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Preface

The continuing advancement of technology is the driving force behind
science and fundamental research. It does not stop with the invention of a
device such as the wireless transmitter by Nikola Tesla [1] or the discovery
of x-rays in the case of Roentgen [2]. Imagine a world without Marconi
who did the first public radio broadcast [3]. The advancement of scien-
tific instruments provides the foundation for new discoveries and amazing
inventions. New phenomena may be explored, unlocked, and put to good use.

Usually, the scope of a PhD thesis revolves around a particular sample
material, where different characterization tools and techniques can be
applied to uncover a spectrum of data that defines its properties. The topic
of this thesis however, is the characterization of a home-built low temperature
scanning probe microscopy (LT-SPM) system, where the object of interest
is the system itself. The outcome of the experiments are predetermined by
the first blueprint, detailed design, construction and implementation of the
system. Sample materials such as reconstructed Silicon (111)7x7 and highly
oriented pyrolytic graphite (HOPG) were used to calibrate the LT-SPM,
identify and solve all system related problems. All major experiments were
performed with the LT-SPM prototype, whereas preliminary results were
obtained with the multi dimensional scanning probe microscopy (MD-SPM)
system. This work is outlined in the following way:

Chapter 1 gives a short historical review of nanoscience and scanning
probe microscopy (SPM) technology with some applications. It compares
various force sensors with each other, justifies the necessity of low tempera-
ture experimentation and briefs on how the LT-SPM system can meet the
required conditions to achieve simultaneous nc-AFM/STM operations.

Chapter 2 conveys the basics of SPM, starting from the tunneling effect
in STM and continuing with the concepts of force detection, interaction
forces, dissipation, frequency shift in non-contact atomic force microscopy
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(nc-AFM) and small oscillation amplitude operations.

Chapter 3 introduces the design and assembly of the LT-SPM and reveals
the technical details of the system. The ultra high vacuum (UHV) chambers
and their peripheral devices are described. With further explanations and
illustrations of the actual microscope, the reader may get a glimpse into the
complexity of the apparatus.

Chapter 4 explains the layout of the control electronics with a con-
ceptional view of the hard- and software architecture. Along with the
description of the FM detector, the noise characterization of the overall
electronics is discussed.

Chapter 5 describes technical specifications of the focusing Fabry Perot
interferometer (fFPi), where challenges such as temperature behavior and
thermal noise limit are appointed. The calibration of the fFPi is essential
and serves as a reference point for the issues discussed in chapter 8.

Chapter 6 reveals series of measurements on Si(111)7x7 and provides
information regarding imaging performance of the system. Among these
performance tests are atomically resolved scans at three different operating
temperatures in scanning tunneling microscopy (STM) mode. In nc-AFM
mode, imaging was performed with the cantilever driven at the fundamental
and 2nd oscillation mode.

Chapter 7 presents the results of laser-induced effects on cantilevers
and discusses the current knowledge. Furthermore, it analyzes the relation
between cantilever cooling and the distorted amplitude readings of the fFPi,
which may lead to misinterpretations of dissipation measurements.

Chapter 8 summarizes the findings in this work and gives the status of
the LT-SFM. Instrumental improvements are indicated and perspectives for
further works are outlined.

Keywords: low temperature home-built simultaneous STM/ nc-AFM, tip-
sample gap stability, PLL and self-excitation, highly oriented pyrolytic
graphite (HOPG), reconstructed Si(111)7x7, herringbone superstructure, fo-
cussing Fabry-Perot interferometer, cantilever cooling, radiation pressure and
photothermal effects.
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Chapter 1

Introduction

Scanning probe instruments still have a major impact in nanoscience and
technology, because they provide a link between the macroscopic world and
the atomic scale. The key to a reliable performance of experiments at the
nanometer scale is the instrumentation, that allows probe positioning rang-
ing from micrometers to angstroms with sub atomic precisions.
Scanning probe microscopy (SPM) instruments have the unique capability
to image single atoms in real space, resolve surface defects and observe sub
surface features. Equipped with a conducting tip, a scanning tunneling mi-
croscope (STM) can be used to investigate conducting samples, semiconduc-
tors and atomically thin insulating films on conducting substrates [4, 5, 6].
Furthermore, sub atomic positioning is a requirement for scanning tunneling
spectroscopy (STS), which probes the electronic structure on a sample sur-
face at specific atomic sites [7, 8, 9].
Site specific vibrational spectroscopy offers basic understanding of the vibra-
tional modes of atoms and molecules as well as their vibrational energies.
Chemical identification of adsorbed molecules can be performed with this
technique as suggested by Binnig et al [8]. Wilson Ho’s group accomplished
this goal as they distinguished two isotopes with vibrational microscopy im-
ages of inelastic tunneling channels [10]. Phenomena such as the quantum
mechanical interference patterns on a Cu(111) surface probed with STM by
Crommie et al gives us a glimpse at what is still to be discovered [11].
However, in STM not only electronic states are relevant, but forces also play
an important role, which cause giant corrugations on graphite and other
layered materials [12]. The most striking experiment involving forces is the
manipulation of atoms and molecules, which was first demonstrated by Eigler
and Schweizer, who moved single atoms by STM [13].
In order to investigate insulators at the atomic scale with spatial resolution
comparable to STM and to directly measure interatomic forces, the atomic
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force microscope (AFM) was invented in 1986 [14]. The AFM provides the
ability to study and image on conducting, semiconducting surfaces as well
as on bulk insulators and biological materials. The AFM was first used
with the tip in contact with the sample. Atomic resolution was obtained
on different substrates [12, 15], but research groups realized soon that
these ”atomic resolution” images generally showed atomic scale periodicity
[16, 17, 18]. Atomic scale features such as single adatoms, missing atoms or
atomically sharp steps were not observed.
The first successful ”true atomic resolution” efforts were obtained by
Ohnesorge and Binnig, who used the AFM in polar aqueous environments
to reduce the long range attractive Van der Waals force. This is to minimize
the repulsive force between the tip apex and the surface to allow single
atom tip-sample interactions [19]. In 1995, independent from each other,
Kitamura et al [20] and Gissibl [21] reported the first ”true atomic resolu-
tion” AFM images that finally featured single atoms and atomic defects on
Silicon (111)7x7 in ultra high vacuum (UHV). They measured the resonance
frequency shift caused by the interatomic forces acting between the tip apex
and the surface, a technique that has become known as non-contact AFM
(nc-AFM). The first site-specific interatomic forces on Silicon (111)7x7 were
measured at low temperatures by Lantz et al [22, 23].
True atomic resolution AFM has been simplified with the use of tuning
forks as force sensors, because a deflection sensor and its alignment to the
cantilever is no longer needed. Further, the macroscopic size of the tuning
fork easily allows the attachment of a metallic tip. Thus, every STM can
be modified to an AFM. However, when compared with micro-fabricated
cantilevers, these sensors are stiff1 and have a relatively low quality factor,
which limits their sensitivity for small forces, e.g. mapping magnetic
forces in magnetic force microscopy (MFM). Atomic resolution imaging
is possible with excellent signal to noise ratio because interatomic force
gradients are relatively large (> 1 N/m) and decay within a few angstroms,
matching typically used tuning fork oscillation amplitudes [24]. The high
spring constant of tuning fork sensors is advantageous for small amplitude
operations. This is because the high stiffness prevents the tip snapping into
the surface and the energy stored in the oscillation is large compared to
the typical energy loss per oscillation cycle cause by inelastic tip-sample
forces (≈ 0.1eV) [25]. Nevertheless, small amplitude operation is possible
with small mass sensor such as micro-fabricated cantilevers, provided that
certain stability conditions are met. One specific integration is the use of
higher cantilever oscillation modes with conventional cantilevers having a

1k≈2000 N/m
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standard stiffness of 40 N/m [26] (see section 6.4.2). Alternatives are the
use of cantilevers with very high spring constants in the order of 500 N/m
and higher. Another approach is to drive the cantilever off-resonance and
map the force-induced changes in the oscillation amplitude and phase [27].

In this thesis, a new type of SFM system operating in UHV and at liq-
uid Helium (LHe) temperature was developed. This offers the advantages
that even reactive surfaces remain clean over time periods of several days,
permitting long time experiments. Moreover, these experiments gain advan-
tages from the low drift and creep rates obtained at low temperature. Also
at low temperature the intrinsic noise of the cantilever is reduced, resulting
in a smaller minimum measurable force [28],

Fmin =
√
SFB =

√
4kBTkB

ω0Q

[ N√
Hz

]
(1.0.1)

with SF = 4ΓkBT , where kB is the Boltzmann constant, T the temperature,
B the measurement bandwidth, k the cantilever force constant, f0 = ω0/2π
is the cantilever resonance frequency and the intrinsic quality factor Q of the
cantilever. The latter is related to Γ as

Γ =
k

ω0Q

[kg

s

]
(1.0.2)

and to the velocity dependent dissipation term in the harmonic oscillation
equation

m
d2x

dt2
+ Γ

dx

dt
+ kx = Fsignal(t) + Fnoise(t) (1.0.3)

From the equation 1.0.1, the minimum measurable force derivative becomes
(force gradient),

dFmin
dz

=
1

A

√
4kBTkB

ω0Q
(1.0.4)

where A is the oscillation amplitude of the cantilever. In addition, the mini-
mum detectable tip-sample force induces an energy loss per oscillation cycle
∆Γmin of:

∆Γmin =
Fmin
ω0A

[kg

s

]
(1.0.5)

Note that equation 1.0.4 states that the minimum measurable force gradients
improve with larger oscillation amplitude A. This does not necessarily lead
to a better signal to noise ratio, because the cantilever tip does not remain
in the force field of the sample if the oscillation amplitude is larger than the
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decay length of the force.

Table 1.1 compares the values for the minimum measurable force Fmin, force
gradient ∆Fmin, frequency shift ∆f, energy stored in the oscillating cantilever
∆Γmin and thermal noise amplitude Athermal for different temperatures and
different types of cantilevers. Cantilevers highlighted by letters in the italics
format are extrapolations based on values obtained experimentally under
different conditions2.
The values k, f0 and Q highlighted by the bold lined box are the mechanical
properties of the cantilevers. With the operation temperature T given in the
next column, Fmin can be calculated from equation 1.0.1. A temperature
(4.2K or 300K) was selected for all cantilevers dependent on the temperature
used in the actual experiments3. The amplitude A is used to calculate the
∂Fmin

∂z
, ∆fmin and Γmin. A is selected to represent the oscillation amplitude

typically used in experiments with such cantilevers. From this table the
following conclusions can be drawn:

1. The best force sensitivity is obtained (1, 2 from table 1.1) for ultrasoft,
high quality factor, ultrathin single crystalline silicon cantilevers. Such
cantilevers are however too soft for conventional AFM imaging. They
are typically used in a vertical arrangement [29] to detect ultrasmall
forces down to the attonewton range and study different tip-sample
induced dissipation mechanisms [28].

2. Soft cantilevers, typically used for MFM (3 from table 1.1), provide a
reasonably good force sensitivity that is about two orders of magnitude
lower than that of conventional cantilevers. An improved force sensi-
tivity can be obtained with ultrasmall cantilevers (4, 5 from table 1.1).

3. Tuning forks, especially when used in the Q − plus setup [30], have a
high stiffness k, a relatively low resonance frequency f0 and low qual-
ity factor Q (6, 7 from table 1.1). This limits the sensitivity for small
forces. Compared to a cantilever used for MFM, the force sensitivity of
tuning forks is about one order of magnitude smaller. But because of
the low oscillating amplitude commonly used for tuning forks, they pro-
vide sufficient ∂Fmin

∂z
sensitivity to measure atomic forces. Furthermore,

the energy stored in the tuning fork oscillating at 0.1nm amplitude is
much larger than the typical energy loss per oscillating cycle induced
by atomic scale tip-sample interactions.

2Temperatures, before a hypothetical heat treatment to increase Q
3Cantilevers description in the first column
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4. Hard cantilevers with a spring constant of 30-500 N/m are typically
used in nc-AFM with 5nm amplitude (8, 9, 10, 11 from table 1.1).
Their force sensitivity Fmin is up to two orders of magnitude better
than that of tuning forks. But these cantilevers must be operated
at amplitudes of a few nanometers so that sufficient energy is stored
in their oscillation. The excellent force sensitivity however has to be
compared to the smaller signal generated, because the amplitude is
considerably larger than the interatomic force decay length. Taking
into account the smaller signal, the signal to noise ratio of tuning forks
becomes comparable.

5. Micro-fabricated cantilevers were successfully used in higher oscillating
modes (12, 13 from table 1.1). The effective stiffness is comparable to
tuning forks, but has the advantage that the quality factor Q remains
high. The very high resonance frequency f0 compared to f0 of tun-
ing forks, leads to excellent force sensitivity. Higher energy stored in
each oscillating cycle means that measurements with smaller cantilever
oscillating amplitude are possible.

