of the Nanoscribe printer.

An Excel file containing the coordinates of every cantilever was provided with the wafer. For a
big wafer like this some issues have to be considered. Not much of the used resist for the tips
should be wasted. Thus, instead of covering the whole wafer with resist, a meniscus of resist was
used between the wafer and the objective. The cantilever chips were held in place by two small
bridges of under-etched silicon. Fast movements, especially in vertical direction might break
those bridges and the chips might be lost. Since the written tips are between 20 um to 30 um long
(different tip models were used) a small shift of the holder could cause small or non-sticking tips.
To overcome this, every cantilever was automatically refocused by varying the focus plane and
tracking fluorescence light, which only appears in the resist. To be sure to have found the surface
of the cantilever, a small test writing was also performed automatically. The whole procedure

took less than 90 seconds per cantilever and thus the whole wafer, equipped with 128 cantilevers
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Figure 3.15: Photography of a wafer with etched cantilevers, each equipped with a TMR sensor.

was written in about three hours. A video of the process was recorded and some important
snapshots are shown in figure 3.16. For the tips, different sizes and forms were chosen to be able
to find the best performing one of self-etched TMR cantilevers. A tilt of the tip by 13°, which is
used by the atomic force microscopy holder to ensure that the tip is in contact with the specimen
first and not another part of the cantilever, was easily done in the CAD model. After some tests
on an already damaged wafer, good parameters were found and the writing process could be

performed without any losses.

3.8 Summary and Conclusion

In this chapter the usability of polymer and 3D printing for tips for atomic force microscopy was
investigated. 3D printing as process to produce tips is cheap, fast and exact enough for scanning
microscopy. This helps on one hand to overcome some artifacts produced by too short tips of
commercially available cantilevers and on the other hand to equip non-commercial self-made
cantilevers like self-sensing TMR cantilevers with high quality tips with low effort. The com-
mercially available polymer which was used has shown good resistance to wear, fine resolution
and some additional useful properties like the possibility to carbonize the tip, which shrinks the
tip and gives the ability to functionalize it. To produce conductive tips a coating can be used
just as on commercial cantilevers. This offers the opportunity to work in practically every AFM
mode, beside the dynamic or contact mode. Further development on the polymer could result in

finer resolved or optionally conductive tips without the need of an additional coating.

A shorter version of this chapter was published as "Tailored probes for atomic force microscopy
fabricated by two-photon polymerization’, Gerald Goring’, Philipp-Immanuel Dietrich!, Matthias
Blaicher, Swati Sharma, Jan G. Korvink, Thomas Schimmel, Christian Koos, Hendrik Holscher:
Applied Physics Letters (109), Cover Story and Featured Article (2016)

! contributed equally to this work
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Figure 3.16: Writing process of automated wafer scale tip production. A tip is written in less than 90 seconds. On
the right bottom corner of every snapshot a timestamp is provided. The 3D printer drives to the new
coordinates and automatically focuses on the surface by tracking fluorescence light. After the surface
is found, a test write is performed. When the structure is observable, the writing process of the desired
structure starts and finishes within 88 seconds for the whole process. Small detachments of the top layer
lead to a sudden formation of gas bubbles in the resist, which looks like small explosions.
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4 Rebar Structures on Cantilevers

4.1 Introduction

Apart from the intermittent contact mode and contact mode presented in chapter 2.1.3, there are
further modes in atomic force microscopy which allow to gather more information about the
sample than simple topography [143, 144]. The oscillation of the cantilever is influenced by
attractive as well as repulsive forces. When setting a certain amplitude, a trade-off between a
stable feedback with a large amplitude, or higher resolution with a small amplitude has to be
chosen. The better resolution is obtained by less noise and higher sensitivity for short-distance
forces for small amplitudes [77, 78, 122].

This problem can be avoided by using other techniques, such as bimodal AFM [80]. In this mode,
the cantilever is not only oscillated at its ground state, it is also driven at a higher eigenmode.
Thus it is possible to use a large and stable amplitude for the topographical feedback and still
have a high sensitivity due to the small amplitude of a higher harmonic. There are also other
modes which use band excitation, for example to directly measure dissipation energy through the

cantilever-sample system’s quality factor [145, 146].

In intermittent contact mode the phase signal is an indicator for energy dissipation as calculated
in chapter 2.22. This means that even if a heterogeneous sample is completely flat, it is possible
to distinguish between the different materials due to the phase shift induced by different material
properties. For this modes of operation, the frequency spectrum of the cantilever is of high

interest.

The cantilever resonances are given by the geometry and the material the cantilever is made
of. Since there are only two common materials for the cantilever, silicon and silicon nitride
[104, 105], the main differences are shape and geometrical dimensions. Manufacturers offer
cantilevers with different main characteristics like spring constant and resonance frequency but
it is impossible to cover all customer needs by a few types of cantilevers. The behavior of higher
modes are e.g. not mentioned in the data sheet at all. By using a second material, in this case a

polymer, multiple additional degrees of freedom are obtained.

Furthermore, tuning cantilevers leads to the possibility to operate multiple cantilevers parallel
in tapping mode. This is typically inhibited due to the large amount of data acquisition chan-
nels, all with their own operation frequency. By tuning all cantilevers to the same frequency,

basically one lock-in amplifier can be used and the data from all cantilevers can be multiplexed.
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Figure 4.1: Frequency spectrum of a BudgetSensors All-in-One cantilever. Besides the labeled cantilever resonances,
there also exist other resonances caused by the AFM itself. The amplitude is normalized to the first
harmonic.

This simplifies the setup and data processing considerably. As the frequency spectrum of a can-
tilever is important for different AFM modes the tuning of this spectrum will be presented in this

chapter.

4.2 Suppressing Higher Eigenmodes

Figure 4.1 represents a typical frequency spectrum of a BudgetSensors All-in-One cantilever. To
measure the spectrum, the cantilever was mounted in a commercial AFM setup (MFP3D, Asylum
Research) and a frequency sweep between 50 kHz and 2 MHz was performed. Multiple spectra
of one particular cantilever were recorded while varying laser spot position and multiple un-
mounting and mounting cycles were performed. All recorded spectra were similar, so figure 4.1

represents the cantilever appropriately.

This figure shows that besides the marked first and second harmonic resonances there also exist
lots of other resonances, caused by the cantilever holder, the shake piezo and when measuring in

water, some acoustic modes will additionally appear [147].

By employing the absorptive nature of the polymer [148], it is possible to selectively suppress
unwanted modes [115]. To suppress higher eigenmodes, it is possible to add a large-area poly-
mer on the cantilever. According to section 2.1.5 this will have different major effects on the

cantilever properties. It will:
e Decrease the resonance frequency,
e Increase the spring constant,

* Decrease the quality factor,
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Figure 4.2: SEM image of the truss structure written on the cantilever. This structure is lightweight but absorbs
unwanted modes. The framework is approximately 130 um long and 25 um wide, a bit smaller than the
width of the cantilever (30 um) to prevent protrusions.

dependent on the thickness of the layer since it will basically put both cantilevers (the silicon
one and the polymer one) in parallel. To minimize this effect, it is possible to add a framework
structure consisting of triangles, which keeps the stiffness high but reduces the added mass com-
pared to a full layer. This structure is used on cranes and timbered houses for these reasons. The

cantilever in figure 4.2 is approximately 130 um long and 30 pm wide.

In this section, a continuous truss structure with no gaps was chosen. A SEM image of the
structure on the cantilever is provided in figure 4.2. This structure stiffens the cantilever in a way
that the energy used to form antinodes, on which the cantilever bends the most, is absorbed. Thus

the favored frequency is the fundamental one.

For the writing process the cantilever was fixed on a glass substrate. To write the structures,
the framework design was sliced in 100 nm layers, the writing speed was set to 20 mm/s and as
objective a 63x, NA=1.4 objective was used. Although the cantilever itself is barely visible with
the naked eye, the finely resolved framework is written flawlessly.

After the writing and lift-off process, the same cantilever from which the spectrum in figure 4.1

was gathered was again mounted on the cantilever holder of the MFP3D AFM.

Then again, multiple spectra were recorded with different laser spot and cantilever positions. Fig-
ure 4.3 represents accordingly the spectrum of the tuned cantilever. As intended, all resonances
but the first one were dramatically reduced. The reduction leads to a ratio of the first harmonic

to the rest by more than one order of magnitude.
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Figure 4.3: Frequency spectrum of a tuned BudgetSensors All-in-One cantilever. Compared to figure 4.1 the first
harmonic resonance is dominating. The amplitude is normalized to the first harmonic.

4.3 Enhancing Higher Eigenmodes

For measurements utilizing other harmonics than the first one, it might be of interest to reduce the
first harmonic and highlight another one. In this section a structure is proposed which enhances
the second harmonic over the first one. In contrast to the ground state, the second harmonic
produces an anti-node in the bending of the cantilever. By accenting this antinode, this mode

should be favored.

To force an anti-node on the proper place (see section 2.1.5), a gap in the framework can be

chosen. This forms a kind of hinge for the mode.

Here again, the same procedure as in section 4.2 was applied to measure the spectrum in fig-
ure 4.4. By comparing this spectrum with the spectrum in figure 4.1, a typical problem becomes
visible. Even though both cantilevers were from the same batch, the frequency spectrum differs

in the ratio of the first to the second harmonic in factor of more than two. Most standard AFM
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Figure 4.4: Frequency spectrum of an untreated All-in-One cantilever from BudgetSensors. The amplitude is normal-
ized to the first harmonic and the scale was chosen to be the same as in figure 4.5 for an easy comparison.
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Figure 4.5: SEM image of the tuned All-in-One cantilever. The cantilever is 130 um long and 25 um wide. The
structure seems a little bit wider compared to figure 4.2 due to the tolerances in the etching process of the
silicon cantilever.

users do not care much about higher harmonics, so it is reasonable that fabrication processes are

not optimized for this usage.

Post-production tuning of the cantilever helps to have the desired frequency response. In this
section, the second harmonic is the mode which will be enhanced. As visible in figure 4.5, the

written structure seems to be not as wide as the structure in figure 4.2.

The positioning of the 3D printing itself is very exact, since it is possible to write some test
spots and watch polymerization in situ during the same objective the laser is focused through.
The movement of the laser is caused by the galvo scanner (compare section 5.5 and section 6.5)
which has high repeat accuracy. Here, it is the cantilever which is inaccurate. BudgetSensors,

the manufacturer of the cantilevers, specifies the width of the cantilever with: 30 um £ 5 ym.

It follows that not the structure itself is inaccurate, it is the cantilever due to the fabrication

tolerances.

After the SEM imaging, the cantilever then again was mounted into the cantilever holder of
the AFM on which new frequency spectra were recorded. Again, independent from the laser
spot position, the spectra were similar with reference to essential features like amplitude and

additional oscillations. Exemplary, a spectrum of the tuned cantilever is depicted in figure 4.6.

As intended, the second harmonic is amplified compared to the first one. In addition, compared
to the untuned spectrum, all the oscillations caused by the cantilever holder and piezo are also
reduced which helps to obtain a stable feedback and will improve image quality due to less

noise.

This measurement was performed with a classical AFM setup, where the silicon cantilevers were

read out through an optical beam deflection readout as explained in section 2.1.1. One current
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Figure 4.6: Frequency spectrum of the tuned cantilever. As desired, the second harmonic outperforms the first one in
amplitude. The amplitude was normalized to the first harmonic.

active field of research is also self-sensing cantilevers which typically have a sensor integrated,
consisting of piezo active [7-9] or magnetoresistive layers [119, 120], see section 2.1.1. In those
approaches it can help to improve the sensitivity to stabilize the whole cantilever in a way that

the highest bending of the cantilever is in the region of the sensor.

In the next section this idea will be pursued.

4.4 Improving Sensitivity of Self-Sensing Cantilevers

Self-sensing cantilevers are a desirable advance in atomic force microscopy [149]. Many ap-
proaches like fluorescence microscopy combined with atomic force microscopy are inhibited due
to the bulky head of the AFM, or only accessible with restrictions, for instance only transparent
samples can be investigated by an inverse fluorescence microscope, while the AFM operates from
above the sample [150, 151].

The most intensive strain of the cantilever is at its base and decreases along the way to the tip as
simulated in figure 4.9. For this reason, the sensors of the self-sensing cantilevers are attached to
the base of the cantilever. This is in contrast to the classical deflection readout, in which the laser
is focused on the free end of the cantilever, since this is the area with the highest change in the

angle of the cantilever.

To maximize sensitivity, it is of interest to maximize the bending on the sensor. This can be
accomplished by stiffening the cantilever between the sensor and the tip. When minimizing the
bending of the remaining cantilever, for a fixed traveled distance of the tip the bending of the

sensor is maximized.

Here again, the same rebar structure as in section 4.2 is used. This framework provides a high

stiffness by low weight. The homemade TMR cantilever is much longer than a commercial can-
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Figure 4.7: SEM image of a TMR cantilever with an additional framework to maximize sensitivity. Zoom-ins of the
base and the free end of the cantilever are provided at the bottom. The cantilever is approximately 600 um
long.

tilever in order to have proper characteristics for intermittent tapping mode, while being thicker
for fabrication reasons.

To fabricate a structure covering a cantilever of such a length with 3D printing, the writing
process is broken down into multiple segments which are done one after the other, the so called

stitching.
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Figure 4.8: Force distance curve of a cantilever with a TMR sensor. The TMR signal was acquired while performing
a force distance curve with a conventional deflection readout for the triggering.
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Figure 4.9: Simulation of the strain of a TMR cantilever with and without a framework when moving the end of the
cantilever for a AFM typical distance of 250 nm. Both simulations use the same scale. The tip was left out
for performance reasons.

To measure the sensitivity of a self-sensing system, force distance curves are acquired (see sec-
tion 2.1.4). The cantilever tip is a few micrometers above the surface and then pressed against
a hard surface for a certain traveled distance of the z-piezo. When the cantilever gets in contact
with the surface it begins to bend. Since the traveled distance is well-known due to the z-sensor,
the calibration factor to convert the measured photocurrent into a distance can be acquired. When
installing a cantilever equipped with a TMR sensor, this procedure can be performed while read-
ing out the TMR sensor on an additional input channel of the controller. Figure 4.8 depicts a
typical measurement obtained with the cantilever in figure 4.7 before the structure was written.
Such measurements were performed before and after the structure was added. The linear fit re-
sulted in a slope of 415 mV /um for the virgin cantilever and a slope of 780 mV /um for the tuned

one, which equals an improvement of nearly 90 % in sensitivity.