According to table 1.1, cantilevers with 20-2000 N/m are ideal for this pur-
pose. However, at 4.2K a cantilever with stiffness of 100 N/m has a thermal
noise of

A =

√
2kBT

k
=

√
2× 1.38× 10−23(J/K)× 4.2K

100N/m
= 1.08× 10−12 m

From the thermodynamical limits for the sensitivities (see equation 1.0.1)
the noise can only be reduced if all other noise sources such as that of the
deflection detector, tip-sample gap and electronics are sufficiently small. For
the deflection detector, this implies that its noise in a typical measurement
bandwidth of B = 1000Hz should be less than,

A

10
√
B

=
1.08× 10−12m

10
√

1000Hz
= 10.1

[ fm√
Hz

]
Fukuma et al have shown that the deflection sensitivity and bandwidth
of beam deflection systems are comparable to interferometric detection
schemes [31]. Furthermore, beam deflection systems are also suitable for
small amplitude operations under ambient conditions [32]. However, its
implementation to low temperature environments still remains unpractical
due to space restriction and adjustment accessibility.



The approach with this low temperature scanning probe microscopy (LT-
SPM) system is the implementation of a focussing Fabry Perot interferometer
(fFPi) that includes the following features:

• Noise requirements for a deflection detector: Small amplitude
operations and stiff cantilevers require sensors with a high deflection
sensitivity. With the fFPi in this LT-SPM system, a deflection sensi-
tivity of ≤ 4fm/

√
Hz at 1MHz can be obtained (see chapter 5).

• Bandwidth: Wide detection bandwidth (DC-10MHz) enables the op-
eration of higher flexural oscillation modes as well as the torsional
modes of the cantilever. The bandwidth is expandable to several GHz
with appropriate photodetector.

• Small spot and positioning: A laser spot size of 3µm enables the
use of ultra small cantilevers with the dimensions 1/10 of conventional
cantilevers. Moreover, mapping the backside of a cantilever provides an
accurate spot positioning behind the cantilever’s tip, which allows exact
amplitude measurements. Torsional mode operations can be achieved
by moving the laser spot slightly off center.

• Photothermal excitation: Excitation of the cantilever with piezo
actuators introduces undesirable mechanical vibrations near the can-
tilever resonance frequency. To ensure that only the cantilever itself os-
cillates, optical excitation was first demonstrated by Umeda et al [33].
Future upgrades of the LT-SPM system will enable the photothermal
excitation of cantilevers with one optical lens system that accommo-
dates two lasers. One laser excites the cantilever and the other is used
for the detection (see section 5.3).

• Multidirectionality: Simultaneous flexural and torsional force detec-
tion enables quantitative studies of frictions and thus, atom manipula-
tions by AFM. This multidirectional force detection cannot be achieved
with tuning forks, whereas a beam deflection system simultaneously
records vertical and lateral forces. The fFPi allows the multidirec-
tional force detection at low temperatures, where the forces in different
spatial directions can be simultaneously measured and separated in the
frequency space.

• Simultaneous nc-AFM/STM: Simultaneous imaging with a low
temperature scanning tunneling microscope/ atomic force microscope
(LT-STM/AFM) can be performed with a conductive cantilever. The
combination of both types of microscopes provides more information
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than an STM or AFM alone. Atomically precise force and energy
related information inaccessible in regular STM imaging, offers a de-
tailed picture of tip-sample interactions during tunneling. Therefore,
force and energy dissipation data may be obtained, which are critical
for accurate analysis of atomic and molecular scale manipulations,
diffusion studies and investigations of bond formation. In addition,
recording tunnel currents while imaging with an AFM provides
invaluable complimentary data to force mapping. Bias dependent
simultaneous nc-AFM/STM, and site specific work function maps may
exhibit a clearer picture of the forces and their origin.

The aim of this PhD thesis is the development, implementation and
characterization of a new low temperature scanning probe microscope
with an ultra sensitive and high bandwidth fFPi deflection sensor, suitable
for nc-AFM operations with small, simultaneous flexural and torsional
cantilever oscillation modes. Furthermore, expected upgrades will allow
simultaneous nc-AFM/STM operations.

7



Table 1.1: Different cantilever types and sensitivities are listed with the corre-
sponding reference.
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Chapter 2

Introduction of Scanning Probe
Microscopy

The vast expansion in nanoscience research did not take off until the early
1980’s, with the invention and development of the scanning tunneling micro-
scope (STM)1 [34]. Imaging atoms had been possible since the 1950’s with
the field ion microscope (FIM), when Erwin Wilhelm Müller published im-
ages of atomic structures of a tungsten tip [35, 36, 37]. The big leap forward
for the science community was not the visualization, but rather the capabil-
ity of STM to interact with the individual atom on the surface. STM also
enables imaging on flat and conducting surfaces, as well as on semiconduc-
tors. The tunneling of electrons between a metallic tip and a conducting
sample provides an image that represents the local electronic structure of
surface atoms. Furthermore, a force exists between the surface and the apex
atom of the probing tip that could be detected [12]. This effect gave rise to a
new development in scanning probe microscopy. Gerd Binnig, Calvin Quate,
and Christopher Gerber published their first atomic force microscope (AFM)
results in 1986 [14].

2.1 Scanning Tunneling Microscopy

The scanning tunneling microscope is one type of the scanning probe mi-
croscope family. The STM permits a real-space investigation of atomically
resolved metal, semiconducting surfaces and on thin insulators. For that
reason, the study of single atoms and molecules has become feasible. In
figure 2.1, the principle of scanning tunneling microscopy is schematically
illustrated. Usually, a sharpened end of a metallic wire is used as a STM

1This work led to the Nobel Prize in Physics 1986
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sample

STM tip

apex atom

tip-sample 
distance z It

Ubias

Figure 2.1: A simplified schematics of a scanning tunneling microscope, where
the bias voltage Ubias with tunnel current It is applied between the STM tip and
the sample.

tip. Materials such as platinum-iridium, platinum or tungsten are preferred.
The tip can be etched mechanically or chemically. It is then mounted on
a XYZ scanner, which enables positioning with subatomic precision. For
this kind of positioning, piezo actuators are required that show reproducible
displacement in the picometer range.
The imaging principle is based on the quantum mechanical tunneling effect
that enables electrons to cross a barrier, a gap between the tip and the sam-
ple surface. The tip-sample distance for currents between 10−9 to 10−12A is
smaller than 1nm [25]. The tunneling effect is attributed to the wave nature
of the electrons [3, 38, 39, 40]. This property leads to a finite probability
for electrons to cross a potential barrier, that is higher than their kinetic
energy. If this happens, the tunneling current It is exponentially dependent
on the tip-sample distance z [41]. A short discourse shall demonstrate this
exponential dependence of the tunneling current.
The mathematical first order perturbation treatment of tunneling for a three
dimensional barrier starts with the simplified assumption that it is rectan-
gular. The tunneling current It between two separate and flat electrodes can
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be analyzed for a wave function overlap in the following way,

It(Ubias) =
2πe

h̄

∑
α,β

|Mαβ |2 δ(Eα − (Eβ + eV ))×[
f(Eα, T )[1− f(Eβ, T )]− f(Eβ, T )[1− f(Eα, T )]

]
(2.1.1)

where Ubias is the applied voltage between the two electrodes. Equation 2.1.1
evaluates the summation of all Eigen-functions Ψα and Ψβ of tip and sample
with Eigen-energies Eα and Eβ, which corresponds to the Fermi levels EF,tip
and EF,sample [41]. The Fermi-Dirac function f(E, T ) is the probability at
a given temperature T of an occupied electronic state with energy E. Fur-
thermore, the δ function explains the elastic tunneling process. A sketch of
the electrodes and the tunneling gap with the bias voltage Ubias is illustrated
in figure 2.2. Bardeen’s tunneling matrix Mαβ evaluates the wave functions

EF

Ubias

eV

Tip electrode

Sample electrode Φ

Figure 2.2: This one dimensional energy diagram shows the sample - and the
tip electrode. The work function Φ of a metal surface is the smallest amount of
energy required to remove an electron from the bulk to the barrier height (vacuum
level). When a bias voltage Ubias is applied, a tunneling current occurs between
tip and sample (Reproduced from [42]).

11



overlap of Ψα and Ψβ in the tip-sample gap. This is governed by,

Mαβ =
−h̄2

2m

∫
(Ψ∗α∆Ψβ −Ψβ∆Ψ∗α)dS (2.1.2)

where the integration goes over a surface that exists within the gap region
[43].
By reducing the conditions to a spherical tip with only s-type wave functions
and limited to small voltages and low temperatures, Tersoff and Hamann
simplified and calculated the tunneling current in STM [44]. This breaks
equation 2.1.1 down to

It(Ubias) =
2πe

h̄
Ubias

∑
α,β

|Mαβ |2 δ(Eα − EF )× δ(Eβ − EF ) (2.1.3)

If the wave functions are applied to the sample and a perfect tip with a
curvature radius R at a certain position ~r0, then equation 2.1.3 reduces to

It(Ubias) ∝ Ubiasρt(EF )e2κR
∑
α

| Ψα(~r0) |2 δ(Eα − EF ) (2.1.4)

where κ =
√

2mφeff/h̄ is the inverse decay length for the wave functions,
ρt(E) the density of states of the tip and φeff the effective local potential
barrier height. As a consequence, the tunneling current It corresponds to the
local density of states (LDOS) of the sample ρs(~r, E) at the position ρ0 for a
constant voltage Ubias.

It ∝ ρs(~r0, EF ) with ρs(~r0, EF ) ≡
∑
α

| ψα(~r0) |2 δ(Eα − E) (2.1.5)

When scanning with a small voltage at constant current, the contrast in STM
images can be understood by equation 2.1.5 as a constant LDOS contour of
the sample at EF . The wave functions decay exponentially in the direction z,
which goes vertical with respect to the sample surface. This gives | Ψµ(r0) |2=
e2κ(z+R) and can be substituted into equation 2.1.4 and is simplified as

It = I0e
−2κz (2.1.6)

This is the description of the It exponential dependence on the tip-sample z
separation, where I0 is a function of the bias voltage Ubias.

12



2.2 Scanning Force Microscopy

The development of the scanning force microscope (SFM) Binnig and Quate
brought another contribution to the SPM family [14]. The SFM, otherwise
known as the atomic force microscope (AFM), can be used to study electrical
conductors, semiconductors as well as insulators. Similar to the STM, the
SFM uses a sharp tip to probe the sample surface. Instead of a distance
dependent tunnel current, the SFM measures the deflection of a microscopic
beam that is fixed at one end. A sharp tip is attached to the free end
of the beam, where it probes the tip-sample forces. A detector measures
the deflection of this beam as its tip scans over the sample, mapping the
topography of the surface.

2.2.1 Force Sensor

The key element of a scanning force microscope is the cantilever, which is
usually between 100 and 300 µm long and tens of µm wide. Nowadays, they
are commercially available in many dimensions. This mechanical lever is not
very different from a pickup head of a vintage gramophone. The pickup head
of a gramophone is equipped with a needle, that scans the tracks on the
surface of a music record disc [45]. In a very similar way, a scanning force
microscope requires a sharp tip that interacts with a force at the surface of
a sample.

Figure 2.3: A scanning electron microscopy (SEM) of a silicon cantilever with
the integrated tip (image taken by Magdalena Parlinska, Empa Dübendorf).
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Figure 2.3 shows a scanning electron microscopy (SEM) image of a commer-
cial silicon cantilever (Nanonsensors2, PPP-RT-FMR) and its tip. The tip is
integrated at the free end of a flexible beam, whose geometrical and material
properties are engineered to obtain high force sensitivity, a suitable stiffness
and resonance frequency. The function of the cantilever is to translate the
force acting on the tip into a deflection that subsequently can be monitored
by various means.

2.2.2 Cantilever Spring Constant

The cantilever is characterized by its resonance frequency f, quality factor Q
and its spring constant k. A collection of methods are available to measure
the spring constant of cantilevers, each with their flaws and advantages [46,
47, 48, 49]. In our case, the fundamental spring constant k of a rectangular
cantilever was determined by its geometry [50]. Solving the equation of a
clamped vibrational beam, the spring constant k and the resonance frequency
of the cantilever f can be obtained [42] [51]. The spring constant is governed
by,

k =
EWt3

4L3
(2.2.1)

where E is defined as the Young’s modulus of the cantilever material, W
is the width, t is the thickness and L is the length of the cantilever. The
resonance frequency f of the rectangular cantilever can also be concluded
from the equation of a clamped vibrational beam as:

f =
t(1.875)2

2πL2

√
E

ρ
(2.2.2)

ρ is defined as the mass density of the cantilever material3.
By using scanning electron microscopy (SEM), the width and length were
determined . Figure 2.4 shows the SEM image of a silicon cantilever with the
support chip. In addition, if the resonance frequency is known, the thickness
t can be extracted from equation 2.2.2. The Q-factor depends greatly on
the intrinsic damping mechanisms in the cantilever and its environment (see
section 2.2.6). Working in vacuum, the Q factor of cantilevers can reach a
few hundred thousand, while in air this value drops to a few hundred [25].
A better way to calibrate the force constant of a cantilever experimentally
was suggested by Sader et al. There, the difficulty of the cantilever thickness
determination is eliminated [47].

2www.nanosensors.com
3For silicon, ρ = 2330 kg/m3 and E = 1.69 x 1011 N/m2.
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Figure 2.4: A SEM image of a cantilever and its support structure on the left
hand side (image taken by Magdalena Parlinska, Empa Dübendorf). The nominal
parameters of this type of cantilever from Nanosensors are: k=2.8N/m, f0=75kHz,
L=225µm, W=28µm, T=3µm.

2.2.3 Interaction Forces

In AFM, the interaction forces between tip and sample can be distinguished
between long range forces and short range forces. In dynamic force mi-
croscopy, the cantilever and the tip contribute differently to the total force
being measured. The long range electrostatic forces act on the cantilever as
one single macroscopic object, whereas the long range Van der Waals forces
have an impact between the tip’s end and the sample surface. In comparison,
short range chemical forces only perturb a few atoms in the vicinity of the
tip apex. Non-contact AFM (nc-AFM) imaging with true atomic resolution
requires forces that interact within the local area of the surface atoms [30].
Therefore, short range forces must be separated from the total measured
interaction force by a systematic method, introduced by Guggisberg et
al [53]. Figure 6.16 shows the individual forces contributing to the total force.

15



F 
(n

N
)

distance (nm)
0 0.5 1.0

FFMorseMorse

FFVdWVdW

Ftotal

0

-1.0

-1.5

-2.0

-0.5

Figure 2.5: The total force curve (black) contains of long range Van der Waals
forces (light blue) and short range Morse forces (light red). The total force gets
more attractive when the distance decreases towards zero. However, beyond the
turnaround point it becomes repulsive across a short distance (reproduced from
[52]).

Electrostatic forces

In general, a contact potential difference arises through the electrostatic
forces acting between tips and samples, resulting in localized charges. By
applying a bias voltage, they can only be partially compensated because of
the uneven tip shape [54]. If we consider the tip and sample to be the elec-
trodes of a capacitor, then C represents the distance dependent capacitance
which is governed by the electrostatic force,

Felectrostatic =
∂C

∂z
(Ubias − U∆cp)

2 (2.2.3)

where Ubias is the tip-sample bias voltage and U∆cp is the contact potential
difference triggered by the different tip-sample work functions [25]. Without
compensation of the long range electrostatic forces, height measurements in
nc-AFM can be affected, particulary with heterogeneous materials [55].

Van der Waals forces

The weak attractive Van der Waals forces are intermolecular forces which con-
tain dipole to dipole and dispersion forces [56]. According to Israelachvili’s
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work [57], the general expression of the Van der Waals potential between
a sphere with radius r and a flat surface separated from each other by the
distance d is expressed as follows.

UV anderWaals = −(
rH

6d
) (2.2.4)

H is called the Hamaker constant and depends on the material being used
[58].

Chemical forces

Short range chemical forces are either attractive or repulsive, depending on
the tip-sample separation. When the distance between the apex atom of the
tip and the sample surface decreases to the atomic scale, repulsive short range
chemical forces arise from valence electrons of closed shells which overlap.
This can be explained by Pauli’s exclusion principle [59]. However, if the
interacting atoms do not have closed shells, covalent bonds can occur and
give rise to attractive chemical forces that bind tip and surface atoms to one
another. The total interaction potential between a pair of molecules or atoms
can be modeled by the Lennard Jones potential, which includes two terms
that describe the attractive and repulsive potentials. It is also known as the
”6-12” potential and is given below.

ULennardJones = −Ebond(2
σ6

z6
− σ12

z12
) (2.2.5)

The equilibrium distance is represented by σ and Ebond is the bond energy
[57].

2.2.4 Dissipation

Energy dissipation can be divided into several different processes. But the
two relevant processes are emphasized here. Energy dissipation induced by
tip-sample interactions is still not well understood. Theoretical works have
been presented in several articles, explaining the complexity of the energy
loss due to these interactions [60, 61, 62]. On the other hand, experimental
determination of energy dissipation induced by tip-sample interactions in nc-
AFM can be summarized in the works of Denk et al and others [63, 64, 65].

Intrinsic Dissipation

A cantilever with a resonance frequency f0 oscillating far away from the
surface, experiences internal friction within its beam structure. Moreover,
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acoustic vibrations traveling along the cantilever into the support chip and
therefore contribute to the lost energy per oscillation cycle. This is known as
the intrinsic dissipation of energy in a cantilever, which cannot be hindered.
This intrinsic energy loss of each oscillation cycle for an high quality factor
cantilever can be written as,

E0(A) =
πkA2

Q0

(2.2.6)

where A is the tip oscillation amplitude, k stands for the spring constant and
Q0 is the intrinsic quality factor. Q0 depends on the cantilever’s geometry
and its material, the geometry of the support structure. Q0 is also affected
by reflective coatings [66].

Apparent Dissipation

In nc-AFM measurement configurations where a constant oscillation am-
plitude of the cantilever is maintained, a driving voltage Adrive excites the
cantilever with a piezo actuator. Because of tip-sample interactions, energy
dissipation can occur. This energy loss per oscillation cycle is described with
the intrinsic quality factor Q0 and the quality factor Q of the cantilever while
interacting with the surface [66].

Ets = (
Q0

Q
)E0 (2.2.7)

During tip-sample interactions, the harmonic oscillation of the cantilever
can be distorted. This leads to a partial energy transfer to other oscilla-
tion overtones. To compensate for this energy loss, the excitation voltage
Adrive increases accordingly. This measured voltage variation is known as
the damping signal and does not represent the energy dissipation induced by
tip-sample interactions. The damping signal is also called apparent damping
or apparent dissipation. Apparent dissipation also appears when the phase
shift between the eigenfrequency of the cantilever f0 and the excitation signal
fdrive cannot be maintained constant at 90◦ anymore. The driving voltage
Adrive increases to keep a constant oscillation amplitude. The damping sig-
nal can be misinterpreted as the actual energy dissipation, in cases where the
phase is not monitored.
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2.2.5 Frequency Shift and Forces

The resonance frequency of the cantilever changes upon tip-sample approach
and therefore gives us a way to detect interaction forces between atoms.
Frequency modulation atomic force microscopy (FM-AFM) makes use of this
simple relation, allowing the frequency shift to be determined for a given
force. The work done by Sader and Jarvis [67] puts this relation in an
expression for the force in terms of the frequency shift,

F (z) = 2k

∫ ∞
z

(1 +
A1/2

8
√
π(t− z)

)Ω(t)− A3/2√
2(t− z)

dΩ(t)

dt
dt (2.2.8)

where Ω (z) = ∆ω (z) / ω0. F is the tip-sample interaction force, k is the
spring constant of the cantilever, A is the oscillation amplitude, and z is the
distance at closest tip-sample separation. ∆ω is defined as the frequency
shift and ω0 is the eigenfrequency. The equation 2.2.8 is valid in the case
where the cantilever oscillation amplitude is kept constant. Independent of
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Figure 2.6: This frequency shift to distance curve shows the contributions
from the long-range Van der Waals forces and the short-range chemical forces.
∆fchemical results from the subtraction of the ∆fV dW curve from the ∆ftotal (re-
produced from [68]).

the tip-sample distance, this equation exhibits global validity to any force law
and applies to small and large amplitudes or any arbitrary oscillation ampli-
tudes. Figure 2.6 depicts the frequency to distance curve with a compensated
contact potential.
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2.2.6 Force Detection

In scanning force microscopy, the free end of the beam gets deflected by the
interacting tip-sample forces. There are a several methods available, which
can be applied to detect the deflection of the cantilever. Listed below are
a few deflection measurement techniques that are used in many different
applications.

• In the original force microscope of Binnig et al, the cantilever deflection
was detected by means of a tunneling current from the cantilever to an
STM tip positioned at the rear side of the cantilever [14]. This very
sensitive setup is complicated by the additional force between the STM
tip and the cantilever.

• The change in the capacitance between cantilever and an electrode can
be used to detect its deflection [69]. Using micro-fabricated capacitive
sensors, this method is able to perform very fast measurements. Dis-
advantages with this kind of sensors are the undesirable force between
cantilever and electrode and its susceptibility to electrical noise sources
[70].

• Other groups successfully demonstrated the use of piezoresistive can-
tilevers that is basically a self sensing device [71, 72, 73]. Despite
the advantages of this detection method (simple and compact), the
poor resolution has not been improved since it was first demonstrated
by Güthner et al [74]. Quartz tuning forks show similar features but
can be operated with oscillation amplitudes well matched to the decay
length of atomic interaction forces, allowing high signal to noise ratio
in atomic resolution imaging [75]. Quartz tuning forks are cheap piezo-
electric sensors with high frequency and high spring constant. High
resolution images in dynamic mode have been attained with quartz
tuning forks [76, 66, 77].

Other methods for the detection of the cantilever’s motion were introduced.
Optical techniques proved to be a suitable alternative to the STM tip for
monitoring the deflection of cantilevers [78]. Although, the optical sensors
exert a negligible force on the cantilever, photon-induced forces are the basis
for cantilever cooling experiments described in chapter 7.

• Laser beam deflection is commonly used because it is relatively sim-
ple to implement [79]. The laser light reflects on the backside of the

20



cantilever to a four-quadrant photodiode, where the bending in the ver-
tical direction can be detected. Furthermore, simultaneous detection
of the flexural and torsional motion of the lever can be tracked by this
position sensitive photo detector [80].

• The cantilever is used as one mirror of a laser interferometer to detect
its own motion [81]. With this method, the deflection can be calibrated
by the wavelength of the laser. In addition, interferometric detection is
often used in tight and compact designs such as in low temperature sys-
tems, where space is confined. The sensitivity of this optical detection
method is only limited by the thermal noise of the cantilever. Interfer-
ometric methods offer superior position sensitivity. For this reason, we
and some other research groups have implemented interferometers (see
chapter 5) in our low temperature systems.

xyz piezo
    stack

cantilever

optical
fiber

sample

tip

laser beam

z - direction

Figure 2.7: The bending of the cantilever due to the tip-sample interaction is
measured by an optical interferometer.

Figure 2.7 illustrates such a detection scheme with an implemented optical
fiber interferometer. Depending on the application and design, the cantilever
moves relative to a fixed sample stage or vice versa.

2.2.7 Modes of Operation

There are different modes of operation that are available for different ap-
plications. Depending on the sample to be investigated, contact mode or
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tapping mode may be favored. However, in this line of work the concentra-
tion will be particulary on the non-contact mode of operation. Advantages
and disadvantages of these modes are discussed in literature [82, 24, 77].

Non-Contact Mode

In nc-AFM, dynamic AFM operation modes are usually employed. The dy-
namic properties of the cantilever are measured, which include the resonance
frequency, phase, oscillation amplitude and the excitation amplitude. True
atomic resolution images comparable to STM imaging can then be obtained.
Dynamic operations can be grouped into off-, near- and on resonance modes.
Figure 2.8 illustrates the different non-contact modes at various frequencies.
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Figure 2.8: An overview of non-contact operation modes: (a) DC-operation
mode has a typical detection bandwidth of 0 to 1kHz. (b) Off-resonance mode
has a small bandwidth of 1kHz but the detection frequency f0 ≈ 30kHz. (c) Near
resonance and (d) on resonance modes.

• The first two modes (a and b) excite the cantilever at a frequency far
away from the resonance of the cantilever. The oscillatory variation of
the tip-sample distance induces a corresponding oscillation of the tip-
sample force and changes the oscillation amplitude of the cantilever [78].
In principle such an off-resonance mode is a quasi-static mapping of the
cantilever deflection avoiding the 1/f noise at low detection frequencies
and therefore, suffers from low signal to noise ratio.
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• Alternatively, the cantilever oscillation can be driven near resonance
(c) or on resonance (d). At near resonance, the cantilever is driven
with a fixed frequency. The tip-sample interaction forces then lead to
a shift of the cantilever’s resonance frequency and to a corresponding
change of the oscillation amplitude and phase. This operation mode is
often referred to as the AM-mode [27].

• The on-resonance mode (d) uses a self-excitation circuitry or phase
locked loop (PLL) to drive the cantilever on or very near its resonance.
If the cantilever is driven by a PLL circuitry, the drive frequency is ad-
justed to keep the phase between the drive and the cantilever oscillation
signal constant at 90◦. If the PLL keeps the phase perfectly constant
and the drive frequency was initially set to match the free resonance
of the cantilever, the frequency shift can be accurately tracked (see fig-
ure 2.9). In the self-excitation scheme the signal from the oscillating
cantilever is phase shifted and fed back to the oscillation amplitude.
The phase is tuned to obtain the lowest excitation amplitude, but then
is fixed at that value. In both schemes, the oscillation amplitude of the
cantilever is kept constant by appropriately adjusting the drive ampli-
tude. A more detailed explanation of the PLL and the self-excitation
(SE) schemes can be found in section 4.2.
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Figure 2.9: PLL-excitation scheme: when the cantilever is driven at a fixed
frequency, the phase is adjusted and kept constant at 90◦.
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2.2.8 Small Oscillation Amplitude

Theoretical works of Perez et al have suggested that atomic imaging con-
trast may occur from short range interaction forces due to covalent chemical
bonding [83]. Long range interaction forces act in the background, which
depend on the electrostatic potential and the shape of the tip. An sharp tip
with a high aspect ratio can minimize the Van der Waals long range force
contribution, whereas the electrostatic potential can be compensated. To
enhance the signal to noise ratio and the detection sensitivity of short range
forces, a small cantilever oscillation amplitude that is equivalent to the short
range interaction decay length (≈0.2nm.) is necessary [84, 85]. Two stability
criteria must be achieved. The first stability criterion requires the cantilever
stiffness to be larger than the force derivative of the tip-sample force:

k >
∂Fts
∂z

(2.2.9)

Second, attractive forces increases the probability of ”tip to sample” jumps,
when the closest tip-sample separation in an oscillation cycle is equivalent to
the interatomic distance [86]. The energy stored in a cantilever ECl is,

ECl =
1

2
kA2 (2.2.10)

where k is the spring constant and A the amplitude. Following that, the
intrinsic energy loss per cycle is governed by,

E0 = 2π
ECl
Q

=
πkA2

Q
(2.2.11)

which is maintained by the drive amplitude:

Adrive =
A0

Q
(2.2.12)

Here Q represents the quality factor, Adrive the driving amplitude and A0 the
freely oscillating amplitude. Furthermore, there are two solutions that offer
stable small amplitude operation while satisfying the mentioned conditions
[26, 87]:

• Stiff cantilevers with spring constant higher than 500N/m are commer-
cially available.