TMR sensors have a hysteresis in their sensitivity, since the sensitivity is dependent on the mag-
netization of the sensor layer, which is magnetized before each experiment. This makes a reli-
able direct comparison of a chosen cantilever before and after adding the framework impossible.
Therefore, a simulation was performed with Autodesk Inventor. For the simulation a silicon
cantilever with a length of 200 um, width of 30 um and a height of 4 um was equipped with a
framework and a sensor with a size of 15um x 15 um was placed at the base of the cantilever.
The TMR sensor is a strain measuring sensor which has a linear behavior for small stresses as in
AFM. Therefore, the simulated stress is directly proportional to the measured deflection signal.
In the simulation, the sensor side of the cantilever has a fixed constrain since this side is connected
to the chip. The other side, where the tip was left out for performance reasons, the cantilever tip

was pressed down 250 nm to simulate a typical scenario. The simulation is depicted in figure 4.9.
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Figure 4.10: Measurement of the quality factor of a 125 um long cantilever, with polymer films of different thick-
nesses. The damping of the quality factor improves the scanning speed and the additional mass reduces

the resonance frequency, which also has an impact on the scanning speed. The damping effect dominates
the speed improvement factor.

It shows that the strain at the sensor from the cantilever with the framework is increased by nearly
50 %. This makes the measured improvement of the sensitivity of nearly 90 % plausible. The
simulated improvement depends on the geometry of the cantilever but the framework always in-
creases the sensitivity of the sensor. Note that this is the behavior for a given traveled distance.
When applying a force, the structure stiffens the cantilever which results in less deflection, which
can nearly annihilate the improvement. So this technique is only applicable when using a strain

sensor for deflection readout.

4.5 Enhancing Scanning Speed

The theoretical maximum of scanning speed is determined by the quotient of 7 times the reso-
nance frequency and the quality factor. To increase the speed, either the resonance frequency can
be increased or the quality factor reduced. Increasing the resonance frequency can be reached
by decreasing the size of the cantilever. Different solutions have been published but lacked of a
high signal due to the low reflective area of a small cantilever [86, 152]. Additionally the readout
technique has to be changed fundamentally to be able to process those highspeed data [153, 154].
The quality factor of a cantilever is also a property of the material used. Some techniques have
shown to control the quality factor electrically with a complicated feedback or excitation model
[155, 156]. Here, simply a layer of polymer on the bottom side of the cantilever was added. The
internal damping of a polymer like the used IP-Dip (Nanoscribe GmbH) is higher than that of a
silicon cantilever. To test the effect, the quality factors of multiple cantilevers of the same type
(NSC15, MikroMasch) were measured and layers of polymer with different heights were subse-
quently added and finally the quality factor was remeasured. Here, full layers were used instead
of frameworks as in the section above. For applications, frameworks are better since they do
not change the resonance frequency of the cantilever that much due to their lower weight but for

this measurement a framework would prevent a reusage of the cantilever for adding an additional
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Figure 4.11: a) Measurement of a calibration grid. b) A cross section of a good measurement for a slow line frequency
of 0.2 Hz. Trace and retrace match well. ¢) A cross section with a scanning speed of 0.8 Hz per line.
The cantilever needs multiple oscillation cycles to increase its amplitude, which leads to the so called
"parachuting’ at steep edges. d) When using the same setup with a cantilever with a reduced quality
factor, it leads to a reduction of the parachuting effect. Here, the z-feedback is too slow to scan fast
enough to obtain the same parachuting effect as with the untreated cantilever and starts ringing.

polymer layer. To measure the film thickness, the reflectometer Nanocalc2000 (Micropack) was
utilized. A reflectometer acquires the spectrum of the reflected light, which is modulated due to
wavelength dependent interference of the reflected beams from top and bottom of the layer. The

refractive index of the resist IP-Dip was taken from literature [157] for this measurement.

The thickness of every cantilever was the mean value of multiple measurements. Figure 4.10 de-
picts an optical microscope image of a speed improved cantilever. The measurement of multiple
cantilevers with different thicknesses before and after the treatment show a decrease of the qual-
ity factor by a factor of 3 for a layer thickness of 2.8 um. An asymptotic fit reveals a reduction of
the quality factor of up to 5 for thicknesses bigger than 5 um. The resonance frequency changes
due to the added mass but the effect is negligible (3 % reduction for the thickest layer) compared
to the improvement of the speed due to the quality factor. To demonstrate the improvement, a
scan was performed with different cantilevers, an untreated one and one with a reduction in the

= % Figure 4.10 depicts the measured grating with cross sections for the

quality factor by Q
different cases. The first cross section acquired with 0.2 Hz per line shows a good measurement.
No overshoots or ringing is visible and trace and retrace match perfectly. The parachuting ef-
fect appears at sharp edges at which the cantilever loses contact to the sample and increases its
amplitude. Due to the high quality factor of a silicon cantilever this takes several periods of the
oscillation which leads to a sloping edge instead of a steep one. This effect only occurs when the
topography of the sample causes a detaching of the cantilever. When a high step in direction of
the cantilever occurs, the amplitude is directly reduced and the quality factor has no effect. This
makes this effect asymmetrical when scanning a gap. To demonstrate the effect, the scan rate per
line was increased to 0.8 Hz. The cross section reveals a clear parachuting effect. An increase

of the feedback parameters did not change this effect. For the treated cantilever this effect is
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reduced. Actually, the feedback parameters of the system have to be increased so much to show
the effect that ringing occurs. This means that in the measured topography small oscillations are
produced since the inertia of the feedback system for the z-direction of the AFM is too high and
so the control loop overcorrects the distance. Although a cantilever with only a small reduction

in quality factor was chosen, the effect is clearly demonstrated.

4.6 Summary and Conclusion

The more advanced the AFM techniques are, the more does the importance of the frequency
spectrum of the cantilever grow. It it is nearly uninteresting for basic modes like tapping or
contact mode, but for an investigation of the mechanical properties of the sample it is of high
interest. To get comparable results, similar cantilevers should be used. Cantilevers even from the
same batch behave differently due to the high production tolerances of commercial cantilevers.
3D printing gives the opportunity to tune the spectrum to the desired one and thus obliterate
those differences. It also helps to overcome typical limits for scanning speed since it reduces the
quality factor of the cantilever and thus directly improves the cantilever transient response. For
self-sensing cantilevers 3D printing also helps to improve the deflection of the probe in the way

that most stress is applied at the sensor.

A shorter version of this chapter was published as "Tailored probes for atomic force microscopy
fabricated by two-photon polymerization’, Gerald Goring’, Philipp-Immanuel Dietrich!, Matthias
Blaicher, Swati Sharma, Jan G. Korvink, Thomas Schimmel, Christian Koos, Hendrik Holscher:
Applied Physics Letters (109), Cover Story and Featured Article (2016)

! contributed equally to this work
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5 Polymer Cantilever for Atomic Force Microscopy

In the last two chapters 3D printing was used to modify cantilevers consisting of silicon. Since
it is easy to write other structures, it is obvious to print a complete cantilever. Besides the free-
dom of writing arbitrary forms, it is also possible to position the structures exactly where they
are needed. For atomic force microscopy in contact mode, the cantilever can just be written on
the edge of a chip as on commercial cantilevers. Here, it is possible to design the cantilever

with the desired properties and use it directly after coating it with silver. The written cantilevers

Figure 5.1: Two short cantilevers written on a chip between two cantilevers of a commercial chip. To obtain good
reflection, the cantilevers were evaporated with silver.

were a first proof of principle and can be used as normal cantilevers in AFM. They have a res-
onance frequency of 93 kHz and are indistinguishable for the user from the silicon cantilevers
in tapping mode except the low quality factor of Q ~ 90 instead of Q ~ 1000 typical for silicon
cantilevers. This difference in quality factor leads to two noticeable differences. The amplitude
of the polymer cantilever is smaller than the amplitude of the silicon one when shaking with the
same energy and the polymer cantilever achieves the free air amplitude after 90 shaking cycles
whereas the silicon one needs about 1000 cycles. This inherently allows faster scanning speed
since the cantilever has to oscillate at its equilibrium state before measuring the next point. In

fact, the amount of data points collected per second can be calculated by:

_ - fres

Q

n

57



5 Polymer Cantilever for Atomic Force Microscopy

with n as points per second, f.s as resonance frequency and the quality factor Q. For the same
resonance frequency the polymer cantilever is thus able to collect ten times more data points per

time unit than the silicon one [87].

Whereas the AFM is a standard tool to manipulate objects down to the nanometer or even atomic
range [105, 158, 159], the microscope itself is magnitudes larger than the typical scan sizes which
inherently inhibits in situ measurements where less space is proivided as in endoscopic mea-
surements for example. Additionally, it consists of many non-standardized discrete components
which limit integration to most other analytical tools like fluorescence spectroscopy. It is always
necessary that the parts can be disassembled and adjusted due to wear of the cantilever [160] and
its production variances. Contamination with dirt particles also leads to the requirement of a new

cantilever. For the change of the cantilever several steps are required:

Change of the Cantilever: The cantilever itself has to be taken out of the cantilever holder.
Usually it is possible to extract the cantilever holder and pull the cantilever, which is hold
by a leaf spring, off the holder. Then, the new cantilever can be fixed in the holder and the
holder can be reassembled into the AFM head.

Alignment of the Laser: To get the laser reflected into the photodiode, it has to be aligned
in both lateral directions. The cantilever itself has a typical width of 30 um and thus it
is uncommon that the laser hits the cantilever in the same position as the previous one.
When using a different cantilever type, it may vary more than a millimeter due to non-

standardized parameters like the length of the chip.

Alignment of the Photodiode: Since the laser and the cantilever are now in different posi-
tions, the reflected laser will also hit the photodiode in another spot. The photodiode is
typically divided into four quadrants in order to be able to measure the lateral and vertical
deflection of the cantilever. If every quadrant produces the same photo current, the laser is
in the middle of this photodiode.

Some self-sensing approaches overcome these steps by using strain sensors on the base of the
cantilever [119]. For more complex measurements like process monitoring in chemical depo-
sition processes or microfluidic systems, on which fluids can be added, exchanged or removed,
more advanced equipment for the laser readout is necessary [161]. For miniaturization of AFMs
different approaches were used. One was to slowly ion mill a cantilever directly out of fiber end
[13, 14]. This approach delivers well aligned cantilevers which can be read out interferomet-
rically. Since there is only one optical channel, these cantilevers can be used in contact mode
only and without the possibility to detect the lateral bending of the cantilever. This is the main
advantage of the contact mode over tapping mode, since it allows to gather information about the

friction on the sample.

Here, two-photon absorption 3D lithography is introduced as a tool to write cantilevers directly
on laser facets. 3D printing has already shown to be able to fabricate well-aligned freeform

structures on optical fibers [162]. Additionally, 3D printing is able to print beam shaping lenses
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on facets [163, 164] or enables highly efficient optical coupling [18]. Even 3D printed fiber

microphones have been demonstrated [165].

However, all of these approaches are limited to simply emitting and/or collecting light from one
channel. For AFM in dynamic mode at least two channels are required. One for actuation and
one for the distance readout. To have multiple channels, V-goove fiber arrays can be used. Due
to their fabrication process the alignment of the fiber to each other has small tolerances. This
also gives the opportunity to have more channels for other experiments as shown in chapter 6. In

the next section methods are shown to get the best actuation and readout solutions.

5.1 Fabrication

5.1.1 Fabrication Process

For the fabrication of the cantilevers, commercially available V-groove single mode fiber (SMF)
arrays are cleaned and mounted into the fiber array holder. As described in section 5.1.4, a
pre-baking process is performed to vaporize the water on the surface of the array to enhance
the adhesion of the structure. After this procedure the holder is mounted into the Nanoscribe
Professional GT with the fiber facets perpendicular to the optical axis of the objective. The focus
of the camera and laser correspond, which helps to coarsely set the focus on the surface. For
the x-y-calibration, the corresponding fiber can be illuminated by a LED. This helps to prevent
confusion of different fibers of the array and to position the structure with micrometer accuracy.
For the z-calibration, the fluorescence of the resist is used. The focus is driven from the resist into
the surface of the fiber array. As soon as the focus crosses the border from the resist to the surface,
the Nanoscribe machine automatically detects the absence of the fluorescence light. To improve
adhesion and counterbalance misalignment in the interface finder, the structures are written with
a z-offset of 1 um to 3 um into the substrate. After the writing process, a developing process of
15 min in propylene glycol methyl ether acetate (PGMEA) is applied with a subsequent cleaning
bath of 15 min in isopropanol. After the bath, the structure is rinsed with isopropyl alcohol and

dried by pressure air.

5.1.2 Writing Parameters

After the creation of the 3D model, the model has to be sliced into different layers. The layer size
can be chosen depending of the required accuracy. In this work layers with minor importance,
like the base of the cantilever, are sliced into 100 nm layers. High important structures like optical
active surfaces or the tip of the cantilever are sliced in 50 nm layers. This improves the surface

quality but also doubles the writing time when writing with the same scanning speed.

For the writing process itself, the two main parameters are scanning speed, which equals the

speed of the focus, and the intensity, which can be scaled in the laser scaling factor between
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Figure 5.2: a) Measurements of the resonance frequency of two cantilevers with the same design. The only difference
is the laser power during the writing process which leads to different Young’s moduli and thus to different
resonance frequencies. b) A SEM image of one of those cantilevers.

0 and 1, where 1 means full power of the laser. These parameters have a high impact on the
obtained structures. The cross linking of the polymer is influenced by the power of the laser. The
higher the power, the more links are broken up simultaneously which results in a higher cross
linking. This influences surface roughness, shrinkage as explained in section 5.1.5 and stiffness
of the structure as explained in section 5.1.3. To start polymerization, the laser power has to
be above the polymerization limit. When the laser power is too high, the destruction limit is
reached. This results in spontaneous polymerization chain reactions which are similar to small
explosions. When this occurs, small black burned areas are visible in the structure. To find
the correct intensity, dosage tests are performed with different laser powers before writing the

cantilever.