• The effective stiffness of the second resonance mode of commercially
available cantilevers is ≈40 times larger than the fundamental mode
(see below) [88].
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The effective second mode stiffness of a given cantilever can be estimated
by the equivalent point mass model as proposed by the work of Melcher et
al [88]. Then, a rough estimation can be made for a rectangular cantilever
clamped at one end and free at the other end:

k2nd

k1st

≈
(f2nd

f1st

)2

≈ 40 (2.2.13)

The ratio of 6.24 between the fundamental frequency f1st and the second
mode frequency f2nd is used to approximate the effective stiffness of the
second cantilever oscillation mode.
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Part II

Instrumentation
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Chapter 3

The home-built SPM

3.1 Technical Considerations

There are some technical challenges regarding the instrumentation of the
SPM that must be considered, before a successful construction of such a
complex system should be started. A thought-through design and planning
of the system is one thing. The actual construction work and then the
subsequent characterization of the prototype is a different issue. However,
the planning phase critically determines the outcome of the system. Below
are some major requirements highlighted.

• Even though, Fukuma et al have shown that optical beam deflection
systems can be used to detect subnanometer cantilever oscillation am-
plitudes in liquid conditions [32], it cannot be employed in a UHV LT-
SPM system, because of space constraint. Furthermore, these detection
sensors are not designed to be operated at liquid helium environments.
Optical interferometric detection have proven to fit this purpose, but
exhibit photon-induced effects on the cantilever. See chapter 7.

• The scan range in the Z direction should be large enough to allow a
safe approach. Steps of piezo motors can be below 50nm, so a Z range
between 100nm and 1µm is possible. The scan range in the lateral
directions should be adapted so that the imaging of atoms becomes
possible. At low temperatures the piezo effect of typical piezo ceramics
is reduced by a factor of 5 to 8. A lateral scan range of 0.5 to 1
micron at 77K or 4K is a good ”figure of merit”. The operation at low
temperature enhances the piezo stability and creep compensation can
be omitted [89].
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• The microscope and the piezo scanner must have high resonance fre-
quencies to allow a fast Z feedback which enables fast scanning. In
addition, a high resonance frequency makes the microscope tip-sample
gap less sensitive to external vibrations.

• Coarse positioning is the ability to move the sample relative to the tip
in the XYZ directions. For this purpose, 5 piezo stack motors made of
4 shear piezo plates are used for each direction.

• Good choice of materials must be considered, because they operate in
vacuum and in cryogenic environments. Thermal drifts usually moves
the sample away from the scanning area. Therefore, a symmetrical
construction of the microscope and materials with similar thermal ex-
pansion coefficients minimize the strains between different parts of the
microscope [90, 91]. Moreover, materials with good thermal conduc-
tivity provide homogenous thermal distribution and stable cryogenic
operation condition. All of the above result in the reduction of the
thermal drift.

• Wiring requires some demanding work because there are more than 50
wires attached to the microscope and along the cryostat in vacuum.
Several aspects such as vacuum compatibility, the choice of good and
low thermal conductivity of wires must be considered. In addition to
the latter, thermal anchoring of the wires is required to avoid heat loss
via the wires. Furthermore, some of the lines have to handle high fre-
quencies and higher voltage operations. Signal lines must be adequately
shielded from internal stray capacitances and external electromagnetic
fields.

• The operation of the SPM in ultra high vacuum brings along some
benefits. Condensation onto tip and sample is prevented during the
cool down from room temperature. Water vapor can be decreased
during bake out, when the vacuum chambers are pumped for a few days
at 120◦. Additionally, because of the reduced number of molecules in
the vacuum chambers, the Q-factor of the cantilever can reach higher
values than in ambient conditions [92, 22]. Vacuum operations however
require samples and tips to be exchangeable in-situ. The microscope
must feature vacuum exchangeable sample and tip holders. Transfer
and manipulation tools must be installed in the UHV chambers.
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• External vibrations is a known issue in SPM. Among the common
sources of external mechanical noise such as floor and acoustical vibra-
tions, the bubbling of the cryogenic liquids generates additional noise,
especially liquid nitrogen. Low frequency vibrations coming from the
buildings are difficult to eliminate. Thus, situating the system in the
basement should be favored. Additional options with passive floating
air legs or active piezo-electric dampers are helpful. A more specific
discussion of vibration isolation of the microscope can be viewed in
section 3.4.1.
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3.2 Ultra High Vacuum System

Most of the measurements presented in this work are from experiments per-
formed on the home built LT-SPM. The design of the Empa system is based
on the concepts of the low temperature SFM system at the Department of
Physics, University of Basel [89], that is still in operation. There are a nu-
merous add-on’s and new developments, which eases the handling of sample
and probe transfer and manipulation. This also applies to maintenance works
during which the instrument is taken apart. Special attention was paid to
the modularity of the microscope that allows the exchange of each module.
This simplifies the development and repair of the system. In figure 3.1 there
is an image of the overall system from the side and from the top.
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Figure 3.1: The overall system layout and peripheral devices. (1) Cryostat (2)
AFM chamber (3) Preparation chamber (4) FIM chamber (5) Cryo-manipulator
(6) Fast entry load lock chamber.
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3.2.1 Chambers

The vacuum chambers were manufactured by CreaTec GmbH according to
our design specifications1. Several flanges were considered for possible future
upgrades and modifications. Examples are the attachments of a low energy
electron diffraction (LEED) or a magnet system through the bottom flange.
The UHV system consists of three chambers, which are separated by manu-
ally operated gate valves that can withstand a differential pressure up to 1
bar in either direction2. An additional valve separates the field ion micro-
scope (FIM) chamber from the main turbo molecular pump3. The AFM- and
Preparation chambers are also equipped with each a 240 l/s ion pump and
an integrated titan sublimation pump. All three chambers also have each a
hot cathode ion pressure gauge from Granville Phillips, which are calibrated
for nitrogen gas.
A load lock chamber allows a rapid transfer of samples and cantilevers from
air to UHV and vice versa. This entry air lock is pumped through a small
turbo molecular pump4.

AFM Chamber

The microscope is located in the AFM chamber, where it is attached un-
derneath a bath cryostat. A StarCell (VacIon Plus 300) Varian ion pump
with an integrated titan sublimation pump (TSP) deals with the remaining
atmospheric molecules. The combination of both types of pumps is most
effective, since the TSP gets rid of hydrogen and nitrogen, and the ion pump
takes care of non-getterable gases such as methane and argon. A carousel is
mounted in the chamber so that five sample- and/or cantilever holders can be
parked for later retrieval. The wobble stick, which is nothing else than a short
manipulator with retractable hexagonal screw driver, is built in the cham-
ber for the transfer of samples and cantilevers between the cryo-manipulator
(section 3.2.2) and the microscope.

Preparation Chamber

This chamber is designed for various preparatory works such as cantilever tip
sputtering, silicon sample preparations and in situ coating of the cantilever
back end with gold. All preparation works are done on the cryo-manipulator
that holds two positions for samples and cantilevers. Similar to the AFM

1www.createc.de
2However, the maximal differential pressure should not exceed 30mbar while opening
3Pumping speed: 520 l/s
4Pumping speed: 70 l/s
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chamber, this one includes a carousel with five parking positions and a wobble
stick (small manipulator).

FIM Chamber

The main purpose of this chamber is to enable field ion microscope (FIM)
measurements of tip-shaped samples. In our case, the FIM will be used
to characterize tunneling tips and tips on cantilevers. The FIM shows the
hemispherical surface of a tip on a fluorescent screen. Since there is no other
way to know for certain what is at the probing tip, the FIM provides the
possibility to directly displaying the atoms of a given cantilever tip before
and after a scanning experiment. Visualization of tungsten atoms at a field
emitter’s tip apex, was first demonstrated by Erwin W. Müller [35].
Next to its primary function, the FIM chamber also serves as a junction,
where the cryo-manipulator is attached. The main turbo molecular pump is
connected to this chamber and separated by a gate valve.

3.2.2 Cryo-manipulator

The cryo-manipulator serves as the main transport system and holds two re-
ceiver positions for sample and cantilever holders. The first receiver position

21

Position 2

3
4

5

Figure 3.2: The manipulator head with (1) clamping spring lever (2) clamping
screw (3) stainless steel contact screws (4) PT100 temperature sensor (5) narrow
slit for in-situ coating of the cantilever’s backside.
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3

Figure 3.3: Close up of the parking ”Position 1” and its details. 1) sample 2)
sapphire sample plate 3) CuBe direct current contact strips.

allows silicon samples to be heated with direct current. With two contacts,
an electrical current up to 10A can be passed across the sample. This is
used for silicon sample preparations (see section 6.2). Moreover, the first
position is thermally insulated from the cryostat head by a sapphire plate.
Temperatures of up to 800◦C can be reached with a built-in resistive heater
with a minimized heat load to the sensitive parts of the cryostat head. At
low temperatures the sapphire plate still allows efficient cooling to about
15K. To date this heater was used to outgas the sample plate and get rid of
water vapor. The second position on the manipulator is designed for coating
the cantilever’s backside with gold, so that the reflection of the laser light is
enhanced. It can also be used to park or transport samples and cantilevers
between the chambers. In addition, the wiring of the second position can
take voltages up to 10kV for FIM operations. Another resistive heater is
integrated in the bulk of the manipulator head. This one is able to heat both
parking positions up to 200◦C.
There is a wobble stick in each of the two main (Preparation, AFM) cham-
bers. The transfer of samples or cantilevers between the load lock fast entry
chamber and the manipulator two parking positions, is straightforward. With
the wobble stick in the AFM chamber, the in-situ exchange of samples and
cantilevers is easily done and reduces the turn around times. The transfer
of a sample from the AFM with the cryo-manipulator to the fast entry load
lock chamber typically takes 10 minutes.
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3.2.3 Cryostat

The bath cryostat fulfills the function of cooling the microscope to cryogenic
temperatures. This custom designed cryostat consists of two storage tanks,
which are separated by vacuum. The volume of the inner tank holds 8 liters of
liquid helium (LHe). The 18 liters liquid nitrogen (LN2) outer tank serves as
a radiation shield for the inner tank. Thus, LHe refilling is required every 5th
day. This allows long time operations of the system. After 2 days however,
the LN2 tank runs empty5. This restricts the measurements time to about
50 hours, when the sample temperature rises and induces thermal drift.
If the LHe level is higher than that of the outer tank, exposing it to the
ambient temperature, it boils off quicker than usual. This again shortens the
measurements time even further. Thus, the relatively small outer tank has
to be replenished every 24 hours to maintain its level not lower than 50%
and always higher than that of LHe. In addition, the bubbling of the LN2

LHe tank

LN2 tankLN2 tank

LN2 bottom

LHe bottom

Figure 3.4: The bath cryostat is divided into 2 tanks. The inner tank holds 8
liters of LHe and the outer tank holds a volume of 18 liters of LN2.

cannot be avoided. If this affects the measurement environment, solidifying
LN2 by pumping6 is a feasible solution.
Each of the cryogenic tanks possess a bottom part with a thickness of 15mm,
the outer ring and the inner disc. In figure 3.4, the cryostat tanks with

5Note: this issue is resolved in the new cryostat used in the next generation MD-SPM
system.

6The melting point of liquid nitrogen is at 63.3 Kelvin.
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their bottom parts are illustrated. They are fitted with drill pits so that the
cryogenic shields can be fixed with screws, once the microscope is mounted
and adjusted. The cryostat bottom parts are made of gold-plated oxygen free
high thermal conductivity (OFHC) copper for best heat transfer.
A meander-like tube serves to guide the optical fiber along the cryostat,
while avoiding possible direct light radiation coming from the outside. Small
considerations like this one are most crucial to the overall thermal insulation.
The next section shows what measures were taken to ensure stable cryogenic
performance of the microscope.