The second parameter, the scan speed, influences the precision of the writing process. In general,
lower writing speed improves the structure precision but directly scales with the writing time.
Both parameters, scanning speed and laser power, depend on each other. For a faster writing, a
higher laser dose is required since the time of the laser on a certain spot is reduced. To improve
optical active areas and small structures like the cantilever tip a low scanning speed of 1 mm/s is

chosen and for bulk structures a speed of 10 mm/s.

5.1.3 Tuning the Young’s Modulus

3D printing does not only give freedom in form and placement of the structure, the writing
process itself is also tunable. To get a stable structure it is typically recommended to write with
a laser power near the destruction limit of the resist. This leads to the highest degree of cross
linking and thus to the highest Young’s modulus. When reducing the intensity, cross linking
is reduced which can be used to tune the spring constant as well as resonance frequency as
explained in section 2.1.5. To demonstrate this possibility, two identical cantilevers were written
on a fiber array. One was written with a laser energy as low as required for photopolymerization
and one with the power near the destruction limit of the photo resist. After cleaning, 50 nm of
gold were evaporated on top of a Snm chrome adhesion layer to obtain a good cavity as well as

absorption of the driving laser. The cantilever written near the polymerization limit resonated
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Figure 5.3: Two SEM images of cantilevers written with different powers. a) A cantilever written with low power
suffers from low adhesion on the single mode fiber which leads to an upbending. b) The cantilever written
with high intensity shows better adhesion.

at a frequency of 109 kHz whereas the cantilever written with high power resonated at 167 kHz.
Since the frequency of a cantilever with one free end grows with the square root of the Young’s
modulus (see section 2.1.5), the ratio r = 1.53 of both frequencies indicates a variance of the
Young’s modulus of 2.3 when keeping the other variables constant. This gives an additional
freedom of fabrication.

5.1.4 Adhesion Control

The fabrication process also has to be controlled to avoid specific problems. One of those prob-
lems is that the structures also have to stick to the surface on the desired place since there are
no mechanical or chemical bonds. Experience shows that printed structures stick well on rough
surfaces but there are problems for smooth surfaces like glass. Figure 5.3 shows a typical behav-
ior of a cantilever partly written on the glue of the fiber array and partly written on the cladding
of the fiber. The cantilever sticks well on the glue, but there are problems on the smoother fiber.
When writing with low power it is even possible that there is no connection between the structure
and the fiber. Upbending processes as explained in section 5.1.5 support this. This changes the
distance and the angle of the mirror of the cavity on the cantilever and leads to poor coupling
which reduces the signal-to-noise ratio. A high power near the destruction limit of the resist leads
to a better adhesion and thus prevents upbending of the base. Even if a low writing power and
thus a low Young’s modulus is preferred, the first layers should be written with high power to

increase adhesion.

Water contamination also reduces the adhesion. Since at room temperature and pressure there is
always a water layer on top of surfaces, it also helps to remove this layer. This can be done by
a baking process on which the fiber arrays are baked at 150 °C for 30 min. After this, the used
resist is dropped on the hot surface to prevent an enclosure of water. The resist then prevents the

surface from water contamination.
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Figure 5.4: a) Drawing of the shrinkage process which leads to an upbending. The overhanging layer shrinks more
which leads to an upbending of thin cantilevers as depicted in the SEM image b). Adopted from [22].

5.1.5 Upbending of Cantilevers

When printing with 3D printers, there is always a modification of the printed material involved
which has side effects. It is a common problem that the printed material has another density
than the liquid material. The problem of *warping’, known from macroscopic 3D printers with
plastic filament, also occurs with the Nanoscribe system. While the resist is exposed, it shrinks
in the range of 0.5 % [166], which leads to internal strain in the layer. On cantilevers this can be
well observed because the shrinking layer start to bend the cantilever up. The shrinkage of the
overhanging side, which is stronger than the shrinkage of the side where the layer is completely

connected to the layer underneath leads to this upbending.

5.2 Working Principle

For optomechanical interaction, fiber facets are able to emit and collect light. Beam shaping
lenses, total internal reflection mirrors or reflecting surfaces are easy to print. In combination
with a metal coating different solutions for the position readout are possible. The readout can be
chosen to be behind, under or before the tip to obtain different sensitivities. The same applies
for the actuation. The next sections will explain basic principles and show the wide range of

possibilities which can be selected to fit the needs of a certain application.

For fabrication of the freeform cantilevers, a commercially available two-photon polymerization
3D printer was used (Nanoscribe Photonic Professional GT) with an 40x magnification objective
and an aperture of 1.4. As resist the commercially available IP-Dip was utilized. For optical
active structures like lenses and mirrors, as well as the tip a writing speed of 1 mm/s was used to
achieve high accuracy while other parts were written with a speed of 10 mm/s. The laser power

was set right below the destruction threshold of the photo resist.

5.2.1 Readout

The readout and tip position can be placed on different positions as depicted in figure 5.5. The

basic principle is an interferometric readout as introduced in section 2.1.1. The same fiber is used
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Figure 5.5: SEM image of two different versions of AFM cantilevers without gold coating. The position of the tip
and the position of the sensor determine the sensitivity and the maximum measurable distance. The dia-
grams below the SEM images show the reflected laser power for each cantilever for wavelengths between
1520 nm to 1620 nm. The dBm/RBW values are converted into an emitted laser power in milliwatt on the
right y-axis in blue. The fibers have a diameter of 125 pm.

for laser emission and collection and the cavity is formed by the fiber facet and the cantilever.
By bending the cantilever, the free spectral range of the cavity formed by a freeform mirror
on the cantilever and the fiber facet changes and thus the measured intensity. Depending on
the wavelength of the laser, the intensity follows a sine function with a periodicity of the half
wavelength for a low reflectivity of the mirrors for a distance sweep of the length of the cavity.
For easy control it is helpful to have a linear signal and thus it is recommended to use only
20 % to 30 % of the full range. This would give a usable range of 240 nm when measuring with
a wavelength of 1600 nm. This is enough for most cases but can be extended or reduced by
using a mechanical reduction by printing the tip further away from the readout. In figure 5.5
two different cantilevers with different reduction factors are shown. Whereas the right one has
a ratio of nearly 1 since the detector and the tip are next to each other, the left one has a high
sensitivity since a small change at the tip leads to a big distance change at the position sensor. For
the position sensor there are also multiple possibilities. Two reflective surfaces are needed for
the interferometric readout: one with a fixed distance and one with a distance varying with the
deflection of the cantilever. For the reference reflection, the reflection on the fiber facet, which is
caused by the change of the refractive index from the fiber-air transition, is chosen. As second
reflection, the one of the transition from air to the polymer of the sensor or the transition of the
polymer to the air on top of the cantilever can be used. When using the first transition from air
to polymer, the top of the cantilever can be designed to form a light exhaust, which refracts the

light in a direction, that does not couple back into the fiber when reflected at the sample.
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Figure 5.6: Force curve of a printed cantilever without gold coating. The surface reflects enough light into the readout
fiber to form an interferometer. This leads to an artificial signal, multiple micrometers before the tip
touches the surface.

Figure 5.5 also contains two diagrams of the light collected from the emitting fiber. To measure
the reflected energy from the cavity, an external cavity laser with a power of 2mW and with
tunable wavelengths from 1520 nm to 1620 nm is connected to a 3 dB-coupler suitable for broad-
band operation. For calibration of the energy a gold mirror instead of the fiber array with the
printed structures was connected and the reflected energy was measured. The reflected energy of
—9.6 dBm was nearly constant over the whole wavelength range and can be converted to 110 uW.
A high modulation depth between 18 dB to 25 dB is depicted in figure 5.5.

This is a good solution for a readout when it is assured that no back scattered light from the
sample can reach the readout fiber. But since most samples reflect light, this solution needs some
improvement. A typical force distance curve of an uncoated cantilever is depicted in figure 5.6.
Before the tip comes into contact with the sample, there is already a signal in the deflection due
to the secondary cavity formed by the sample and the readout fiber. To prevent this, a metal
coating can be applied after the 3D writing process. In this work, 50 nm to 100 nm of gold was
evaporated on a 5 nm chrome adhesion layer. The cantilevers were designed to have a freeform
mirror on top which was adjusted with the optic simulation tool ZEMAX (OpticStudio) to match
the reflectivity of the fiber facet to form a critically coupled cavity. The gold covered structure
reflects 6dB to 12dB more power back into the photodiode. This makes it easier to measure
the distance despite the reduced modulation depth of 4dB. When comparing figure 5.7 with
figure 5.5 it is also conspicuous that the failures in the lower and higher wavelength range do not

exist anymore.

To measure with the interferometric readout, it is best to stay in the linear range of the intensity
signal. This has two advantages, namely the feedback signal of the cantilever responses linearly,
which makes it easier to find proper feedback parameters for the control loop, and it delivers the

highest modulation depth since the slope of the sine-wave-like response is the highest there.
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Figure 5.7: a) Reflection of the cantilever for different wavelengths. The cantilever depicted in the SEM image b) is
the same as in figure 5.6 and figure 5.5, but evaporated with 50 nm gold on top of a 5 nm chrome adhesion
layer. The power returned from the cavity was converted into milliwatt in blue. The scale is ten times the
scale of figure 5.8 and figure 5.5.

5.2.2 Cantilevers with High Finesse Optical Cavity

To further increase the sensitivity, it is possible to increase the reflectivity of the mirrors forming
the cavity as presented in chapter 2.1.1. High finesse cantilevers have a very high sensitivity since
their quality factor of the dip in the distance dependent signal is high, which leads to a very steep
slope. When bending the cantilever, the sensor signal virtually walks along this line and that is
why a high change of the signal occurs. When using only the reflection of the fiber facet this is
not possible since it only reflects 4 % of the light, which results in high loss of light. To have high
reflectance, it is possible to evaporate gold on the fibers before writing the structures. Figure 5.8
shows a measurement of such a cavity. The quality factors of the resonances go up to Q = 1580.
To calculate the finesse of this resonator, the effective length of the designed cavity is calculated.
With a refractive index of the resist of n = 1.52 and a thickness of 8.12 um, the product of those
can be added to the lengths of the air cavity with a length of 28.9 um to obtain the effective
length of the cavity of L =41.3 um. This can be calculated to the free spectral range (FSR) via
AApsg = A?/2L = 29.4. Divided by the full width at half max (FWHM= 1.08) a finesse of 27.2
for the second dip is obtained. The theoretical value for the finesse can be calculated by the
reflectance of the gold mirrors. For the semitransparent 20 nm mirror on a fiber the reflectivity of
R4y 20nm = 0.175 and for the gold layer on top of the cantilever a reflectivity of Ra,,_70mm = 0.982
is used. To prevent additional absorption there is no adhesion layer applied. The finesse F can
be calculated by:
2

P —275.
—1In (Rau_20mm * Rau_70nm)

This value corresponds perfectly with finesse of F' = 27 acquired from the fit. Remaining errors
can be explained by an inaccurate layer thickness of the gold evaporation. The dips of the cavity
indicate additionally a FSR of 25nm and thus a length of the cavity of 46 um, which can be
explained by the upbending of thin cantilevers as explained in section 5.1.
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Figure 5.8: a) Reflection of a cantilever written on a fiber coated with a semitransparent 20 nm gold layer. The can-
tilever was covered with 70 nm gold on top for high reflectivity of the freeform mirror. For both layers no
adhesion layer was used. The power was converted into milliwatt for an easy comparability with figure 5.7
and figure 5.5. This system leads to many reflections in the cavity and thus to a high quality factor of 1580
which can be obtained from the fit in b). With a designed effective length of the cavity of 41.3 um this
results in a finesse of nearly 27.

5.2.3 Actuation

For the actuation of an AFM cantilever various solutions are possible. Most commercial AFM
systems drive the cantilever oscillations with a shake piezo. This is an easy to implement ap-

proach but it has some drawbacks:

e The piezo actuates the whole AFM. This introduces unwanted vibrations and reduces

signal-to-noise ratio.

» Especially on higher actuation frequencies the resonance frequencies of the piezo intro-

duces resonance peaks which do not belong to the spectrum of the cantilever.

* In liquid environment acoustic modes form, which can cover up the cantilever resonance

completely.

These problems limit not only the picking of the right resonance, it also limits the whole mea-
surement. The elements which are mechanically coupled to the shake piezo can influence the
deflection signal in a way that the measured amplitude and deflection do not represent the forces
acting between the probe and the sample. Especially in frequency modulated AFM, where the
phase is held with a control-loop at a fixed value, this can prevent stable cantilever vibration
[167]. This is also a common problem in commercial systems and that is why sometimes special
equipment is offered, which drives the cantilever in another way. One way to directly drive the
cantilever is to use a magnetic field. Besides applying a magnetic field on the cantilever, the
cantilever has to interact with this field. Either a specially modified cantilever is used or an al-
ternating current has to be induced at the cantilever as done in Asylum Research’s iDrive [168].
A more usable drive is a photothermal excitation [169, 170]. Here, a laser is focused on the
cantilever where the absorbed energy leads to a temperature gradient and thus to a deformation

of the cantilever. The polymer used for the cantilever is transparent to most wavelengths longer
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Figure 5.9: SEM image of cantilevers with different actuator positions. Some versions contain a focusing lens. The
circular cladding of the fiber has a diameter of 125 um.

than UV-light which equals the activation energy for photo polymerization. Test measurements
have revealed some changes of the cantilever in terms of resonance frequency and stiffness when
actuating with a 405 nm laser due to additional cross linking in the resist, even after 30 min of
UV-curing. The gold layer on top of the cantilever introduced to shield the readout fiber against
reflected light from the sample can be occupied to absorb light with longer wavelengths. These
observations led to the idea of photothermal actuation of the cantilever. For maximum amplitude
it is best to apply a sinusoidal modulated laser on the base of the cantilever without further fo-
cusing. The lenses which were designed to focus the laser in a spot as small as possible did not
make any noticeable difference.

5.2.4 Actuation Simulation

To further evaluate the thermal actuation, simulations of the thermal absorption and thermal
expansion of the cantilever were performed. To understand the possibilities of thermal actuation,
the critical thermal time constant 7 is of great importance. This constant is the time the cantilever
needs to go from the cool state to the heated state or vice versa. This directly limits the maximum
possible drive frequency f,. for which the amplitude of the cantilever reaches its maximum and
the heat deviation can follow the applied power of the driving laser. When driving faster than
the corner frequency f., the cantilever cannot completely heat up or cool down, which results
in much lower amplitudes [171]. To compare the simulation and the measurement, the step
response of the cantilever was measured. To measure the step response, the actuation laser was
stepped from zero to full power with a signal generator while the deflection was measured with

the position detector and recorded with the Tektronix TDS 2014 oscilloscope.

Power Absorption
For the simulation, the energy of the heating source has to be determined. The energy for the

actuation is derived from the absorbed energy of the laser which has a power of 10 mW. For

the absorption, the path of the laser with a wavelength of 785 nm through air and cantilever was
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Table 5.1: Table of the parameters used for the simulation. If not other specified, the parameters are taken from the
Comsol database.

Material IP-Dip Resin Glass Gold Chrome Aluminum
Densitiy p [kg/m3] 1020 [172] 2210

Young’s modulus £ 3.5 [172] 71.7

[GPa]

Poisson’s ratio v 0.45[172] 0.17

Thermal expansion 5.0- 1072 [173] 5.5-1077
coefficient o [1/K]

Emissivity € 0.91 0.93[174] 0.47 [175]

Refractive index n 1.52 [103] 1.5 0.149 [176] 3.134[176] 2.693 [177]
Extinction  coeffi- 0 0 4783 [176] 3.447[176] 8.438 [177]
cient k

modeled as a cube of air with a subsequent cube of IP-Dip resin, each with a length of 500 nm,
a 5nm chromium adhesion layer and a subsequent 100 nm gold layer. The size of the cubes
was of minor importance since the absorption of both layers is negligible, but they have to be
included into the simulation due to the reflection which occurs on the transition between layers
with different refraction indices. The model was simulated with Comsols wave optics module
(electromagnetic waves, frequency domain). For the simulation, a defined magnetic field was
first set in y-direction and then a defined electric field was set in y-direction at port 1. The angle
of incidence was perpendicular to the surface for both. Floquet periodic conditions were applied
on one side of the structure to take into account that the volume can be expanded in xy-direction.
The simulated wave is excited at the top of the cube and propagates through the adhesion layer
and the gold coating. The transmission and reflection are calculated by the transmitted and
reflected intensity of the bottom of the structure. As a result, the cantilever absorbs 15.8 % of the

laser light, which equals 1.58 mW when using the maximum 10 mW of the actuation laser.

Thermal Expansion

For the simulation of the cantilever response, the thermal heat source was modeled to have a
Gaussian profile with a mode-field diameter of 20 um at 1/e-intensity with a standard deviation
of 10 um. The total power is derived from the power absorption simulation and is nominally
1.58 mW. To include the thermal influence of the expansion of the gold layer on top of the
cantilever, the built-in boundary condition ’thin layer’ of Comsol was used and set to 100 nm
and the properties were set up to match the material properties of gold. For the heat transfer of
the structure a quartz cuboid substrate was added underneath the structure to simulate the fiber

array. The thermal conductance between the structure and the cuboid was varied to match the
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Figure 5.10: Simulated and measured response of the 3D printed AFM-cantilever upon sudden heating. The simula-
tion as well as the measurement with the interferometric readout show a downbending of the cantilever
due to the high temperature gradient when switching on the actuator laser. This bending is strong enough
that the linear regime of the readout is left. When the heat dissipates into the cantilever, the gradient de-
creases which leads to a back bending of the cantilever. Simultaneously the cantilever elongates, which
leads to worse coupling and thus further reduces the obtained signal.

measured response to determine the actual heat transfer. As a result it could be determined that
the thermal conduction to the fiber array is of no importance and the best fitting was obtained for
a gap conductance of zero. This is counterintuitive since one would expect thermal conductance
to the fiber as the main cooling process. An explanation of this might be the adhesion problem
discussed in section 5.1.4. In combination with the shrinkage discussed in section 5.1.5, this
could lead to partial detached areas where the cantilever base has no direct contact to the glass
fiber. This would prevent a high conductance through the fiber array since a gap between the
cantilever and the fiber array would act as insulator. Another explanation might be that at room
temperature and pressure the thin water layer on top of the array mixes with the resist which
would lead to a lower density in the resist near the fiber array which would also limit the heat

transfer.

The simulation as well as the measurement show principally the same behavior of the cantilever.
It can be divided into two processes whereas the first one leads to a downbending and the second
one to an upbending of the cantilever. For the measurement it has to be considered that the
response of the cantilever is acquired with the interference-based readout. The ideal response of
this readout for low reflectivity has the form of a sine wave for a distance sweep and should only
be operated in the linear regime. As the bending of the cantilever exceeds this linear regime,
a nonlinear behavior of the readout has to be taken into account. The first process leads to a
fast downbending of the cantilever due to the thermal expansion of the top of the cantilever.
At the beginning, the temperature gradient is very high since the lower part of the cantilever is
at room temperature and the laser acts only at the top side of the cantilever. Due to the thermal
conductance of the cantilever, the heat starts to spread over the cantilever which leads to a smaller
heat gradient. The cantilever now also expands at the bottom side which leads to lesser bending.
This behavior is shown in the simulation as well as in the measurement. The measurement seems

to have a much stronger back bending of the cantilever than in the simulation but it has to be

69



5 Polymer Cantilever for Atomic Force Microscopy

200

150

100

Figure 5.11: Differential VSI measurement of a cantilever before and after applying 5 mW at the actuator fiber. The
tip shows a height difference of 140 nm. This property can be used to compensate fabrication errors or
can be used for z-actuation.

taken into account that the heated cantilever is bent and elongated which leads to a shifted optical
axis between the fiber facet and the mirror at the cantilever which reduces the signal obtained

from the optical readout.

It is obvious that after a while a new equilibrium state will settle, where the laser induced heat
equals the discharged one. Apart from the possibility of dynamically shaking the cantilever, it is
now possible to control the height of the cantilever by a laser intensity offset.

This can be useful for different situations. One is that this can be used for the z-feedback of the
scanning system. This would save the piezo used for the compensation of the topography when
scanning over a sample. Another aim is to have multiple cantilevers at one system [178, 179].
The production of such cantilevers suffers from multiple problems. One is the alignment of
these cantilevers, which optimally differ less than 1 um in height to prevent too much force on
one cantilever. Additionally, every cantilever should have its own z-positioning system like an
integrated piezoelectric actuator [180] to be able to measure higher topography. Here, the laser

power could be used for the feedback.

To measure the offset of the cantilever without the distortion of the resulting misalignment be-
tween the fiber facet and the mirror, a white light interferometer was used (Bruker ContourGT-K
with 50X magnification). After loading the cantilever into the vertical scanning interferometer
(VSI), the sample was aligned vertically. The system was set to measure two times and display
the difference between both measurements. After the first measurements, the actuation laser was
activated with a power of 5SmW and the second measurement was performed. As a result the
image in figure 5.11 was obtained. The cantilever tip bent up to 140 nm in respect to the surface
of the fiber array, which did not move as expected. This correlates excellently with the simulation
results from figure 5.10 which indicates a deflection in the range of 300 nm for the double laser

power of 10 mW.
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Actuator Fiber
Readout Fiber

Figure 5.12: Scheme and SEM image of an atomic force microscopy cantilever for dynamic mode. The cantilever
uses two fibers of a fiber array; one for thermal actuation and one for an interferometric readout.

5.3 The Standard Polymer AFM Cantilever

As described in chapter 5.2.4 and chapter 5.2.4, all elements for the assembly were identified and
well characterized. Despite the fact of completely freedom of forming a cantilever it was decided
to basically adopt the form of traditional cantilevers. This shape is proven to work and there is
plenty of literature about the theory of the oscillation and bending behavior. This restriction still

has enough freedom to improve the used system but gives a guideline for orientation.

The basic version of the 3D printed cantilever is depicted in figure 5.12. It uses two fibers,
one for thermal actuation and one for the interferometric readout. The cantilever itself has a
rectangular form with rounded edges for better production. The tip is next to the readout fiber to
have no mechanical reduction between the readout and the tip in order to have a calibration free
cantilever as explained in section 5.6. To reflect the light from the readout fiber, a freeform mirror

was calculated with Zemax to obtain a critically coupled cavity as explained in section 5.2.1

To improve the adhesion on the cantilever, it was written on a base which has a square area which
is narrowing. The actuator fiber is located directly under the origin of the cantilever on the base
to obtain maximum deflection of the cantilever and thus maximum amplitude at the tip. The
cantilever itself has a tilt of 13° to assure that the tip interacts with the sample and not with any

other part of the cantilever with a protruding feature of the sample.
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Figure 5.13: To actuate the cantilever, a laser is modulated with a sine wave voltage at resonance frequency. The
power oscillates with an amplitude around an offset value. By increasing the offset, the cantilever heats
up, which makes it softer and results in a lower resonance frequency and a decreased quality factor. This
effect can be used to tune the resonance frequency over a wide range.

5.4 Tuning the Resonance Frequency

Now the laser actuator is used to influence the mechanical properties of the cantilever. Taking the
absorbed power from the laser into account, the temperature of the cantilever rises when increas-
ing the laser power. This temperature change also affects the Young’s modulus as it decreases due
to the higher mobility of the polymer chains [181][182, p. 54ff]. Since the resonance frequency
of a cantilever depends on the square root of the Young’s modulus, the resonance frequency can

be tuned by tuning the laser power.

As explained in the previous chapter, a predefined, single resonance frequency is favored by
industry as well as in research since it simplifies the setup and enables parallelized measurements

with having only one actuation laser and one multiplexed lock-in amplifier.

Since the absorbed energy is responsible for the change in the Young’s modulus, a high absorp-
tion is desired. To obtain a high absorption of the laser, a 100 nm thick gold layer was evaporated
on a 5nm chrome adhesion layer. The standard type cantilever was used as schematically de-
picted in figure 5.13. The actuation of the cantilever was accomplished by utilizing the actuation
fiber. The readout fiber was used to form a cavity with the mirror near the tip of the cantilever. To
tune the cantilever, an amplitude of 1 mW was used and an offset up to 9 mW was subsequently
applied in steps around 0.6 mW. As readout the interferometric readout fiber was utilized. To
find the resonance frequency, the modulation signal was swept around the expected resonance
frequency of 200 kHz with the Asylum Research controller. The software automatically detects
the peak of the obtained Lorentz curve and also calculates the quality factor of the oscillation. The
resonance frequency of the cantilever without applying an offset was measured to be 180.8 kHz.
As aresult, the resonance frequency could be nearly linearly tuned from 178.8 kHz to 165.8 kHz,
which enables compensating an inaccuracy in the range of 15 kHz, which equals around 8 % of
the resonance frequency in lower direction. The quality factor, which can also be of interest es-

pecially in respect of scanning speed, can also be tuned in the range of Q0 =20 to Q = 15. When
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Figure 5.14: a) SEM image of one AFM cantilever of the array. b) An optical microscope image of a part of the array.
The tip was left out to save time. Blocks are written next to each cantilever to evaluate the shrinkage of
the cantilevers.

fitting with a linear slope, a change of the resonance frequency of —1.63 kHz/mW and a change

of the quality factor of —0.7/mW can be calculated.

5.5 Reproducibility

To use multiple cantilevers in one measurement, which opens the perspective for parallel mea-
surements, reproducibility is a key factor. The standard etching processes allow the production
of cantilevers with large variances of important properties like resonance frequency or spring
constant in the range of 30 % [5, 6]. This inherently inhibits simultaneous measurements in dy-
namic mode, if not one lock-in amplifier per cantilever is provided. The only possibility up to
now is to use the much noisier contact mode, which incorporates high forces. The possibility
to measure with multiple channels is easy to accomplish when using a commercially available
fiber array [183], which can even be fabricated by hand [184]. Those fiber arrays are one- or
two-dimensional arrangement of fibers with high precision. A 8 x 8-array with a pitch of 127 um
can easily scan an area of 1 mm? by moving only 127 um in x- and y-direction. Thus for the
fabrication two properties are of interest. One is the resonance frequency, which should not vary
much to be able to use one actuation laser and one lock-in amplifier which can be multiplexed,
and the second one is the height of the cantilever over the fiber facet because this determines the

wavelength on which the readout has its highest sensitivity as explained in chapter 5.2.1.

5.5.1 Resonance Frequency Deviation

To determine the reproducibility of the 3D printing process, a large array of AFM-cantilevers

was written on a quartz substrate. Images are provided in figure 5.14. On this array, 71 AFM
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Figure 5.15: a) Scheme of the readout and the actuation for this measurement. b) A histogram of the acquired res-
onance frequencies of 70 AFM cantilever. The thermal tuning range is also plotted. The tuning range
allows to tune 95 % of all fabricated cantilevers to oscillate at the same resonance frequency.

cantilevers were written as well as 69 SNOM cantilevers. To determine the resonance frequency
of all these cantilevers, the whole quartz substrate was glued on an adapter which was originally
used to electrically connect to TMR-sensors. For the AFM a holder exists, where this whole
adapter can be inserted. The adapter is clamped with plastic clamps on top of a shake piezo. With
this piezo the whole substrate was shaken by sweeping 100 kHz around the expected resonance
frequency. To readout a single cantilever, the laser of the AFM was focused on the respective
cantilever and the reflected light was collected by a split photodiode as in conventional AFM.
A schematic of the setup is provided in figure 5.15. In order to have a high reflectance, the
cantilevers were coated with a 5nm chromium layer followed by a 100nm gold layer. The
cantilevers themselves were written with a slicing distance of 200 nm to be able to fabricate the

array in reasonable time.

Seventy AFM cantilevers were measured and had a mean value of 183 kHz and a standard de-
viation of o =3.9kHz. Considering the possibility of thermally tune the cantilever resonance
frequency in the range of 15kHz, as presented in the last section, it is possible to compensate
fabrication errors in the range of 2¢. With that, 95 % of all produced cantilevers can be shifted

to the desired resonance frequency.