3.2.4 Tail and Shutters

At the bottom of the cryostat, a tail of two polished, cryogenic shields is
mounted that encloses the microscope’s inside. In figure 3.5 The inner, gold
plated copper shield is fabricated from a single OFHC copper piece. This so
called He shield maintains a constant LHe temperature, once the inner tank
of the cryostat is filled. Similarly to the latter, the outer shield is machined
from a single block of aluminium and is attached to bottom of the LN2 tank.
Both shields have not only the purpose to reflect thermal radiations from the
environment, but also to shield the microscope from external electromagnetic
radiations.
To allow the transfer of sample or tip holders between the AFM and the cryo-
manipulator, linear feed-through activates a pulley system that pulls down
the microscope into a locked position. The shutters are opened by a second
pulley system. Three windows in the shields enable users to view tip &
sample during these manipulations and during the coarse approaches. In the
locked position, a gold-plated copper cone which is part of the microscope,
makes physical contact with a conical counterpart of the inner shield. This
allows a rapid cooling of the microscope.
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Figure 3.5: The tail with the microscope seen from its cross-sectional view.
(1) The SFM hangs freely, (2) the eddy current damping. (3) The pull down
components for the SFM docking mechanism. (4) The cone is fit so that it makes
large area contact to the LHe shield. (5) Wires and cables. (6) Thermal grounding
for the cables. (7) Suspension springs. (8) LHe - and (9) LN2 shield.
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3.3 Microscope

The atomic force microscope is attached to the top of the LHe tank with three
suspension springs for vibrational damping. These springs have a diameter
of 1mm and are fit in a 2mm tube along the LHe tank. They are electrically
and thermally isolated from the tank. With a voltmeter, accidental contacts
between the microscope and the LHe shield can be verified, while the latter
reduces the heat load to the microscope. A final sample temperature of
4.5K could be reached because all electrical wires going to the microscope
are thermally anchored to the bottom of the LHe tank. A low quality factor
(≈6) of the microscope suspension system is obtained with an eddy current
damping system attached to the microscope base. Figure 3.6 illustrates this
setup. The microscope consists of 4 main units (see figure 3.7. (1) A sample

Figure 3.6: The microsope (1) attached to the gold-plate copper cone (2) at the
top and to the eddy current damping aluminum fins (3) at the bottom. The win-
dows in the microscope body (1) match to corresponding windows in the cryostat
tail so that a tip and sample exchange is possible.

XYZ positioning unit carries (1a) the sample scanner and (1b) the sample
holder receiver that can be loaded with (1c) the sample . (2) A optics XYZ
positioning unit allows to position (2a) the Fabry-Perot optical sensor relative
to (3) the cantilever-holder receiver that can be loaded with the cantilever-
holder (3a). The positioners of the sample (1) and the optics (2) cam move
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along the z-direction inside the microscope’s main body (4). Most of the body
parts are made out of pure molybdenum to have a good heat conductance
combined with a low mechanical quality factor and a high body stiffness.
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1a

4

Figure 3.7: This cross sectional illustration shows the details of the microscope,
which consists of four main parts. (1) Sample positioner. (2) Optics positioner.
(3) Cantilever holder receiver. (4) Main molybdenum body of the AFM.

3.3.1 Optic XYZ Positioning Unit

The optic positioner consists of a molybdenum body, that acts as a backbone,
where as many as 60 individual parts are attached to it. There are a total of
3 × 5 piezo stacks, responsible for the XYZ coarse adjustment of the Fabry-
Perot optical sensor relative to the spatially fixed cantilever. A Fabry-Perot
optical sensor is mounted inside a tubular piezo stack (W-piezo) to adjust the
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optical cavity formed between the final concave lens and the cantilever. This
W-piezo itself is mounted on sapphire plates that enables the movement in
the XY. The range of the piezo motors in the XY directions is mechanically
restricted to ±0.5mm. For the coarse adjustment of the optical cavity, the
whole optics positioning unit moves along Z inside the microscopes main
body. A range of approximately 15mm is available to fully retract the optics
during cantilever exchanges.

3.3.2 Sample XYZ Positioning Unit

The design of the sample positioning unit is similar to that of the optics
positioning unit, but has a ±5mm travel range along XY to move the sample
relative to the spatially fixed tip. The travel distance of the Z piezo motors
is designed for a 20mm range. This positioning unit includes as many as 80
individual parts. A rough sketch can be seen in figure 3.7. The piezo scanner
sits on two sapphire plates and is mounted at the center of the molybdenum
main body. On top of the piezo scanner, the sample receiver is attached.
This receiver has the same functionality as the cantilever receiver explained
in section 3.3.3.

3.3.3 Cantilever Holder, Receiver and Piezo Tube
Scanner

STM tips and samples are mounted on sapphire base plates to enable quick
and simple exchanges. To maximize the turn around time of such a mecha-
nism, any given tip and sample exchange system should contain the following
requirements:

• Allows rapid, in-situ, safe to operate exchange with one manipulator.

• Rigid fixation of the sample or cantilever.

• Reliable multi-pin electrical contacts.

• Good thermal contact.

• Low wear, low particle generation during exchange operations.
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Cantilever Holder: The base plate of the cantilever holder is made of
sapphire. This base plate with all the cuts and grooves is constructed in
such a manner, so that ad hoc modifications can be done. Figures 3.8 and 3.9
demonstrate how complex this piece actually is, despite its simple appearance
at first glance. All parts which are mounted on this base plate are made of
molybdenum, except for the oscillation piezo. The cantilever itself is glued
on a tower, that is slanted 11◦. The oscillation piezo is fixed underneath the
tower.

Cantilever Holder Receiver: Once the cantilever is inserted into the re-
ceiver, a stainless steel screw pushes the CuBe spring lever in the receiver and
clamps the sapphire plate from beneath. A groove in the base plate enables
the spring lever to hold it in a fixed position (see figure 3.9). Figure 3.10
illustrates the clamping mechanism in detail.

2

3

1

4

5

Figure 3.8: The cantilever sapphire plate. (1) opening for wobble stick manip-
ulator (2) cantilever (3) molybdenum contacts (4) oscillation piezo (5) fixation
screw.

Piezo Tube Scanner: The piezo scanner is a tube actuator of the type
EBL27. With a wall thickness of 1 mm, an outer diameter of 10 mm and
a length of 20 mm, it maintains sufficient stability during sample exchanges
(see section 3.3.3), when radial forces are exerted.

7EBL products - www.eblproducts.com
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1

2

Figure 3.9: Bottom view of the cantilever sapphire plate with (1) molybdenum
bottom contact and (2) groove for the clamping spring lever.

a)

b)

Figure 3.10: The empty sample holder receiver, which is mounted to the top of
the piezo tube scanner. The fixation of the sample holder can be activated by (a)
the screw that pushes (b) the clamping spring in the vertical direction.
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Figure 3.11: This schematic sketch of the piezo tube scanner depicts the XY
electrodes. The voltage on the Z electrode is applied with respect to the common
ground of the XY channels of the high voltage amplifier.
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3.4 Characterization of the Microscope

3.4.1 Vibrational Damping

To keep the tip sample gap stable enough so that atomic resolution can be
obtained, several methods were employed in the LT-SPM system. Mechanical
noise originating from the building, roughing pumps, turbo molecular pumps
and other acoustical noise sources must be isolated from the SFM. There are
three distinct vibration isolation systems:

• First of all, building vibrations can be reduced to some extend by in-
stalling the laboratory in the basement. The vibrations of the labo-
ratory building at Empa8 are between 8Hz and 12Hz9. More effective
are passive or active floating tables. The LT-SPM system sits on four
passive floating air legs with a resonance frequency of 1Hz and a quality
factor of 2.

• Second, the microscope is attached to the LHe tank with three long
and soft springs so that a resonance frequency of 2Hz is obtained. An
eddy current damping system reduces the quality factor to 6 at LHe
temperatures.

• Third, great care was done to built the microscope as rigid and solid
as possible. The purpose is to obtain a higher resonance frequency of
the instrument, decouple the tip-sample gap effectively from external
vibrations and allow rapid scanning.

If the assumption is made that the mechanical vibration is a damped har-
monic oscillator described by the Lorentzian function, then the vibrational
amplitude as a function of frequency Ω can be expressed as,

A(Ω) ≈ 1√
1− 2Ω2

ω2
0

+ Ω4

ω4
0

+ Ω2

Q2ω2
0

(3.4.1)

where the resonance frequency is termed as ω0 and Q is the quality factor of
the unit. The two vibration isolation stages and the microscope have each a
particular frequency response that can be represented by an overall transfer
function. The sinusoidal floor displacement is equal to Afloorsinωt [93, 94].

8Swiss Federal Institute for Materials Science and Technology
9Vibration measurements done at Empa Dübendorf
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The individual transfer functions are expressed below as (a), (b, (c) and
summarized in figure 3.13, whereas a simplified sketch of the vibrational
assembly is shown in figure 3.12.

(a) The transfer function that describes the vibration isolator (floating table
and suspension springs) versus the floor is shown in figure 3.13 as α
and β.

T1(Ω) =
Afloor
Aisolator

(b) The transfer function that defines the microscope assembly versus the
vibration isolator is plotted in figure 3.13 as γ.

T2(Ω) =
ASPM − Aisolator

Aisolator

(c) The overall transfer function is the product of the T1 and T2 (δ = αβγ),

T1(Ω)T2(Ω) =
ASPM − Aisolator

Afloor

ASPM

Aisolator

Afloor

suspension springs

floating table

SPM unit

floor

Figure 3.12: A basic schematic of the SPM unit and the double vibration isolation
stages, which includes the suspension springs and the floating table. The vertical
displacement are labeled for each stage.
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Figure 3.13: Vibration attenuation for the LT-SPM with a two stage isolation
system: the distance between the mechanical frequencies of the damping system
(α=1Hz, Q1=2 and β=2Hz, Q2=6) and the SPM (γ=1900Hz, Q3=22) should be
made as large as possible so that a flat response of the amplitude transfer can be
obtained.

The resonance frequencies of the two stage system (floating table and the
suspension springs) and that of the SFM itself must be separated as far
as possible from each other [93]. The product δ of the individual ampli-
tude transfer functions (α, β, γ), describes a flat response between 40Hz and
1200Hz. If for example, the floor vibration (100Hz) of 1 µm peak-peak is
generated, then according to the estimated amplitude transfer graph in fig-
ure 3.13, a tip-sample gap vibration of 1pm peak-peak is induced.

3.4.2 Cool-Down of the Microscope

Cooling down the SFM from room temperature to 4.5K is performed in two
steps. The advantages of precooling with LN2 from RT to 77K are:

• LN2 is much cheaper10 and therefore will save LHe.

• LN2 has about 60 times the latent heat of evaporation than that of
LHe [95].

101 liter of LN2 costs 0.30 sFr, whereas the price of LHe is 17.- sFr per liter at the time
this work was composed.
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• 77K the heat capacity of the materials in the microscope is considerably
reduced.

The rate of cooling must be conveniently high for practical purposes, but suf-
ficiently slow to avoid thermal-induced stress in the instrument. The first few
hours, the cooling slope is steep because of the large temperature gradient.
To achieve a rapid cool down, good thermal conductance between the mi-
croscope and LHe tank of the cryostat must be ensured. This is obtained
by pulling the microscope in its looked position (see figure 3.5) so that the
copper cone firmly touches its counterpart of the shield. As depicted in fig-
ure 3.14, a rate of 0.9 K/min is reached between 280K and 172K. The loss of
cooling power observed at about 140K (marked by left arrow in figure 3.14)
could be traced back to a loss of contact between the cone and its counterpart
of the shield. This may be caused by differential the thermal expansion of
the cooled parts and the pulley system. Under such circumstances, the cool
down rate is reduced to 0.04 K/m. The cooling rate increases to 0.5 K/min
once the cone is pulled down again, indicated by the arrow on the right hand
side. A cool down time of approximately 10 hours with LN2 can be expected,
if the assumption is made without the cone contact loss. With the loose cone
contact, cooling can take up to 24 hours. To solve this problem, an option
to attach a weight to a linear drive feedthrough of the pull down mechanism
is under consideration.
The second phase in the cooling procedure is done with LHe. LN2 is removed
from the inner tank with pressurized and warm nitrogen gas. A steady flow
of helium gas ensures that neither water ice nor nitrogen ice can be formed,
when the cryostat bottom is expose to air. Ice is a good insulator and could
prevent the microscope from reaching its final temperature in a shortest pos-
sible time frame. The thicker the ice layer, the slower the cooling process
becomes. Once the temperature of the inner tank is one or two degrees above
the melting point of nitrogen, cooling with LHe could begin. Figure 3.15 il-
lustrates the cooling starting from 78K. The measured final temperature of
4.5K is reached after 5 hours.
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Figure 3.14: The cool down of the microscope from RT to 77K with LN2 takes
almost 24 hours.
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Figure 3.15: The cool down of the microscope from 78K to 4.5K with LHe takes
less than 5 hours.
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3.4.3 Calibration of the Scanner Piezo

For the scanner piezo calibration, we uses data from atomically resolved
images. The calibration of the scanner piezo is performed at 300K, 77K and
4.5K on a Si(111)7x7 surface. The dimensions of a Si(111)7x7 unit cell are
known from literature [96, 97]. According to the dimer-adatom-stacking-fault
(DAS) model [98], the adatoms and the corner holes are the most prominent
features visible in SPM (see figure 3.16). The diagonals of the rhombohedral
Si(111)7x7 unit cell are 4.6±0.1 nm (long) and 2.9±0.4 nm (short) [96].
Therefore, the piezo constants for the XY-directions are adjusted to fit these
length scales (see figure 3.16).