5.5.2 Height Deviation

Besides the resonance frequency, the height of the cantilever is of special interest. The readout
laser has to have a certain wavelength to ensure high sensitivity of the system. This wavelength
directly depends on the distance between the fiber facet and the cantilever mirror as explained in
section 5.2.1. To be able to use only one wavelength for multiple cantilevers, the length of the
cavity has to have only little deviation. Ideally the cantilever tips should exceed the same height

to minimize the forces applied to the surface.
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Figure 5.16: a) VSI image of a measured cantilever. b) A histogram of 70 cantilevers. The cantilevers show a signifi-
cant shift between the designed and the measured height due to upbending.

The same array of cantilevers used to determine the deviation of the resonance frequency shown
in figure 5.14 in the previous chapter were also used to determine the deviation in cantilever
height. To measure the height, whose deviation is preeminently caused by the upbending of the
cantilever during and shortly after the writing process as explained in chapter 5.1.5, reference
blocks were written next to the cantilevers. Further, the cantilevers were cut off in the same
plane as the height of those blocks. To evaluate shrinkage, the reference blocks as well as the
cantilevers were equipped with reference lines. To measure the height difference between the

blocks and the cantilevers, a VSI (Bruker ContourGT-K with 50x magnification) was utilized.

The measurement revealed a significant deviation between the designed height and the measured
height. The cantilevers were designed to be 35 um above the surface as the calibration block
besides the cantilever. Since the calibration blocks accord well with the design parameters, the
deviation of o =2.7 um can be explained by an upbending of the cantilever as discussed in sec-
tion 5.1.5. The shrinkage of the layer, which causes the upbending highly depends on writing
speed, dose and geometry. In chapter 6.5.2 some solutions to reduce this upbending are pre-

sented.

5.5.3 Predetermination of the Resonance Frequency

This directly leads to the question of how accurately the resonance frequency can be prede-
termined. There is a difference of reproducibility in terms of how the resonance frequency is
distributed and how well the desired frequency matches the obtained one. When designing a
cantilever, the first design parameters are constrained by the desired optical features like readout
or actuation. Those have to fit the properties of the fibers from the fiber array. After this proce-
dure, there is nearly no limitation when designing the cantilever. Therefore a standard model was

used as AFM Cantilever in this work, which was adapted to the intended use. To estimate the
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Figure 5.17: Simulation with Autodesk Inventor to obtain the resonance frequency. The image additionally shows
displacement in color scale.

resonance frequency, simulations were performed with Autodesk Inventor. The design files were
already created in this software, which made it easy to get resonance frequencies after specify-
ing material properties like Young’s modulus £ =3.5 GPa, Poissons ratio v =0.45 and density
p =1020kg/m? [172].

At first, the resonance frequency of 164 kHz was obtained. This is only a deviation of 15kHz
to the measured 179 kHz. This can be explained by the dose dependent variation of the Young’s
modulus. The density was set to be fixed in the simulation since the volume of the resist does
not change that much. The Young’s modulus was calculated to be 4.16 GPa which is plausible
since the cantilevers were written with a laser power near the destruction limit to have high cross
linking as well as high adhesion on the fiber array. This example shows that within certain limits

it is possible to predetermine the resonance frequency of a newly designed cantilever.

5.6 Calibration of Cantilevers

A typical problem for a classical AFM setup is calibration. After inserting the cantilever and
the aligning process of the laser and photodiode, the measurement cannot start directly. First
the setup has to be calibrated. The current from the photodiode is transformed into a voltage by
a transimpedance amplifier setup with a fixed gain. But due to a different beam position or a
difference in reflectivity of the cantilever, the current varies and thus does the measured voltage.
To calibrate the AFM, a force distance curve has to be measured on which the cantilever is
pressed with the tip against a hard surface. The traveled distance of the z-piezo and the measured
signal can be used to calibrate the deflection value. During this process the tip can already be
damaged, contaminated or blunted. The polymer cantilevers with their interferometric readout

mechanism allow a touchless calibration procedure:

When tuning the readout laser to different wavelengths, the free spectral range can be calculated
with two acquired points and thus it is possible to exactly know how far away the cantilever
is from the fiber facet as explained in chapter 2.1.1. This means that the length of the cavity,
and thus with the given wavelength the relationship between the acquired photo current and the

change of distance, can easily be calculated without touching the sample.
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Figure 5.18: Force curve of the standard AFM cantilever. Trace and Retrace differ slightly due to elastoplastic defor-
mation of the cantilever and tip. The zoom-in reveals high sensitivity since the snap-in is clearly visible.
The fit in green to determine the sensitivity was shifted 7 nm to the left side to simplify differentiation of
the plots.

For further advanced AFM modes like multifrequency mode this also gives an additional advan-
tage. The sensitivity of a beam deflection readout highly depends on the position and size of
the laser. This can lead to a complete suppression of a mode of interest [85]. The 3D printed
cantilevers can be positioned with micrometer accuracy and thus it is possible to avoid this prob-

lem.

When measuring with the cantilever, the displacement of the cavity does not match the displace-
ment of the tip since the tip is in a certain distance to the mirror of the cavity to reduce back
scattering from the sample. This leads to a mechanical reduction factor. This factor depends
on the form of the deformation of the cantilever and it can be distinguished between the static
deformation factor Oyuic and the dynamic deformation factor Oyynamic. When measuring a force

distance curve, only the static deformation factor is calibrated. When information about the am-

plitude in dynamic mode is required, the calibration factor 8., = 55”“”"' is used. This factor is

'dynamic

also known in classical AFM setups and typically set there to 1.09 [86]. For the polymer AFM

cantilever both deformation factors were simulated to be:

sstatic = 1.26,
denamic =1.21,

which directly leads to the calibration factor 8., = 1.05. Due to the low geometrical variations
in cantilever fabrication, it is sufficient to measure a force distance curve once for one type of
cantilever to calibrate the MR factor. All other cantilevers have the same and do not have to be
calibrated again. A typical force curve acquired with the standard AFM cantilever is depicted in
figure 5.18.

The force curve looks similar to the one acquired with the beam deflection readout on a silicon
cantilever. Only slight differences are visible. One is that the deflection is not completely linear,

it starts to bend a little bit. This can easily be explained by the readout. With the interferometric
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readout, the deflection has the form of a sine wave as explained in 5.2.1. The force curve was
only performed for a few hundred nanometers to stay in the linear regime. The green line in
the figure is the linear fit to set the sensitivity, but it was shifted 7nm to the left to allow to
distinguish between the trace, retrace and the fit. Additionally, a shift between the trace and the
retrace is visible. This can be explained by elastoplastic deformation of the cantilever and tip. the
cantilever was designed to have high resonance frequency as well as high spring constant. This
is necessary in order to have good sensitivity and enables high measurement speed in dynamic
mode. When performing a force curve, this means that the applied force is orders of magnitudes

above the one applied when using a cantilever made for contact mode.

In order to calculate the mechanical reduction factor &y4c, a fit with a sine wave was performed
on the deflection. The fit returned an ® =6.56- 10° /m. To calculate 8y, formula 2.3 can be

used: 5
3

6static - A* 2 =1.24

with the wavelength A =1550nm. This excellently fits the simulated value of 8y = 1.26.
To measure in dynamic mode, the calibration factor d.,; = 1.05 has to be taken into account to

consider the different form of the cantilever in dynamic and static mode.

5.7 AFM Measurements with Polymer Cantilevers

As described in chapter 5.1.1-5.5.3, the cantilever is well defined in terms of fabrication, ac-
tuation, optical readout system and displacement behavior. The following measurements show
the potential of the developed system. All measurements were performed within the AFM sys-
tem presented in chapter 2.1, with a piezo stage (Physik Instrumente GmbH & Co. KG) for
xy-movement of the sample with a scan range of 800 um in each direction and a z-piezo with a
throw of 100 um. As AFM controller the ARC2 (Asylum Research) was utilized, which provided
the feedback signals as well as analog to digital and vice versa data converting. The AFM was
damped by an active vibration isolation table (Halcyonics Micro 40). As modulation laser for the
actuation, the laser diode driver (Newport Model505) was supported by the ILX Lightwave LDT-
5910B temperature controller. As tunable laser for the readout, the Santec Tunable Semiconduc-
tor Laser TSL-210 was used. To convert the light intensity into a voltage, the Agilent 8163A
Lightwave Multimeter was utilized. Before every measurement the hood was closed to prevent
eye injuries and both lasers, for readout and actuation, were switched on and a few minutes were
granted for the cantilever to reach thermal equilibrium. After this, the wavelength of the inter-
ferometric readout was swept to acquire the maximal and minimal photo current which equals
the maximum and minimum light returned from the cavity. After this procedure, the wavelength
was adjusted to return a current in the middle between the two extrema. Then the resonance fre-
quency was determined by sweeping the modulation frequency of the actuation laser in the range
of the designed resonance frequency. The modulation frequency was set to reach an amplitude of

97 % of the maximum free air amplitude to stay in the repulsive regime. Then the wavelength of
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Figure 5.19: First AFM measurement with the standard AFM cantilever. The silicon test grating is clearly scanned
and no artifacts are visible.

the readout laser was manually fine-tuned to return the highest amplitude. Then the AFM could

be used as any other conventional AFM.

To demonstrate the ability of the system, different measurements were performed with the focus

on different properties. When not mentioned otherwise, the standard AFM cantilever was used.

5.7.1 Proof of Concept

This was actually the first measurement performed with the polymer cantilever with the inter-
ferometric readout. A grating is typically used to test the calibration of the AFM. The silicon
calibration grid has a pitch of 10 um and has squares etched in with a depth of 200 nm and an
edge length of 4 um. During the measurement the AFM behavior was comparable to a normal
AFM. The acquired data presented in figure 5.19 do not show any conspicuousness in terms of

overshootings or artifacts.

This measurement was proof that the system works as designed, but is mainly included in this
work for a sentimental reason, since this was the measurement that encouraged us to invest more

time into this promising project.
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Figure 5.20: AFM measurement on a freshly cleaved HOPG surface. Clearly 3 different layers, L1-L3 are visible as
depicted in the scheme. The steps in the cross sections match the literature values for graphene layers.

5.7.2 Atomic Resolution

High resolution measurements are the discipline in AFM that needs the highest sensitivity. For
the high resolution demonstration, the smallest accessible samples were used: Atoms. The mea-
surement of atomic steps was used to demonstrate the excellent vertical resolution of the sensor
system. To have a clean sample, a freshly cleaved highly oriented pyrolytic graphite (HOPG)

was used.

On the measurement depicted in figure 5.20 clearly three layers with different heights are dis-
tinguishable. The depicted cross sections show steps with a height of 350 pm on the single step
and a height of 700 pm on the double step. This is well in accordance to 335 pm mentioned in
literature [185]. Thus, the system is able to measure down to the atomic range. The remain-
ing noise in the image can be explained by the laser noise of the wavelength and intensity. The
readout laser contains an external cavity to tune the laser wavelength, which is also sensitive to
vibrations. Nevertheless, such a tunable laser is the best choice for the readout since it makes it
possible to work at the wavelength with the highest sensitivity. Furthermore, the stage used for
the x- and y-movement has a big range of 800 um x 800 um, which is not conceivable for atomic

resolution.
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Figure 5.21: Two measured resonance curves of the cantilever of the SEM image, one curve measured in water and
one in air. The cantilever is equipped with a light exhaust, to prevent that light reflected from the sample
can couple back into the readout fiber.

5.7.3 Measurement in Water

An additional field of use are in situ measurements in liquid environment. More accurately, the
environment itself can change without disturbing the measurement. To perform a measurement
in liquid, typically additional accessories are used like a closed fluid cell. This cell encapsulates
the sample and the cantilever but has windows to let the laser from the deflection readout enter
the cell, which allows the reflected beam to reach the split photodiode. This cell is important
to protect the electronics and other parts sensitive to liquid like the actuation piezo [161] from
destruction. Further, it is not possible to measure successively in air and water for example,
without starting a new realignment process. The different refractive indices refract the light
differently, which results in a new alignment of the laser pointing at the cantilever as well as the
photodiode. Additionally to the displacement of the laser, a new calibration process has to be
performed to be able to convert the acquired photocurrent from the photodiode into a distance.
The 3D printed approach only has a cavity in which the light is reflected between the two ends
of the cavity. Besides the different intensities in the cavity for different environments due to the
different transitions of the light when leaving the fiber facet and the wavelengths in the medium,

nothing else changes.

In preliminary experiments difficulties appeared when engaging the tip of the cantilever to a
reflective surface due to light reflected into the readout fiber. This effect increases in liquid
environments due to the smaller difference in refractive indices between cantilever and water.
To evaluate that theory, a copper oxide sample which absorbs nearly all the light in the infrared
region was used and the effect nearly vanished. To overcome this problem, a light exhaust was
introduced above the readout fiber which refracts the light not reflected by the cantilever, so that

it cannot be reflected back from the sample surface into the fiber.

For demonstration, a grating was measured in air, and subsequently in water. The grating was
glued with epoxy into a vessel to prevent the grating from floating away when pouring the water

in. Before every measurement, the resonance frequency was acquired since there is a change
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Air

Figure 5.22: Two successive AFM measurements of a test grating in air and then in water. No realignment was
necessary between the measurements. With usage of dirt particles, a small shift of only 1.1 um is revealed.

in resonance frequency when changing the environment. Both resonances are depicted in fig-
ure 5.21.

The cantilever was brought into close vicinity of the grating. After tuning the resonance fre-
quency, the cantilever was engaged onto the surface and a typical AFM measurement was per-
formed. After the measurement the cantilever was withdrawn and distilled water was poured
into the vessel until the grating and the cantilever were completely covered with water. Due to
the increased damping of the water the resonance frequency was decreased. Thus a retune was
performed and the wavelength of the readout laser was adjusted to return the highest amplitude.
Then the cantilever was engaged again when the second measurement was performed. Both

measurements are depicted in figure 5.22.

When comparing the measurements, four dirt particles can be spotted on both images with the
same distance to each other. The only difference is that the measurements are shifted by 1.1 um
to each other. With this small shift it is an easy task to measure the same spot in different

environments without the need of special equipment.
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5.8 Summary and Outlook

In this chapter, the concept of 3D printed polymer cantilevers on fiber arrays was introduced. The

actuation and readout principles were optimized based on theory, simulations and experiments.

Different measurements demonstrate the possibilities of the system as well as the high sensitivity
which makes it even possible to reveal atomic steps on HOPG. All this studies were partly based
on classical AFM cantilever geometries already known from silicon cantilevers to reduce the
high degrees of freedom. Further studies could use those results and explore new territories in
terms of form and function. Figure 5.23 shows an example of a cantilever already optimized for
high resonance frequency due to less mass and with less dynamic friction to increase amplitude
due to an aerodynamically optimized shape. The introduced system was only used for AFM
measurements. Further application areas might include sensing applications with chemically
active coated cantilevers to determine the concentration in liquids by the change of the resonance

frequency or viscosity measurements.

Figure 5.23: First design of an hydrodynamically optimized cantilever to improve amplitude and resonance frequency
in liquid environment.
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Despite the use of 3D printed cantilevers for AFM, additional optical channels of the fiber ar-
ray can be utilized to gather even more information from the sample. Whereas optical far field
measurements are limited due to the Rayleigh diffraction limit at d = 0.611p/NA with the min-
imum resolution d, the wavelength A and the numerical aperture NA, the near-field does not
suffer from this limitation. This fact is used by classical scanning near-field optical microscopy
(SNOM) [186, 187]. The optical information is extracted out of the near-field by a small aperture
with a subwavelength diameter or a small metallic tip which interacts with the local field. Even
though in a classical setup SNOM is complicated and hard to interpret, SNOM is often required
for life science [188, 189] or material science [190-193] and the characterization of integrated
optical devices to select ’known-good’ dies [194]. To obtain a small fiber with an aperture, a
coated fiber is heated and thinned by a manual pulling process [92] or etching. Typically, either
the illumination or the collection of the light is done with bulk optics.

As explained in chapter 2.2, a SNOM setup resembles an AFM setup. The specimen can be
scanned in xy-direction and a feedback is responsible for the z-direction. In contrast to an AFM
setup, the SNOM probe usually oscillates laterally above the surface and for the feedback a
phase-locked loop is used. To actuate the fiber, it is tightly connected to a tuning fork. When
the fiber oscillates in close vicinity to the surface, the resonance frequency changes, which can
be used as feedback signal. The resolution increases the closer the fiber is to the specimen.

Distances of smaller than 20 nm are preferable [195].

6.1 Design Considerations

To utilize fiber arrays as the base for a SNOM, the design of the previously developed standard
AFM cantilever, which uses two fibers, one for the deflection readout and one for actuation, has
to be expanded to include the necessary four optical channels. Due to the pitch of 127 um, the
cantilever would span over half a millimeter which would lead to low resonance frequency and
low fabrication resolution since the cantilever would have to be written with a less magnifying
objective due to the lens coverage and the size of the cantilever. During this work, two working
approaches were tested, one will be referred to as *wire bond SNOM’ and one as ’standard
SNOM’, which was further investigated.
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Figure 6.1: Rendering of the designed mirror which reflects the light from the fiber on the gold coating to the tip. The
output is a freeform lens which focuses the light on the tip and is protected from evaporated gold by a
shielding.

6.2 Working Principle

Both cantilevers share some basic principles: one is the illumination and the other one is the
actuation. For the illumination a new approach had to be designed. The actuation itself had to be

shifted to reduce the size of the cantilever.

6.2.1 lllumination

To have proper illumination of the tip, one fiber was utilized and will be referred to as illumi-
nation fiber. On the fiber a mirror was designed, which reflects the light from the fiber to the
tip of the cantilever. To increase the reflectivity of the mirror, the gold coating usually applied
to the cantilever was beneficial. The freeform mirror was designed to focus the light on the tip
of the cantilever through a freeform lens as depicted in figure 6.1. To avoid back reflections of
the light on the output of the mirror, a shielding was written above. As explained in chapter 2.2,
SNOM typically relies on macroscopic optics, either for illumination or collection of the light.

The presented approach easily substitutes the whole microscope.

6.2.2 Actuation

There are different approaches to account for the topography of a sample in SNOM measure-
ments. It is possible to scan the topography and then rescan the sample with a certain distance
for the SNOM signal or use dynamic modes and utilize the long-range forces for the feedback.
When operating a SNOM in contact mode, the small aperture starts to wear off and increases in

size pretty fast, which directly reduces the resolution of the optical signal. Thus an actuation has
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Figure 6.2: To have a short cantilever but still actuate at the base of the cantilever, two total internal reflections (TIR)
were used to bring the actuation light to the base. Total internal reflections do not suffer from the absorp-
tion on the interface and thus improve the intensity.

to be implemented into the SNOM to operate in tapping mode. Since the distance readout and
the light collector from the tip have to be on the moving cantilever, a solution with the actuation
fiber not directly under the cantilever is preferred. One solution could be to use a second mirror
as presented in the previous section and focus the light on the base of the cantilever, but there
is a more elegant one. Due to the absorption on the interface between the polymer and gold,
the intensity of light is reduced. On the other hand, total internal reflection does not suffer from
this. Thus the solution is to use two total internal reflections to bring the light from the outer
fiber to the base of the cantilever as depicted in figure 6.2. To obtain high reflectance using total
internal reflection, the resist at the first reflection, which occurs at the top of the cantilever, is
protected from the evaporated gold with a shielding. The second reflection is already protected
by the cantilever itself.

Actuation Simulation

To be able to simulate the thermal response of the cantilever, the absorbed energy has to be
known. As for the standard AFM cantilever in chapter 5.2.4, simulations were performed to
acquire the absorbed energy. For the simulation a cube of the used IP-Dip resist, with an edge
length of 500 nm, was used to simulate the way of the light through the cantilever. Since total
internal reflection is used, no loss is expected and thus the reflections were not taken into account.
The last two layers, the chrome adhesion layer and the 100 nm gold layer, are responsible for the
absorption. Thus the simulated model consists of the cube IP-Dip resin and two subsequent
layers of chrome and gold. For simulation, the propagation was simulated for a defined magnetic
field as well as a defined electric field, each in y-direction, and started at the IP-Dip cube with
zero incidence. To include thermal expansion in xy-direction, Floquet periodic conditions were
applied. For this simulation, the same parameters as in table 5.1 were used. For the maximum of

10 mW from the actuation laser, an absorption of 22.7 % was simulated, which equals 2.27 mW.
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Figure 6.3: SEM image and half-section scheme of the wire bond AFM. The light of the illuminator is refracted from
the specimen and then collected from the wire bond tip. The distance readout is located next to the tip.

In contrast to the AFM cantilever (1.58 mW), there is an increase in absorbed power. Since the
only difference between those two simulations is that in the SNOM simulation the wave directly
starts at the IP-Dip resin, whereas the AFM wave starts at a cube of air, the increase results from

the missing transition from air to the resist.

6.2.3 Writing Parameters

Writing parameters of the illumination process are important since they influence adhesion,
Young’s modulus, the thermal expansion coefficient and more. To be able to compare the re-
sults obtained in this chapter, writing parameters were kept constant when not noted otherwise.
The slicing distance of the model was set to 100 nm for the bulky part of the cantilever, whereas
optical active areas like mirrors and lenses as well as the cantilever tip were sliced into 50 nm
layers. The laser intensity was chosen to be near the destruction limit. This increases the Young’s
modulus due to an increased cross linking, which results in a high resonance frequency and im-
proves the adhesion of the cantilever on the fiber array. The scanning speed was set to 10 mm/s

for the parts sliced into 100 nm and to 1 mm/s for the finer parts.

6.2.4 The Wire Bond SNOM
The remaining two channels are the distance readout and the SNOM collector. Ideally both

channels would be located at the tip, since the tip is used to also collect the light and the readout

should have high sensitivity. One solution is to use a 3D printed wire bond [196] to guide the
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Figure 6.4: Calculations of the whispering gallery mode for the printed wiring board reveal that light may couple
through the connection of the wire bond and cantilever into the bond.

light away from the tip into a fiber which is not directly located under the tip. The photonic wire
bond is a concept introduced for chip scale interconnects. With these wire bonds light can be
directed from the tip to a fiber with low losses. Thus for the readout, the fiber under the tip can

be utilized. A schematic drawing as well as a SEM image is depicted in figure 6.3.

The left fiber is used as actuation fiber and the light is brought via two total internal reflections
to the base of the cantilever as explained in section 6.2.2. The second fiber is connected via a
photonic wire bond which is joined with the cantilever and simultaneously acts as tip. Due to
the gold coating, the tip does not have an aperture and the cantilever has to be scanned above the
surface until the tip opens. On the third fiber, the distance readout is implemented next to the tip.
To protect the readout from stray light, the mirror for the cavity is printed on the bottom side of
the cantilever and the top side consists of an angled surface which acts as light exhaust. On the
fourth fiber the illumination mirror is printed. The mirror consists of a freeform mirror which is
coated with gold and a freeform lens which focuses the light on the tip.

Figure 6.5 shows a measurement of an illuminated fiber array. To test the SNOM measurement,
one fiber of a fiber array which was used as sample was illuminated. The fiber is a single mode
type which has a well-defined Gaussian beam profile for wavelengths above 1260 nm. The mea-
surements reveal some interesting effects. For the illumination of the sample fiber a laser with a
wavelength of 1550 nm and a power of about 3 mW was used. The fiber itself should be flat, but it
seems to have a curvature in the middle. This effect vanishes when the illumination of the sample
fiber is switched off. Thus this effect is a thermal effect of the wire bond cantilever, which seems
to deflect when being heated from the illumination, which results in a measured deflection of the
topography. Further the measured SNOM signal is shifted by 1.5 um to the topography. This
is visible when comparing the green circle, which was drawn around the spot with the highest
SNOM signal. But the most noticeable effect is visible in the blue cross section which is not only
a Gaussian beam but also a second peak. To explain where this peak derives from, a whispering
gallery mode calculation was performed for the wire bond. The mount of the wire bond on the
cantilever allows not only the light from the tip but also the light from the mount to couple into
the SNOM collection fiber. This also agrees with the position of the cantilever while scanning.
The fast scan direction was perpendicular to the long axis of the cantilever. Due to the scaling
of the SNOM image this effect is a little bit accentuated since it is only in the range of 8 %. But
this measurement has led to the design of a second cantilever, which does not suffer from this

problem.
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a) Topography b) SNOM Signal
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Figure 6.5: a) Topography and b)+d) SNOM signal of an AFM measurement of an illuminated fiber with the wire
bond AFM. ¢) The SNOM signal is used as color code on top of the topography to measure the shift
between topography and SNOM signal as indicated by the green circle in ¢). The measured beam has a
good Gaussian shape e) in x-direction but has some deformations f) in y-direction.
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Figure 6.6: SEM image and scheme of the standard SNOM cantilever. The mirror consists of a freeform mirror coated
with gold and a freeform lens which focuses the light on the tip. The SNOM collector is underneath the
tip, where a lens couples the light into the single mode fiber (SMF). The distance readout is near the base
and to get the actuation energy to the base of the cantilever two total internal reflections (TIR) are used.
Adopted from [197].

6.2.5 The Standard SNOM Cantilever

On the wire bond SNOM the fiber underneath the tip was used for the distance readout and the
light collected from the tip was directed with a photonic wire bond to the fiber which is situated
more at the base of the cantilever. This was the first choice to have a high sensitivity. Since
throughout all measurements the sensitivity was never a problem, the position readout and the
SNOM collection fiber were interchanged. Thus the SNOM collection can be situated directly
under the tip without the need of a wire bond and the readout is shifted more to the base of the

cantilever. Figure 6.6 depicts a SEM image as well as a scheme of the setup.

For the illumination of the tip the freeform mirror explained in section 6.2.1 was used. To rotate
the polarization of the light, a polarization controller was interconnected between the excitation
laser and the fiber. The actuation scheme from section 6.2.2 with two total internal reflections
was adapted. For the distance readout, a freeform mirror was designed to match the intensity of
light coupled into the single mode fiber from the mirror to the reflectivity of the fiber facet. This
forms a critically coupled cavity.

For the design the physical optics module of ZEMAX was used. There is no need for a light

exhaust since the cantilever has a slope to make sure that only the tip is in contact with the
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a) Aluminum b) Gold

Figure 6.7: Two SEM images of cantilever tips. a) A tip evaporated with 100 nm aluminum and b) with 100 nm gold.
Both on top of a 5 nm chrome adhesion layer. The aluminum tip is significantly rougher and more porous.

specimen, which keeps the readout far away from a reflective surface. The metal coating also
attenuates enough to prevent stray light. To measure the deflection of the cantilever, a tunable
laser with external cavity was used and connected with a circulator. The circulator is an optical
device with three fiber connections. The circulator directs light from input A to input B, light
from input B to input C and light from input C to input A with high efficiency. With this, the
laser light coupled in from the laser exits at the cavity, and the laser light which is coupled from
the cavity into the fiber then exits at the fiber connected to a photodiode. To prevent reflections
from the photodiode which would be guided to the laser, an isolator was inserted. For the SNOM
light collection, the fiber under the tip is used. To improve the efficiency, a freeform lens was
printed on top of the fiber. Due to the 100 nm gold coating on top of a 5nm chrome adhesion
layer, the cantilever has to be scanned over a surface for a while to open a small aperture at the

tip, which enables SNOM measurements.

6.3 Coating

In literature, most SNOMs use an aluminum cladding to form an aperture probe [92]. In this
case, the same coating is also needed to have absorption of the laser light from the actuator to
obtain a thermal expansion of the cantilever. To achieve this, gold was used. When using a
10 mW actuation laser with a wavelength of 785 nm, simulations in section 6.2.2 result in an ab-
sorption of 2.27 mW for a gold layer. The same simulation was also performed for an aluminum
coating. An absorption of 2.32 mW was simulated, which does not show a significant difference.
When comparing both coatings in the SEM, the aluminum is significantly more porous and more
uneven than the gold coating. Also the adhesion of the gold layer is better than the aluminum
one. This led to the decision to keep gold as top coating. It is also noticeable that in the SEM
images a clear edge is visible at the tip. This is a result from the change of the writing parameters

to decrease the tip radius. This edge could be reduced when using a gradual change instead of an
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Figure 6.8: a) Schematic of the setup for thermal tuning. The cantilever is used as in a normal measurement but
the offset of the actuation laser is stepwise increased for each resonance sweep. b) The increase of the
structure temperature leads to a decrease of the resonance frequency as well as of the quality factor.

abrupt one.