Figure 3.16: This 10x10nm STM image shows the unit cells of a reconstructed
Si(111)7x7 at 77K. The diagonals of the unit cell are 4.6nm and 2.9nm long. These
values are used to calibrate the scanner piezo in the lateral directions. Additional
features such as defects and corner holes are exploited to determine the lateral
thermal drift rates at different operating temperatures.
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Similarly, an atomic step can be used to calibrate the piezo scanner in
the Z-direction. From the atomically resolved image with an atomic step
depicted in figure 3.17(a), the step height profile was generated. What
appears to be a double step, turned out to be an artifact from a double
tip. This textbook image of a double tip shows a narrow and equidistant
terrace, which follows exactly the step contour of the actual step. Then, the
line profile data was used to adapt the piezo constant, fitting the Z-direction
scale. Figure 3.17(b) reveals the calibrated height of an atomic step on the
reconstructed surface of Si(111)7x7 to be 310 pm, that is in good agreement
with the expected step height of 313pm from literature [99]. Alternatively,
the absolute Z calibration can be done with the interferometer. There is a
description in section 5.2.3.

Expected travel ranges in XYZ are calculated and listed in table 3.1, where
the extension in the axial Z-direction is governed by:

∆L ≈ d31UL0

t
(3.4.2)

d31 is the piezoelectric strain coefficient of EBL2 in the axial direction, U is
the applied voltage, t the wall thickness of the tube and L0 represents the
piezo tube length. The next equation shall give an approximation of the
displacements in the lateral XY directions of the piezo tube with segmented
electrodes [100, 42].

∆X ≈ 0.9d31UL
2
0

tD
(3.4.3)

In this case, a voltage is applied to equal and opposite electrodes, where
D is the diameter of the piezo tube. The piezoelectric strain coefficient
d31 for EBL2 in table 3.1 are nominal and are provided by the manufacturer11.

For comparison, table 3.2 summarizes the calibrated XYZ ranges at three
different operating temperatures with the piezo constants in nm/V (0-10V).
The discrepancy of a factor four between the expected and calibrated piezo
constants can be due to the production tolerances (up to 20%) of the piezo
tube scanner and the given piezoelectric strain coefficient d31. The extra load
that is attached to the scanner may have a minor impact. From experience,
the maximal XYZ travel ranges declined by a factor of two between room
and liquid nitrogen temperatures, whereas a factor of five between room and
liquid helium temperatures was determined.

11EBL Products Inc. - www.eblproducts.com
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Temperature d31 (Å/V) Direction Piezo Constant (nm/V) Range (±µm)

X 62.2 7.972
293K -1.73 Y 62.2 7.972

Z 17.3 2.214

X 28.8 3.686
77K -0.8 Y 28.8 3.686

Z 8.0 1.024

X 5.58 0.714
4.2K -0.31 Y 5.58 0.714

Z 3.1 0.397

Table 3.1: These values are calculated maximal XYZ travel ranges of the piezo
tube scanner at three different temperatures. The piezoelectric strain coefficient
d31 for EBL 2 is given for convenience [42].

Temperature Direction Piezo Constant (nm/V) Maximal Range (±µm)

X 15.6 1.997
RT Y 15.6 1.997

Z 2.55 0.326

X 7.8 0.998
77K Y 7.8 0.998

Z *.* *.***

X 3.12 0.399
8K Y 3.12 0.399

Z 0.51 0.065

Table 3.2: The calibrated XYZ maximal travel ranges of the piezo tube scanner
with ±10V input and high voltage amplifier gain of 12.8 and at various tempera-
tures. The Z values at 77K is not available because no step height calibration was
performed.

50



(a) Topographic image with a monoatomic step
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(b) Step height profile of the image

Figure 3.17: Atomic step height: (a) a 50x50nm topographic scan of Si(111)7x7
imaged with a double tip. (b) The line profile shows the calibrated step height.
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3.4.4 Thermal Drift

Low temperature SPM and high resolution experiments at the atomic scale
require very stable operating conditions over a long period of time. Thus,
thermal drift cannot be neglected and must be investigated.
Thermal drift originates from the Brownian motion of atoms of different
materials with a thermal gradient, which correlates to their thermal expan-
sion coefficients. Temperature gradients can be avoided by considering the
following improvements [66]:

• The symmetric construction of the SFM offers symmetric expansions or
contractions of individual parts with respect to one another in the lat-
eral directions. Hence, the actual thermal drift could be kept minimal
[90, 91].

• The choice of materials with similar thermal expansion coefficients over
a large temperature range additionally reduces drifts.

• The thermal expansion coefficients at LHe temperature are 2-3 orders of
magnitude smaller than at room temperature [101]. Consequently, the
thermal drift during low temperature operation degreases accordingly.

• Disregarding the settled temperature of the system, thermal drift could
be minimized, if the final temperature stays constant. Therefore, opti-
mal thermal stability can be attained by coupling the SFM to a massive
cryogenic body.

In table 3.4, the room temperature drift rate was estimated by tracking a
predefined reference point on a series of subsequent images over a time period
of 53 minutes. The same procedure was repeated to evaluate the drift rates
at 77K and 4.5K, which are summarized in table 3.3. These drift rates are
extrapolated to nm per hour and show typical values for an optimized low
temperature SPM system [102, 89].

Temperatures (K) Lateral Drift Rate (nm/hr)

300 5
77 0.8
4.5 0.2

Table 3.3: The drift rates in the lateral directions are listed in accordance with
the measured sample temperatures.
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Room Temperature Images

No1

No2

No3

No4

Table 3.4: These raw images were used to determine the drift rate at room
temperature. A series of 20x20nm images were taken over a time period of 53
minutes.
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Chapter 4

Control Electronics

4.1 Control System

This control system is based on that of the NanoScan1 high-resolution
magnetic force microscope hrMFM, which is schematically explained in
figure 4.1. The PC handles the user interface, displays the data and also
sends stacks of commands to the real-time controller (RTC)2. The RTC
resides in a National Instruments3 PXI chassis, that also contains a field
programmable gate array (FPGA) card4, a digital inputs/outputs (DIO)
card5 with digital in/outputs, 8 analog inputs and 8 analog outputs. The
DIO card is connected to the piezo motor controller (PMC) unit, which
generates signals to drive the piezo positioners. These positioners are
required to adjust the sample and optics relative to the spatially fixed
cantilever. The DIO card is linked to a high-frequency DAC/ADC6 box that
drives the cantilever oscillation and reads the corresponding signal from the
deflection detector. The analog in/outputs are connected to a break out box
(BOB) and adapt the 0-5V signal of the converters on the FPGA card to a
±10V range and reduces the bandwidth to 5kHz. This BOB drives the high
voltage amplifiers (HVA) for the scanner piezo and reads the signals from
the deflection detector.

1NanoScan Ltd - www.nanoscan.ch
2PXI-8187RT
3National Instruments Corporation - www.ni.com
4PXI-7831R
5PXI-6503
6digital analog converter (DAC) and analog digital converter (ADC)
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For this thesis, the NanoScan control system was further developed, partially
in collaboration with NanoScan to fulfill the requirements for the LT-SPM,
which allows simultaneous nc-AFM/STM operation and dynamic AFM mea-
surement modes with ultrasmall oscillation amplitudes. Figure 4.2 summa-
rizes the current status of the control system hardware7. Major improvements
were achieved concerning the PLL. The mixing of the deflection signal with
the I and Q oscillating signals8 is now performed on an analog lock-in (ALI)
card with software controllable offsets, gains and low pass filters. The I and
Q signals and the cantilever excitation signal are generated by three fast
DAC’s, also contained on the lock in card from corresponding digital FPGA
output lines. The DAC-ALI card also contains a narrow band self excitation
circuitry (see section 4.2.4). In addition, the following minor improvements
were made: The external piezo motor controller and the BOB are replaced
by NanoScan’s embedded PMC2 card and break out card (BOC) residing
inside the PXI rack. The signal from the interferometer is split into a DC
(0-10kHz) and AC (10kHz-10MHz) component.

7Note that during this thesis different intermediate electronic configurations were used.
8A comprehensive review on quadrature FM detection can be found in literature [103,

104].
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Figure 4.1: The NanoScan control electronics as use in their hrMFM.
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4.2 Cantilever Excitation Schemes

In our system, the frequency shift is always measured with a phase locked
loop (PLL). For the excitation, two schemes are implemented. The cantilever
is either driven by the digitally controlled oscillator (DCO) of the PLL or
by the narrow band self excitation circuit. The latter is a new development
shown in section 4.2.4.

4.2.1 PLL-excitation

The first scheme uses the PLL to excite the cantilever on its resonance,
depicted in figure 4.3. A frequency generator, either a voltage (VCO) or
digitally (DCO) controlled oscillator is adjusted to match the free resonance

excitation signal

ca
nt

ile
ve

r

deflection 
signal

piezo

sensor

VCO

amplitude
feedback

   phase
feedback

check if 
 φ = 90° 

check if 
 A = Asetpoint 

Δf

ΔAdrive

apparent
energy

dissipation

conservative
forces

Figure 4.3: Principle of the phase-locked loop (PLL) as used for nc-AFM.

frequency of the cantilever [105]. Then the phase between the drive signal
and that from the deflection detector is measured.
On resonance, this phase is assumed to be 90◦. Any deviation from this ideal
value of a driven harmonic oscillator arises from additional phase loss in
the circuitry. Such additional, electronic-induced phase losses are corrected
when the cantilever is still freely oscillating far away from the sample surface,
that is without a tip-sample interaction. A tip-sample interaction induced
shift of the cantilever resonance frequency changes the phase away from 90◦.
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A feedback circuit detects and minimizes this phase shift by adjusting the
frequency of the cantilever drive signal. In case of a VCO the drive signal
frequency is controlled by a voltage. With a DCO, drive signal frequency
and amplitude is digitally controlled. In both cases the control signal9 is a
measurement of the frequency shift. In addition, the oscillation amplitude
of the cantilever is kept constant by means of another feedback loop that
adjusts the drive amplitude. Note that in the improved control electronics
developed in this thesis, the phase and amplitude are digitally calculated
from the X and Y signal (R and φ) output of the analog lock in (ALI) card.

4.2.2 Self-excitation

In the second scheme, the cantilever is driven by the amplified signal that
is 90◦ phase shifted from the cantilever deflection detector (see figure 4.4).
The appropriate phase shift depends on the total additional phase loss in the
circuitry. However, in a driven harmonic oscillation configuration, the phase
shift between the drive and oscillation signal should not deviate too far from
90◦. The actual phase shift is typically adjusted to obtain a drive amplitude
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amplifier
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Δf-shifted oscillation signal

amplitude
feedback

Δφ adjusted
  but fixed

check if
 A = Aset 
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frequency detector:
a) FM demodulator

b) PLL

ΔAdrive

Figure 4.4: The conventional wide-band setup of the self-excitation circuit (SE).

for the free oscillating cantilever10. Once adjusted, it is kept fixed. An am-

9A voltage or a digital number
10The tip does not interact with the surface.
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plitude feedback controls the amplitude of the drive signal. The excitation
voltage for the drive amplitude varies to keep the oscillation amplitude con-
stant or as close to the amplitude setpoint value as possible. An increased
drive signal in addition to the nominal signal that drives the free cantilever
when it is far away from the surface, indicates that an tip-sample interaction
induced a change of the cantilever’s quality factor. It could also mean that
the loss of energy from the oscillating cantilever dissipates into the tip-sample
system. This induced change or loss is reflected by the shift of the cantilever’s
resonance frequency and can be measured with a frequency detector. This
can be done either with a frequency demodulator detector11, or with a PLL.
It should be noted that in many systems the frequency shift is measured with
a PLL, but the cantilever excitation is achieved with a self-excitation circuit.

4.2.3 Amplitude Control

To feedback control the cantilever oscillation amplitude, the instant oscilla-
tion amplitude must be measured. In the present control electronics, there
are two implemented techniques available to determine the cantilever oscil-
lation amplitude. The first technique measures the amplitude with the PLL.
This requires that the PLL feedback control loop is activated (locked in),
tracking the resonance frequency of the cantilever. The magnitude of the
amplitude A =

√
X2 + Y 2 is calculated in the real-time computer, where the

X and Y (R and φ) are measured in the analog part of the PLL electronics
(figure 4.2). X and Y are also called the I (in phase) and Q (out of phase)
signals. A profound explanation on the quadrature FM detection theory can
be found in literature [103, 104].
The second amplitude measurement technique involves no PLL to track the
actual cantilever’s resonance. In this particular case, the cantilever oscillation
amplitude is measured with an RMS-to-DC converter after the signal has
been passed through a narrow band pass filter (see section 4.2.4).

11Similar to the circuitry in a FM radio
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4.2.4 Comparison between PLL and SE

Most groups performing nc-AFM use the more robust self-excitation scheme
to drive the cantilever oscillation. The PLL excitation offers a perfect track-
ing of the resonance frequency, if the phase feedback works at sufficient speed.
However, the proper adjustment of the feedback parameters remains a chal-
lenge, because the feedback rely on a linear response, whereas the tip-sample
interaction response in AFM is highly non-linear. In this respect, the self-
excitation scheme is more stable and easier to operate. Advantages and
disadvantages of the different operation modes are summarized in table 4.1.