6.4 Tuning of the Resonance Frequency

The resonance frequency of the standard AFM cantilever can be tuned by an offset from 1 mW
to 9 mW in the actuation laser by 15.2kHz. This helps to equalize fabrication deviations. For
the standard SNOM cantilever this measurement was also performed. For this, the actuation
laser was modulated with a voltage with a fixed amplitude and a variable offset. For every offset
a sweep of the frequency was performed to acquire the resonance frequency. A Lorentz fit was
automatically carried out for every spectrum and the resonance frequency was noted down as well
as the quality factor. Due to the increase of the transferred heat to the cantilever, the cantilever
temperature increases which leads to a softer material and thus to a decrease of the Young’s
modulus. This results in lower resonance frequency as well as quality factor. A scheme and the

results of the measurements are depicted in figure 6.8.

Between 0 mW to 9 mW, the resonance frequency changed by 17 kHz, which equals a change of
—2.13kHz per 1 mW offset. This factor is a little bit higher than the one from the standard AFM
cantilever but is still at the same range, as expected.

6.5 Reproducibility

When improving the properties of a cantilever, it is important to know how well a cantilever can
be refabricated. For this, a measurement of reproducibility was performed. On a quartz substrate
69 standard SNOM type cantilevers were written as well as 71 standard AFM type cantilevers.

The slicing was increased to 200 nm to improve production speed. Furthermore, tips were cut
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6 Freeform SNOM Cantilevers

Figure 6.9: a) SEM image of one SNOM cantilever of the array depicted b) in the optical microscope image. The tip
was cut of at 68.88 um and reference blocks were written with the same height to be able to compare the
bending of the cantilever.

off in a height of 68.88 um above the substrate. To easily compare the height with the designed
height, reference blocks were placed beside the cantilever. Slits were placed into the blocks as

well as into the cantilever to evaluate shrinkage.

6.5.1 Resonance Frequency

The resonance frequency is an excellent indicator for reproducibility. It depends on the form
of the cantilever as well as on the Young’s modulus. Deviations in the production lead to a
deviation in the resonance frequency. To measure the resonance frequency, the quartz substrate
was mounted on a printed circuit board, which was originally used to electrically contact the
TMR cantilevers. This board was mounted on a holder with an integrated piezo actuator. For the
readout of the resonance frequency, a laser was focused on each cantilever and the reflected light
was collected in a split photodiode as with conventional AFMs. To improve the reflectance of
the cantilevers, they were coated with 100 nm gold on top of a 5 nm chrome adhesion layer. The
highest peak in the frequency sweep was taken as resonance frequency since a Lorentz fit did
not match good with the measured form of the resonance due to the noise produced by the other
cantilevers, which led to an oscillation of the hole substrate.

The resonance frequency of all 69 cantilevers has a mean value of 188 kHz. Compared to the
variances from commercial cantilevers, which are in the range of 30 % [5, 6], the 3D printed
cantilevers have a low deviation of 3.9 kHz, which equals 2 %. By thermal heating, the reso-
nance frequency of the SNOM cantilever could be varied by 17 kHz, which is larger than the 20
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Figure 6.10: a) The readout of the cantilever on the quartz substrate is depicted. b) The histogram shows excellent
reproducibility. The remaining deviation can be adjusted by thermal heating.

deviation of the cantilevers. This means that more than 95 % of all cantilevers can be brought to

oscillate at the same resonance frequency.

6.5.2 Height Deviation

To have a high sensitivity at the deflection readout, a certain wavelength has to be chosen. This
wavelength depends directly on the length of the cavity between the fiber and the cantilever. In
these experiments, a tunable laser with an external cavity was used to always have the highest
sensitivity. Besides the high price of such a laser, this comes for the cost of noise due to wave-
length shifts and sensibility for external vibrations. When aiming for commercial usage of the
system, a laser with a fixed wavelength is preferred. Therefore the deviation in the cavity is
of great importance. To measure the height of the cantilever, a vertical scanning interferometer
(VSI) (Bruker ContourGT-K with 50x magnification) was used. The height of the cantilever was
defined as difference between the substrate and the cut off tip. A histogram of the acquired data

and an example measurement of the VSI is depicted in figure 6.11.

As aresult, an average height of 69.0 um was measured. This matches well the designed height of
68.88 um. A deviation of 689 nm was measured which is a good value compared to the 2.68 um
of the standard AFM cantilever presented in figure 5.16. This can be explained by the thicker
cantilever of the standard SNOM. This prevents the upbending, which was the major reason for
the height deviation of the standard AFM cantilever. This information has led to a design of a
thicker AFM cantilever.

6.5.3 Predetermination of the Resonance Frequency
The resonance frequency of the produced cantilevers has a low deviation but when designing a

cantilever, the design of the resonance frequency is also of interest. The best method to determine

the resonance frequency of the cantilever is to simulate the resonance with Comsol or Autodesk
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Figure 6.11: a) An example VSI measurement to determine the height of a SNOM cantilever. b) A histogram of the
height deviation of 69 standard SNOM cantilevers. Designed and measured height deviate only 120 nm.

Standard SNOM Standard AFM Water Thin Tipless Thick Tipless

Figure 6.12: Comsol simulations of the bending behavior and resonance frequencies of different kind of cantilevers.
Adopted from [22].

Inventor and change the mass or geometry of the cantilever according to the desired result. To
do this, the density p and the Young’s modulus have to be known. The density itself does only
marginally depend on the writing parameters whereas the Young’s modulus is highly dependent
on the writing parameters as explained in section 5.5.3. Figure 6.12 shows a collection of the
simulated deflection of different cantilevers. In table 6.1 the measured and simulated resonance
frequencies are listed. For the simulation, a Young’s modulus of 3.5 GPa was used as mentioned
in literature [172]. The cantilevers were written with a laser power near the destruction limit. The
calculated error of all resonances is only 1.8 % but with a deviation of 11 %. When comparing the

design with the results, a relation between the thickness of a cantilever and the deviation becomes

Table 6.1: Overview of the measured resonance frequency, the fitted Young’s modulus to obtain the resonance fre-
quency and the resonance frequency obtained by Comsol when using the literature value of 3.5 GPa for the
Young’s modulus [172].

Cantilever type SNOM AFM Water Thin Tipless Thick Tipless
Resonance Frequency fj in kHz 189 179 173 125 181
Fitted Youngs modulus E in GPa 3.36 416  3.60 3.70 2.40
fo calculated (E =3.5 GPa) in kHz 191 164 171 121 218
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Figure 6.13: a) Static deformation simulation of the standard SNOM cantilever. b) A large force curve to calibrate

the mechanical reduction factor 8. The green sine fit was shifted to the left by 300 nm to simplify
interpretation.

apparent. Whereas the SNOM and the thick tipless cantilever have a resonance frequency below
the simulated one, the others which were thinner have a resonance above the simulated one. As
first this seems counterintuitive, but including the writing process, which happens layer by layer
in z-direction parallel to the substrate, the layer area increases with the thickness of the cantilever
due to the slope of the cantilever. This leads to a lower time per layer for thin cantilevers,
which means that the same xy-position is illuminated faster again due to the focus size of the
writing laser, which is taller than the layer size. This increases the cross linking and leads to a
higher Young’s modulus for thin cantilevers, which results in a higher resonance frequency than

expected.

6.6 Calibration

Since the readout of the standard SNOM cantilever is located far away from the tip, the can-
tilever has to be investigated further. As already mentioned in section 5.6, the cantilever deflects
differently, depending on the acting forces. This leads to another form when dynamical shaking
than when forces act only at the tip like on a force distance curve or in contact mode. At typical
force distance curves, it is possible to calibrate the dependency between the deflection readout,
which is typically measured in volt, and the covered distance of the tip. In a normal AFM setup

this has to be performed for every new cantilever that is mounted since the laser is focused on
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Figure 6.14: a) Simulation of the behavior of the cavity for a deformation caused by an acting force on the tip. d)

Different points of the cavity are simulated. The movement of those points a) in x-direction b) in z-
direction and c¢) the angle between those is plotted in dependency of the traveled distance of the tip.

a different place, which leads to a different reflection onto the photodiode. For the 3D printed
cantilever, there is an easier way to calibrate the cantilever without the necessity of pressing the
cantilever tip on a surface. The cavity length can be easily calculated by measuring the distance
between two maxima when sweeping the wavelengths of the readout laser. Since the cavity is
not directly under the tip, a mechanical reduction factor Jy; has to be incorporated. This can
be simulated or measured with a force distance curve. Due to the high reproducibility, this has to
be done for each cantilever type only one time. To be able to compare the simulation result with
the experiment, a force distance curve was performed with the SNOM cantilever. The result is
depicted in figure 6.13. The measured intensity has a sine wave form as expected. To calculate
the mechanical reduction factor 8y formula 2.3 from 2.1.1 can be used
2-Az 4-m

65aic: — 0 = 1276,
“ )

for the used wavelength A =1563.53 nm. The frequency @ was derived from the plotted sine
fit in green, which was shifted by 300 nm to the left to simplify the reading. To investigate
the change of the cavity on the SNOM cantilever, different simulations of the behavior of the

cavity were performed and depicted in figure 6.14. To evaluate the cavity when the cantilever
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Figure 6.15: Measured and simulated thermal response of the cantilever when applying a laser pulse on the actuator.
Temperature distribution in the cantilever for three different times are depicted.

deforms due to a force at the tip, three points are of importance: The beginning of the cavity,
in the figures marked as "Position 1°, the middle of the cavity which is designed to be centered
above the readout fiber and the end of the cavity, marked as "Position 2’. Ideally, those positions
move only equally in z-direction to just change the lengths of the cavity. But the simulations
reveal that the z-positions of each point behave differently, which leads to a tilt angle of the
cavity, which changes the couple efficiency calculated with Zemax from 99.1 % to an efficiency
of 71.0 % for a covered distance of 15 um. Due to the much smaller deflection of the cantilever
when operating in tapping mode, a stable operation is expected. The reduction factors for static
and dynamic actuation are simulated to be & uic = 13.62 and 84ynamic = 11.76, which excellently
fits to the 8y from the measurement. The ratio of dynamic and static factors is set to 1.09 for
a conventional AFM. When measuring with the standard SNOM cantilever, it thus has to be set
t0 Oy = 1.15.

6.7 Thermal Response

The amplitude of the standard AFM cantilever was mainly limited due to the slow thermal re-
sponse of the cantilever. The comparison between the measurement and simulation also suffered
from the problem that the mirror of the cavity on the cantilever was not just shifted along the
direction of the cavity, it was also tilted and shifted perpendicular to the cavity. Because of the
large mechanical reduction factor Oy this is not expected for the standard SNOM cantilever.
The parameters for the simulations are listed in table 5.1 and as transferred energy, the simulated
absorbed energy of 2.27 mW (section 6.2.2) was used. Heat is produced with a Gaussian distri-
bution at the gold coating. Due to the high thermal gradient in the cantilever at the beginning,
a strong downbending of the cantilever is visible. After a short time, the heat spreads in the
cantilever which decreases the gradient and bends the cantilever back. The cantilever converges

at a displacement of the mirror of 45.5nm. To be able to compare the simulated thermal step
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Figure 6.16: Overview of some typical properties of the SNOM cantilever. a) The measured intensity of the readout
while tuning the wavelength. The sensitivity is plotted in blue and the targeted working points are marked.
b) A force distance curve and ¢) a calibrated resonance sweep. Adopted from [197].

response with the experimental step response of the cantilever, the actuation laser was switched
on from under the lasing threshold to full power. To measure the deflection, the optical cavity
readout was utilized. Simulation and measurement depicted in figure 6.15 match perfectly. This
is helpful to benchmark the behavior when designing a new cantilever and helps to optimize the
thermal corner frequency. Due to the low corner frequency f. =499 Hz, the thermal actuation

suffers from large attenuation. This results in a low amplitude for thermal actuation.

6.8 Proof of Concept

Before performing the SNOM measurements, a characterization of the used cantilever was per-
formed. In figure 6.16 an overview of the measurements is depicted. Before the wavelength for
the readout was chosen, a sweep between 1520 nm to 1620 nm was executed. This was done
to find the working points on which the highest sensitivity can be realized. With this tune, the
cavity length can be determined and thus the calibration factor can be calculated to convert the
measured voltage in a distance. Some instabilities in the tune can indicate some regions which
should be avoided. After the wavelength, and with this the working point, was chosen a force
distance curve was performed to check the calibration. This additional step has to be performed
only once for every cantilever design. When operating in tapping mode, the resonance frequency
can be determined by a sweep of the frequency of the actuation laser. A typical frequency spec-
trum is depicted on the right side. It is visible that the baseline of the tune is declining, which can
be explained by the thermal corner frequency f., which is way below the resonance frequency

and acts as a low pass filter.

To prove that the cantilever works as expected, a test structure was designed with different forms
and shapes. A SEM image of the structure is depicted in figure 6.17. The structure consists of
different forms in different sizes to measure the resolution of the cantilever. They are produced on
a glass substrate via coating and etching. The structures consist of approximately 20 nm chrome.

Figure 6.17 shows two example measurements of the topography as well as the SNOM signal.
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Figure 6.17: A schematic of the measurement of the test sample and a SEM image of it. Two measurements of
different parts are presented on the right. The SNOM signal is higher on the chrome structures and
shows shadowing in the line sample and interference effects on the KIT sample.

The measurement setup was the same as described in section 5.7 for the AFM measurements but
extended with tip illumination and collection. For the SNOM signal, the sample was illuminated
through the printed mirror with one out of eight available fiber coupled lasers of the two utilized
MCLSI (Thorlabs) quadruple Fabry-Pérot laser modules. The light refracted by the sample is
then collected with an aperture in the tip and converted into a voltage by an Agilent 8163A Light-
wave Multimeter. This voltage is then fed into the ARC2 controller and recorded as additional

channel in the software.

The measurement of the line area from the test sample leads to the expected result. The SNOM
signal is increased on the chrome lines. Additionally, some typical SNOM effects like shadowing
are visible. The KIT logo also suffers from interference effects, which can be recognized by the
periodic modulation of the SNOM signal. The topography measurements on both structures are
clear and reveal on the KIT logo that the production process of the test sample has to be improved
since it seems that the Polymethylmethacrylat (PMMA) used during the production is still partly

on the chrome.