PLL excitation Self excitation

Difficult to adjust Straight forward operation
feedback parameters

Can unlock, feedback crash Stable, cannot unlock,
leads to tip crash self (re-)start

Can be used to excite Usually works on the
fundamental, higher flexural fundamental resonance only

and torsional modes

Phase not perfectly kept
Tracks the resonance frequency at 90◦; resonance frequency

not properly tracked

Apparent energy dissipation Apparent energy dissipation
signal occurs only if phase signal can occur when the

feedback is too slow to resonance frequency is not
track resonance frequency properly tracked

Table 4.1: Advantages and drawbacks of the PLL and self-excitation schemes are
listed for comparison.
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In order to overcome some of the inherent disadvantages of the self-excitation
scheme, we implemented a narrow band excitation scheme (figure 4.5). In
this setup the measured oscillatory signal is mixed to obtain a intermediate
frequency of 455kHz that runs through a narrow band pass ceramic filter. The
mixing frequency is generated by a DCO that adds 455kHz to the cantilever
frequency. Note that the cantilever frequency can either be fixed to the free
resonance frequency of the cantilever or locked to the actual resonance by
the PLL. The first is possible if the actual resonance does not deviate more

LO

fin

f0 + 455kHz

Ceramic �lter

IF ampli�er

Mixer Mixer

fIF

fout

fIF = 455kHz

fIF

Figure 4.5: The narrow band filter has a bandwidth of 10kHz and allows an
exact sharp filtering characteristic of the signal.

than half of the width of the band pass filter (5kHz) from the free resonance.
This is normally fulfilled in nc-AFM. The mixing signal then contains:

(f0 + 455kHz)± fin

But only (f0 +455kHz)−fin passes through the bandpass. The second mixer
then generates:

(f0 + 455kHz)− fin ± (f0 + 455kHz)
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and gives two values

1. fout = fin

2. fout = 2f0 − fin + 910kHz

where only the first signal excites the cantilever. The narrow band excitation
scheme solely amplifies a frequency band selectable to control the frequency
of one specific cantilever oscillation mode. Therefore, excitation on higher
modes or torsional modes is now possible in the self-excitation scheme.

4.3 Feedback Control Loops

There are four feedback loop required when performing nc-AFM measure-
ments with a PLL. The following feedback control loops are part of the
detection electronics:

• The interferometer control loop regulates the Fabry-Perot cavity length
by moving the W-piezo, so that the operation point (OP) at the steep-
est slope (highest sensitivity) of the interference signal is maintained
constant.

• Frequency control loop: the change of the cantilever resonance fre-
quency is realized with a PLL. This feedback loop changes the frequency
and keeps the phase constant12.

• Amplitude control loop: in order to measure the dissipation forces be-
tween tip and sample, the amplitude of the cantilever must be regulated
to keep it at a constant value.

• Z scanner control loop: to keep the tip sample gap constant, a feedback
loop is used to control the z position, while scanning across the surface
in the lateral directions.

This last control loop mentioned above is the main feedback loop, when oper-
ating the instrument in the nc-AFM mode. In this mode, the FM Quadrature
Demodulation is used to extract two independent signals (I and Q), which
are 90◦ shifted to one another [103]. The phase and frequency variations
during the measurement process must be regulated (see section 4.2.1).

12As the name suggests, it locks the phase
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4.4 Noise Analysis

4.4.1 Noise of STM line

In a typical STM application, the tunneling bias is of the order of 1V and
the tunneling current around 1nA. This yields a junction resistance of 1GΩ.
Special care must be taken to shield the tunnel current line from noise sources
and appropriate grounding must be implemented. The instrument hangs
from electrically isolated suspension springs and is grounded to the top of
the UHV system to the cryostat. The shield of the input and the ground of
the bias are also connected to a common point (figure 4.7). With the variable
gain set to 109, the output bandwidth of this low noise current amplifier13 is
limited to 1.2kHz. For the noise measurement shown in figure 4.6, the output
signal was amplified 100 times with a Tektronix low pass filtered (3kHz)
preamplifier. The noise spectra were swept from 20Hz to 1.2kHz with the
spectrum analyzer and averaged 10 times. In figure 4.6, the averaged swept
spectra are displayed in a semi log graph. The spectral integration reveals a
value corresponding to 0.69pArms.

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0 1 1 0 0 1 2 0 0
1 E - 2 8

1 E - 2 7
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F r e q u e n c y  ( H z )

I n t e g r a t i o n  f r o m  2 0  H z  -  1 . 2 k H z  =  4 . 7 6  E - 2 5  A 2 ,
c o r r e s p o n d s  t o  6 . 8 9  E - 1 3  A r m s =  0 . 6 9  p A r m s

Figure 4.6: This semi log graph shows the spectral noise (V 2/Hz) of the STM
line integrated from 20Hz to 1.2kHz.

13FEMTO DLPCA-200 - www.femto.de
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Figure 4.7: Schematic of the low noise preamplifier IV converter with the shielded
tunnel and bias lines. The instrument body, the shields of the tunnel and bias lines
are joint to a common UHV grounding point. The yellow squares represent floating
feedthroughs.
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4.4.2 Noise of Scanner Piezo line

The scanner piezo is affected by any electrical noise, originating from each
device that is connected to it. This noise determines the tip-sample gap
stability. In order to conclude the noise figure in the lateral and the vertical
directions, noise data at three different devices were recorded. In figure 4.8,
the electronic block diagram shows the three positions labeled as A, B
and C, where all data were taken with a differential preamplifier14 and a
spectrum analyzer15.
The analog signal for the scanner piezo is controlled by the PXI unit. The
signal is connected to the BOB, where it is low-pass filtered at 5kHz. The
first noise data was acquired at the output of the BOB labeled with A. At
the output of the high voltage amplifier (labeled with B), the second series
of measurements were done. To minimize noise introduced by the high
voltage amplifier itself, a high voltage filter was added to the circuit. At this
position C, the last sequence of noise data was collected. The noise figures
in Vpeak−peak

16 are listed in table 4.2.

Position X Y Z Max Signal Bandwidth

A 110µVpp 115µVpp 120µVpp ±10V 5kHz

B 1.85mVpp 1.85mVpp 2.25mVpp ±128V X, Y: 100Hz, Z: 1kHz

C 1.80mVpp 1.80mVpp 2.20mVpp ±128V X, Y: 1kHz, Z: 10kHz

Table 4.2: The noise values of the piezo scanner XYZ directions are shown in the
order of their acquisition position (A,B and C) as indicated in figure 4.8.

14Tektronix AM502
15Hewlett-Packard 3588
16Vpeak−peak = 2×Vrms ×

√
2
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To get a sense of the vertical fluctuations of the scanner piezo produced by
the electrical noise of the filtering and amplifying devices, the Z-noise value
at position C (table 4.2) was multiplied with the piezo constant for three
temperatures. Table 4.3 shows the noise values of the vertical fluctuation (Z
direction) calculated from table 4.2 in picometer peak to peak.

Temperature Piezo Constant Electronic Noise Z-Noise

293K 5.1nm/V 2.2mVpp 11.2pmpp

77K *.*nm/V 2.2mVpp *.*pmpp

4.5K 1.0nm/V 2.2mVpp 2.2pmpp

Table 4.3: First column: sample temperature in Kelvin. Second column: piezo
constants (nm/V) from table 3.2. Third column: electronic noise of Z-direction
from table 4.2. Fourth column: vertical (Z) noise in picometer (peak-peak) calcu-
lated from the electronic noise value in column three.
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Chapter 5

Fabry-Pérot Interferometer

In the original AFM setup, a tunneling probe was used to measure the can-
tilever deflection [14]. Since then, alternative deflection detection schemes
were developed [25], including optical techniques [81, 78, 106]. Nowadays,
most AFM configurations use optical deflection sensors, such as beam de-
flection sensors or interferometers. Rugar et al presented a fiber optical
interferometer that is particularly suited for low temperature instruments,
because only the end of a single mode fiber is adjusted with respect to the
cantilever in the cryogenic system [107]. All optical and electronic compo-
nents are located outside the cryogenic environment.
In table 1.1, the thermal amplitudes of conventional cantilevers range be-
tween 0.2pm and 14pm. With a bandwidth of 1kHz, the deflection sensitivity
needs to be better than 6.3fm/

√
Hz and 442fm/

√
Hz respectively.

For ultrasmall cantilevers (width ≈ 4µm) or for the detection of the torsional
modes of a conventional cantilever (half width ≈ 15µm), a spot size of <4µm
is required [108].
Ruger et al have reported a detection sensitivity of 55fm/

√
Hz [107], thus

missing the more stringent sensitivity requirement of 6.3fm/
√
Hz by almost

a factor of ten. The sensitivity of an interferometer can be enhanced by im-
plementing a cavity leading to multiple reflections. This can be achieved by
coating the fiber end and the cantilever backside to enhance their reflectiv-
ity. However, the beam leaving the core of the single mode fiber will spread
such that only reflected light falling into the acceptance angle of the fiber
contribute to the signal. The distance between the fiber end and the can-
tilever must be minimized (<10µm) so that sufficient signal can be obtained
[107, 109, 89, 27]. Also the angle between the cantilever and the flat fiber
end must be held as parallel as possible. This requires a five dimensional ad-
justment, that is the XYZ position of the cantilever relative to the fiber and
the pitch/roll adjustment. A complicated instrument has been constructed
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by Oral et al to meet these requirements [27]. The 40fm/
√
Hz detection

sensitivity obtained was only slightly better than that of Rugar et al [107].
Future projects may require cantilevers that are a few µm long. Therefore,
optical fibers with a standard width of 125 µm1 cannot be positioned on top
of those small cantilevers because of the support chip. This means that the
close cantilever-to-fiber separation will ultimately limit the minimum size of
the cantilever.

5.1 Focussing Fabry-Perot Interferometer

In this system, we use a fFPi in UHV and at low temperature as described
by Hoogenboom et al [110]. Figure 5.1 shows a schematics of the interferom-
eter. The beamsplitter, the laserdiode with its integrated optical insulator,
the reference and the signal photo diode are all integrated in a module custom
made by OECA2. All optical elements are mounted with non-perpendicular
angles relative to the beam path to reduces internal back-reflections. This
is to avoid an parasitic interference signal additional to that measured by
the optics-cantilever cavity. In spite of these precautions, such an additional
interference signal between a beam reflected at the optics and an internally
reflected beam occurs. This interference depends on the optical length of
the interfermeter-to-optics fiber and is sensitive to fiber vibrations and tem-
perature changes. In order to surpress this parasitic interferences, the laser
diode current can be modulated with 20MHz to shorten the coherence length
[111, 112].
The optics and the cantilever are depicted in figure 5.2. The three lenses
image the 5µm core of the single mode fiber to a 3µm spot on the cantilever.
The image distance has been made identical to the 0.9mm radius of curvature
of the 90◦ reflecting lens surface, so that multiple reflections is enabled.
In the work of Hoogenboom et al, the tolerance of the interferometer to an-
gular misalignment was tested [110]. The appearance of the λ/4 peak and
the reduced signal intensity of the λ/2 peaks was attributed to the limited
acceptance angle of the fiber core for the beam reflected light (see figure 5.3).
Furthermore, we have tested the performance of our interferometer in UHV at
room temperature, 77K and 4.5K. The interference signals at these tempera-
tures are depicted in table 5.1. At low temperatures, a λ/4 peak appears and
intensity is lost in the λ/2 peaks. Further, a distinct asymmetry of the peaks
is notable. The first observations can not be attributed to a temperature-
induced change of the cantilever angle, because it would have to be > 10◦

1The core diameter is about 5 µm.
2www.oeca.de
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Figure 5.1: The conceptual model of a FPi.

to explain the λ/4 peak. Instead we suggest that a temperature-induced
misalignment of the lenses may cause the effect (see section 5.2.1).
The second observation (peak asymmetry) is attributed to thermal-induced
effect that break the time-reversal symmetry of the interference pattern mea-
surement shown in chapter 7.
In spite of these difficulties a thermal spectrum taken on a 45kHz (40N/m)
cantilever demonstrates the excellent sensitivity of our fFPi (see sec-
tion 5.2.2). A value of 4fm/

√
Hz was obtained above 200kHz. This is below

the 6fm/
√

Hz required for a 2000N/m cantilever at 4.5K (see table 1.1).
Better noise limits can be obtained if the optical power would be improved
beyond Pin=90µW used in our case.
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Figure 5.2: The large optics-cantilever distance enables straightforward laser
adjustment within ten minutes. The cantilever tip and its reflection on the sample
surface are visible. The interference pattern is generated by moving the optics up
and down in a sinusoidal manner.
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Figure 5.3: (1) The light intensity is represented by the solid Gaussian curve,
whereas the dashed curve is the reflected light going back into the fiber core. (2)
The light intensity reflected at the cantilever’s backside. (a) The angular alignment
of the lens system is perpendicular to the optical axis (0◦). (b) If the angular
alignment of the lens system is larger than 11◦ then the light field is distorted and
a smaller fraction of the reflected light enters the fiber core.
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5.2 Interferometer Characterization

The lens system in this Fabry Perot interferometer has a fixed focal length of
0.9mm. This eases the ”optics to cantilever” alignment to a great extend and
can be done within minutes, with the noise level measured to be ≈ 4fm

√
Hz.