6.9 Mode Field of a Single Mode Fiber

To measure the precision of the SNOM readout, a sample with a well known optical near-field
illumination can be measured. On the wire bond cantilever presented in section 6.2.4, the mea-
surement of a single mode fiber with a well specified core revealed the existence of a whispering
gallery mode. The single mode fiber is also suitable to test this SNOM cantilever. In figure 6.18

this measurement is depicted. The top left image shows the measurement setup. The measured
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Figure 6.18: a) Setup of the measurement of the mode field of a single mode fiber (SMF) which is specified for single
mode operation above 1260 nm. b)+c) A scan of 150 um for the overview is shown as well as e)+f) a
zoom image of the fiber core. f)-i) SNOM images reveal nice Gaussian shapes of the mode field for f)
1550 nm and i) 1310 nm whereas the profiles for h) 805 nm and g) 405 nm show multimodal behavior as
expected. d) Cross sections of the mode field for different wavelengths.

single mode fiber is specified for single mode operation for wavelengths above 1260 nm. The to-
pography is flat despite the v-grooves that were used to align the fibers in the fiber array. To find
the core of the fiber, the fiber is illuminated with a 1550 nm laser with a power of approximately
3 mW. The SNOM channel leads to the core with 10 um diameter. After zooming in, the SNOM
image reveals a Gaussian shaped beam. The 1/¢* mode field diameter (MFD) lies in the specifi-
cation of the fiber. The topography shows a little bump in the center. This bump disappears when
the 1550 nm laser is switched off. This can be explained by an additional absorption of energy
by the cantilever coating of the illumination laser, which leads to a bending of the cantilever and
leads to this artifact of an elevated surface. This effect can be reduced when using lower energy
for the illumination. As expected, the form of the mode field of the 1310 nm is similar to the

form of the 1550 nm laser. When using a laser with a wavelength of 805 nm, which is below the
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Figure 6.19: a) SEM image of a vertically emitting horizontal cavity laser (HCSEL). b) Setup of the SNOM measure-
ment. ¢) With the help of the measured topography the d) mode field can be allocated and a diameter
of 3.5um and 3.2 um along the slow and fast scan axis respectively, is calculated by the second order-
moment method. This excellently fits to the mode filed calculated from the far-field.

specification for single mode operation, the mode field starts to deform. When using a 405 nm
laser, multiple deformations occur and the mode field is completely different from a Gaussian
one. This measurement proves the SNOM cantilever to properly work and be able to measure a
mode field without any artifact from whispering gallery modes. One has to be careful with the
amount of energy which is absorbed by the cantilever because it can lead to a deformation of the

measured topography.

6.10 Mode Field of a HCSEL

The measurement of the mode field is of great importance when designing lenses for coupling
the light from the device or for all kind of freeform lenses. There are different approaches to
calculate the near-field from a far-field measurement like an angular scan in one direction of
the far-field radiation pattern [198] or the transverse offset technique, which uses the coupling

efficiency to calculate a possible near-field [199]. A vertically emitting horizontal cavity laser
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Figure 6.20: SNOM measurement of bow-tie antennas. The antennas are arranged in a regular pattern with a distance
of 650 nm, which is resolved well. The antennas are illuminated with the IR part (A >1180nm) of a
white light laser through the 3D printed freeform mirror. In the SNOM image the antennas are also well
resolved, which demonstrates a resolution better than the Abbe limit. Adopted from [197]

(HCSEL) is a component that generates a non-trivial optical near-field. To calculate the form of
a lens which efficiently couples the light into a single mode fiber, the near-field of this laser has
to be known. The used HCSEL operates at a wavelength of 1490 nm and is set to emit a power
of 1.5 mW.

The measurement of the topography in figure 6.19 matches the SEM image, despite the small
bump directly at the center of the maximum emission, which is caused by a deformation of
the cantilever due to the absorbed heat. The SNOM image reveals a non-uniform near-field,
which can be calculated by the second order-momentum method, with a mode field diameter of
3.5um along the slow scan axis and 3.2 um along the fast scan axis. Far field measurements
of the HCSEL result in corresponding mode field diameters of 2.8 um and 3.2 um [200]. This
demonstrates the simplicity of the presented method to obtain quantitative data to characterize

light emitting components.
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Figure 6.21: a) Schematic explanation for the shift between the topography and SNOM signal. b) Zoom-in on a detail
of the SNOM image of the bow-tie antennas in figure 6.20. Topographical artifacts are visible and a little
bit shifted to the pure optical signal. ¢) To estimate the resolution of the SNOM signal, a cross section
was taken and fitted with multiple overlapping Gauss curves, which can be used for the calculation of the
resolution.

6.11 SNOM Image of Nano Antennas

Not only the mode field of emitting components is of interest. Plasmonic structures have a
different scattering cross section for different wavelengths. The effect results from free electrons
which are oscillating relatively to the positively charged metallic nanoobjects. Depending on
geometry and size of the structure, different resonances are possible due to coupling of these
oscillations. A famous example for these effects are bow-tie antennas [201]. These antennas can
be designed to be optical active in a wavelength exceeding their own dimension. Due to the Abbe
limit, it is not possible to resolve them in the far-field. Because of the Abbe limit does not exist in
the near-field, a measurement of the near-field can resolve those antennas optically. An array of
bow-ties was measured with the SNOM cantilever. The setup of the measurement, a SEM image
of the sample and the schematic are depicted in figure 6.20. For the measurement, the antennas
were illuminated through a white light laser to ensure to meet the resonance frequencies of the
plasmons of the bow-ties. For this purpose, the infrared part of the white light from the Kohera
SuperK Versa was separated by the IR-VIS split box at 1180 nm and coupled into the illumination
fiber from the cantilever. The printed mirror on the fiber reflects the light onto the sample and

tip. In the topography as well as in the SNOM image, the bow-tie antennas can be clearly
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Figure 6.22: SEM image of the tip after the measurement. As expected, the gold at the tip wears off and leaves a small
aperture (approximately 220 nm), which enables SNOM measurements.

distinguished from the substrate. The interpretation of SNOM images can be difficult since
SNOM can suffer from different effects. One of this effects is that the topography crosstalks into
the SNOM channel [202, 203]. This effect results from the offset of the topographical measuring
tip and the center of the optical aperture as schematically depicted in figure 6.21. When the tip
changes the distance when it is moved over a changing topography, the light collecting aperture

also changes its distance, which results in a change of the collected photocurrent.

6.12 Resolution Determination

To prove a SNOM image, the effect of above mentioned topographical artifacts can be used.
When the SNOM image has this kind of topographical artifacts but an additional feature which
has an offset and a lower resolution, the SNOM signal is credible [204]. To prove the SNOM
image, a zoom image of the bow-tie array was measured. Figure 6.21 shows this measurement.
The effect described is clearly visible. The crosstalk of the topography with very high resolution
shows the form of the antennas, but there is also a signal shifted to the topography. This is the
true SNOM signal. To calculate the resolution, a cross section of the SNOM signal was taken
and a multipeak fit for a series of Gauss curves was performed. For the fit, a baseline was set
and the fit takes the overlap of the Gauss peaks into account. The mean value for all full width
at half maximum (FWHM) values resulted in 363 nm. When considering that the structure has
a dimension of nearly 250 nm in diameter, a resolution of r = v/3632 — 2502 nm = 264 nm can
be calculated. Since the resolution of a SNOM mainly depends on the diameter of the aperture
[205], the cantilever tip was inspected by a SEM measurement. Figure 6.22 shows the opened tip.
The tip opening is in the range of 220 nm, which is in agreement of the resolution determination
from the Gauss peaks. Since the tip was opened by scanning hard over a sample, it is easy to
improve the resolution by testing different forces to open the tip or use focused ion beam milling
[206] which could lead to very small apertures but would also make an additional fabrication step

necessary.
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6.13 Summary and Conclusion

6.13 Summary and Conclusion

In this chapter the standard SNOM cantilever was introduced. The presented SNOM capable
cantilevers used the readout principle from the standard AFM cantilever but have improved the
actuation principle through two total internal reflections, to avoid the air-polymer-interface and
thus reduce losses. The cantilever was investigated to match measurements and simulations to
enable the predetermination of important properties prior to the production process. For illumi-
nation, a mirror was designed which was used to illuminate a non-transparent sample which is
necessary for standard SNOM measurements. This saves the use of macroscopic optics. The
collection of the light worked well without any whispering gallery modes which was demon-
strated on measurements of illuminated single mode fibers. The near-field of a HCSE-laser was
surveyed and accorded with far-field measurements. A resolution beyond the Abbe limit was

demonstrated.

100 pm

Figure 6.23: SEM image of a possible design of a future SNOM. The two constraints on the side lead to a resonance
frequency nearly three times above a cantilever with one free side.
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7 Summary and Outlook

In this thesis the possibilities of 3D printing in the field of AFM are explored and an entirely
printed setup for atomic force microscopy with extended SNOM capabilities is presented. Sharp
tips, with a radius of » = 25nm, were printed in different forms and shapes to fit different samples,
to improve lateral resolution and to decrease or remove artifacts of an inverted imaging effect
caused by an inadequate tip shape. Additionally, the fabricated polymer tips exhibit long-term
stability and low wear-rates. Further investigations were related to the tuning of the resonance
spectrum of vibrating cantilevers to improve scanning speed and increase or decrease specific

eigenmodes.

The 3D printed system developed combines the tapping mode of traditional dynamic mode AFM
and the non-diffraction limited light collection capability of a SNOM setup. The new SNOM
setup can be operated without an alignment process or macroscopic optical components. For
fabrication, a direct laser writing system with two-photon absorption polymerization was em-
ployed. The cantilevers produced show high resonance frequencies of 200 kHz to 300 kHz with
low fabrication variances of 2 %. The cantilevers can be precisely aligned automatically using
software on the utilized fiber arrays, which makes the alignment and recalibration process of
the readout system of standard AFM unnecessary. This simplifies the traditionally complicated
SNOM setup, which also incorporates expensive, bulky and complicated-to-align optics. Due to
the integration of the optics necessary for SNOM measurements, this setup allows the measure-

ment of samples in situ or in changing environments.

The directly written polymer tips with radii in the range of 25 nm can be designed for special
applications. High aspect ratio, 30 um long tips were written to perform measurements of deep
trenches and up to 25 um high elevating rose petals which are inaccessible for standard 10 um
to 16 um long tips. The tips produced this way also exhibited a low wear rate over a 36 hour
duration experiment. A three inch wafer, containing 120 self-sensing TMR-cantilevers, was
equipped with tips in about three hours. To improve the ease of use, those tips were designed
to protrude over the edge of the TMR-cantilevers so that it is possible to have a top view of
the measurement area with an optical microscope during the AFM scan. Carbonization of the
polymer tips is demonstrated, which offers additional possibilities for the fabrication of hard,

conducting and easy to functionalize tips.

Because of low internal damping of commercial AFM probes, scan speed is limited, which re-
stricts the investigation of dynamic properties. In order to address this problem, cantilevers were

coated by 3D printing. As little as a few micrometers of polymer on top of a silicon cantilever
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7 Summary and Outlook
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Figure 7.1: Example of a parallel setup of 8 actuated cantilevers on a fiber array with 16 fibers. Adopted from [197].

was sufficient for a threefold reduced quality factor, which directly leads to a speed improvement
of the same order. Another mode of the AFM is to incorporate oscillations with higher eigen-
modes than the first harmonic. This enables stable feedback, high sensitivity and the quantitative
measurement of physical properties. To improve the cantilever spectrum, different frameworks
were written on cantilevers to tailor it. Additionally, a substantial reduction of noise in the spectra

of these cantilevers is observed.

To combine the advantages of adapted tips and high speed polymeric cantilevers, complete poly-
mer cantilevers were written. Cantilevers with high resonance frequencies in the 200 kHz to
300 kHz range have low quality factors of between 10 to 20, which suit the specifications of high
speed cantilevers. Due to the ability to produce the cantilevers directly at the desired location, it
is possible to write a cantilever directly on the end of two adjacent optical fibers. The first fiber
is used to photothermally actuate the cantilever by thermal expansion, whereas the second fiber

forms an interferometric cavity together with the cantilever itself.

By careful evaluation of the absorption and heat transfer properties in simulation and experiment,
the design and working parameters were optimized in order to achieve fast thermal response
and to enable high frequency oscillations and high amplitudes. The printed setup is sensitive
enough to reveal atomic steps, which are smaller than 0.35nm, on a freshly cleaved HOPG
surface. Additionally, the interferometric readout is proven to work for measurements in air, then
in water and other environments, without realignment. A so-called light exhaust was designed
to prevent stray light from the surface entering the readout fiber. The resonance frequency of
a classical silicon cantilever reduces by around 66 % when the system is immersed in water.
For hydrodynamical reasons, the 3D printed polymer cantilever reduces its resonance frequency
from 143 kHz in air by 13 % to 124 kHz in water. This property enables faster scanning speeds

in biological AFM investigations.

By equipping the system with an additional readout channel that collects the light through an
aperture at the tip in a third fiber, the system is extended to have scanning near-field optical
microscopy capabilities (SNOM). For sideways illumination, a freeform mirror, which reflects
the light from a fourth fiber through a lens on the cantilever tip was designed. Mode field mea-
surements of active components like a horizontal cavity surface-emitting laser and of passive
components like plasmonic antennas, were performed and the integrated SNOM system shows
sub wavelength resolution. The resonance frequency of the SNOM cantilever is around 30 to 40

times higher than the tapping mode SNOM, which was recently published.

The sensor system size is only limited by the size of the v-groove fiber array which has a di-

mension of 600 um x 300 um and can further be reduced, if needed, by using multicore fibers
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with diameters in the range of 100 um for the whole system. The production variation of the
resonance frequency is proven to be 36 = 6 %, which is five to eight times better than for com-
mercially available cantilevers. Because of the possibility to thermally change the resonance
frequency on-the-fly by a laser intensity offset, it is possible to actuate multiple cantilevers on
a large fiber array with the same resonance frequency, which raises the possibility of low cost
parallel measurements for in situ quality control as indicated in figure 7.1. If small piezo tubes or
a micro-electromechanical system (MEMS) were used for scanning, the size of the whole AFM

system could be reduced to a size that would enable endoscopic measurements.
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