With a laser spot size of 3 µm, simultaneous monitoring of vertical/ lateral
forces and flexural/ torsional modes of conventional cantilevers can be per-
formed. For low temperature operations, the instrument is built according
to a symmetric and compact design so that misalignment of the interferom-
eter can be prevented because of thermal contraction during temperature
variations [113, 89, 66].

5.2.1 Temperature Behavior

The lens system consists of 3 lenses. This confocal lens configuration has a
fixed focal length and collects the reflected light coming from the cantilever’s
gold coated backside (see figure 5.4). Table 5.1 shows the interference pat-
tern at 3 different operating temperatures. At first glance, the spectral length
λ/2 can be recognized as the length between the minima. At a closer look, a
smaller, distorted minimum peak can be sighted at λ/4. This intermediate
peak is also observable at the lower temperatures, and even more pronounced.
Due to the temperature changes, the lenses contract and drift off their rela-
tive positional configuration with respect to the fiber. Therefore, a derailed
lens arrangement at lower temperatures may lead to a tilt of the optical axis
and change the ideal acceptance angle into an object of more complex ge-
ometrical shape (see figure 5.5). According to Hoogenboom’s observations
[110], mirror angles larger than the acceptance angle may contribute to in-
terference patterns with destructive interference peaks occurring every λ/4.
Fortunately, the interference pattern looks identical at every operation tem-
perature after every cool-down and heat-up cycle. Cryogenic operation alters
the intensity of the λ/4 peak, which leads to a changed interference pattern
and thus to different interferometer sensitivities.
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Figure 5.4: At room temperature the confocal lens arrangement of the lens
package is well aligned, where the lens system is perpendicular to the optical axis.
This results to a defined acceptance angle and a fixed focal length. This graph is
not to scale.
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Table 5.1: These graphs show the variation of the λ/4 peak at three different op-
eration temperatures. This intermediate interference peak gets more pronounced
at lower temperatures.
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Figure 5.5: At lower temperatures the lens arrangement gets more complex
because of the different thermal contractions of the individual parts in the lens
system. The acceptance angle changes and contributes to the generation of the
additional λ/4 interference peaks. This graph is not to scale and shows an exag-
gerated view of the explained situation.
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5.2.2 Thermal Noise Limit

A commercial cantilever3 was used to acquire the thermal noise spectrum
shown in figure 5.6. The laser power was set to 790µW, with the calibration
adjusted to the stable operation point (OP) which gives the highest sensitiv-
ity (see section 5.2.3 for FPi calibration). Besides the cantilever’s fundamen-
tal resonance at 280kHz, electronic noise peaks at 60kHz and 100kHz can be
spotted at first glance. The shot noise limit is estimated to be ∼1fm/

√
Hz at

1MHz with a laser power of ∼1mW [110]. However, the thermal noise limit
of the cantilever in this system was determined to be 4fm/

√
Hz at 1MHz.

Depending on the configuration of the interferometer, the limitation could be
dominated by the thermally driven displacement noise of reflective surfaces,
for example mirror substrates [114, 115]. In our case, the thermal noise of
the cantilever is the limiting factor. To overcome this cantilever noise level,
better interface materials between the reflective coatings and the cantilever’s
backside should be employed (see chapter 7). Another possibility is to make
the cantilever smaller.
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Figure 5.6: The thermal noise spectrum if the FPi shows (a) the 50 Hz noise peak,
(b) electronic noise peaks from switching power supplies and (c) the fundamental
resonance frequency of the cantilever. (d) The noise level of the FPi at 1 MHz is
4fm
√

Hz.

3Silicon lever, 40N/m, f0=280kHz, backside gold coated at the free end
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5.2.3 Calibration

In theory, the calibration of an optical fiber interferometer is straight for-
ward, because the free spectral range4 is known to be λ/2. In figure 5.7,
a transmission spectrum of a fiber interferometer is shown with two inter-
ference peaks. The operation point (OP) is optimally chosen on either side
of an interference peak, where the slope is steepest. A steep slope means a
large signal for small changes in the cavity length. However, the dynamics
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Figure 5.7: Illustration of interference fringes of a normal optical interferometer.
The asymmetry of the interferogram is exaggerated to demonstrate the photon-
induced effect on the dynamics of the cantilever. Operation point OP1 and OP2
are ideally set at the steepest slope.

behind the cantilever motion affected by the laser-induced forces are com-
plicated. The dynamics include the change in the cantilever’s fundamental
resonance frequency and the asymmetric distortion of the interference pat-
tern, both caused by the photon pressure and photothermal effects. More
details on this asymmetric distortion of the resonance peak can be found in
section 7.5.1.
If during calibration OP1 is chosen, the cantilever’s motion gets unstable
and starts to oscillate in an uncontrollable fashion [116, 117, 118, 119]. It is

4The free spectral range is the distance in wavelength (or frequency) between two
consecutive intensity maxima (or minima) of an optical interferometer.
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sometimes referred to unstable oscillation or ”heating” of the cantilever. On
the other hand, strong ”cooling” effects can be observed on OP2. Heating
and cooling are common but misleading terms, because no actual heating
nor cooling of the cantilever occurs. For clarity, let us refer these effects as
amplifying (OP1) and damping (OP2). The reader may be directed to chap-
ter 7, where these laser-induced thermo-mechanical effects are explained in
greater details.
In practice, the calibration of the focusing Fabry Perot interferometer is
somewhat challenging. As seen in figure 5.8, the interference peaks are sharp
and tall, which equates to a steeper slope (V/nm). The black curve is the
W-piezo signal that moves the optics in a 5Hz sinusoidal manner so that the
interference pattern (red curve) is generated. The W-piezo feedback control
loop maintains the operation points at a constant slope. For the calibration
procedure, the peaks within the linear region of the W-piezo signal should
be used. For example, from figure 5.8 the sensitivity5 of the W-piezo at LN2
temperature is calculated.

Wsensitivity =
392nm

2.24V − (−3.85V )
= 64.37nm/V (5.2.1)

The nonlinear regions around the turning points of the W-piezo driving sig-
nal are avoided. Ideally, a triangular signal is preferred to drive the optics
because it is linear until the turning point. However, the abrupt changes of
the W-piezo direction may introduce other unforeseen problems such as me-
chanical modes, generated by the harmonics of the triangular signal. Efforts
to damp these resonant modes are demonstrated by the works of Aphale et
al [120]
The absolute calibration of the piezo scanner in the Z-direction can be per-
formed in the same way. This is done without a cantilever. The optics is
adjusted to the focal distance of 0.9mm on top of a centered, gold coated
sample with a defined tilt angle of 11◦. This way a maximal signal to noise
ratio can be obtained. However, this Z calibration method does not account
for the nonlinearity at the extremities of the piezo scanner range.

5The inverse of the slope (volts per nanometer)
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Figure 5.8: W-piezo calibration: the red curve represents the driving voltage
that moves the W-piezo in a sinusoidal up-down motion. This again generates the
interference signal, which is illustrated as the blue curve.

5.3 Cantilever Photothermal Actuation

An important development performed within this thesis was the implementa-
tion of a five lens system to reduce the chromatic abberations of the currently
installed three lens configuration (see figure 5.9). While the three lens sys-
tem is optimized for the 785nm wavelength (laser spot of 3µm), it inherently
focusses a 635nm laser to a 75µm wide spot (see figure 5.10(c)). This new
optical five lens system is corrected for chromatic abberation, which accom-
modates two lasers with different wavelengths as illustrated in figure 5.10(d).
This allows both lasers to be focussed to the same spot. The second laser
will be used for photothermal excitation of the cantilever. Optical excitation6

was first demonstrated by Umeda et al [33], where a Nickel foil cantilever was
excited with an intensity modulated laser. A separate beam deflection setup
then detects the cantilever’s deflection. Similar results have been achieved
by Fukuma et al [31] and Stahl et al [121].
The new five lens system simplifies cantilever actuation at very high frequen-
cies and also the construction of the cantilever holder (see section 3.3.3).

6Here, actuation and excitation is used interchangeably.
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Therefore, piezo actuators are no longer needed as they introduce unde-
sirable mechanical vibrations near the cantilever resonance frequency [105].
Moreover, high temperature thermal annealing of the cantilever can be per-
formed to remove the surface oxide layer and improve the quality factor of
force sensors [108].

Figure 5.9: Lenses in the optical system. (a) Original three lens system. (b) New
five lens system with corrected chromatic abberation for two different wavelengths.

Figure 5.10: Graphs illustrate wavelength in µm (Y-axis) versus chromatic ab-
beration shift in mm (X-axis). (a) Left graph shows the chromatic abberation for
the currently used three lens system, optimized for a single wavelength (785nm).
(b) Right graph shows the chromatic abberation for the five lens system, corrected
for two wavelengths (785nm and 635nm), where the spot sizes of both lasers remain
<4µm.
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Chapter 6

Imaging with STM and
nc-AFM

6.1 Introduction

Scanning tunneling microscopy images acquired in the constant current
or constant height mode routinely provide atomically resolved images of
surfaces. These images often represent the surface topography. Atomic
positions are in fact a contour of constant local density of states (LDOS).
Any peaks in LDOS may, or may not coincide with an atoms nuclei.
Therefore, this may or may not reflect the actual position of an atom.
Striking evidence of the latter occurs when STM peaks are not atoms
but the quantum interference patterns observed on metal surfaces at low
temperature, and the bias dependent images on semiconductor surfaces [13].
STM offers significantly different images and information, than an AFM
typically provides.
In addition to this, site specific electronic data may be obtained using an
STM. Spectroscopy such as I(V) or I(z) curves, current imaging tunneling
spectroscopy (CITS), and work function maps are some examples only ob-
tainable with an STM. Notable applications of such measurements, include
analysis of state lifetimes and vibrational spectroscopy measurements [10].
Tunneling processes are additionally utilized to manipulate atoms, molecules
and even vacancies, on surfaces [122, 123, 124]. This transforms the STM
from a passive measurement tool into a unique, atomic-scale laboratory for
building and measuring with atomic accuracy. STM’s and to a lesser extent
AFM’s, remain unique tools to see and shape the environment in which they
operate.
Multi-parameter imaging using a simultaneous low temperature atomic force
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microscope/ scanning tunneling microscope (LT-AFM/STM) provides direct
access to far more information than an STM or AFM alone. In particular,
atomically precise force and energy related information inaccessible in
regular STM imaging, provides a detailed picture of tip-surface interactions
during tunneling. This means, force and energy dissipation data may be
obtained, which are critical for accurate analysis of atomic and molecular
scale manipulations, diffusion studies, bond formation investigations, or
when species identification is difficult. This more detailed and complete
picture of the STM image formation process is not only revealing and
desirable. It is in fact, an absolute requirement for any serious analysis of
tunneling processes.
Finally, recording tunnel currents present during atomic force imaging also
provides invaluable complimentary data to force mapping. Bias dependent
simultaneous nc-AFM/STM, and site specific work function maps, can for
example help providing a clearer picture of a force signals origins and/or
their nature.

In this chapter, the performance of the nc-AFM/STM is examined. First,
STM topography, spectroscopy curves, topographic noise and tunnel noise
spectra are presented and evaluated. In the following section, nc-AFM data
acquired at liquid helium temperature are shown. These tests reveal and
provide:

• a characterization of the instrument as a stand-alone STM,

• a calibration of the SPM system (described in parts in section 3.4.3),

• a characterization of the instrument as a stand-alone AFM,

• and finally, if the overall functions are suitable for future simultaneous
nc AFM/STM experiments.

The STM system was tested in air prior to vacuum operations. The in-
strument is in a good condition with images showing atomic corrugations.
In that case, it is assumed that the tunneling current feedback system, the
XYZ scanner and the bias voltage perform as anticipated. However, with
a working STM there is no information about the tip condition, the perfor-
mance of the feedback electronics nor the efficacy of the vibration isolation.
Ideally, the performance of the feedback electronics in the constant current
mode should be tested with inert samples that have pronounced structural
features. For these performance tests, three calibration samples, two types
of STM tips, and two types of cantilevers were employed. The last section

84



shows the present status of the instrument and the current development,
where STM images with a conductive cantilever were taken.

Calibration Samples

Three samples were used during the system characterization in the STM
and nc-AFM mode. First, results on the semi metallic highly oriented
pyrolytic graphite (HOPG) are shown. Secondly, measurements on the
semiconducting Silicon (111)7x7 surface are presented. Last, preliminary
assessments were done on Au(111). All three samples were used in the
LT-SPM and MD-SPM system to show that the improvements met the
original problems.

The carbon atoms of HOPG are arranged in a honeycomb formation.
HOPG provides researches in the SPM community with a smooth surface as
substrates, calibration standard at the atomic scale and can be purchased off
the shelf. As a semi metal, HOPG shows no reconstruction problems, has
trivial electronic structure and allows others to replicate results with little
effort [125].
The reconstructed Silicon(111)7x7 surface is used, simply because it is well
studied. In SPM, it has been the standard sample for characterizations of
structural and electronic properties at the sub-nanometer scale. It has the
advantage of displaying significant band structure non-linearity around EF ,
and therefore, is useful for analyzing spectroscopic performance.
In comparison to semiconductors, STM experiments of metal surfaces do not
show a strong bias voltage dependence. For metals, the bias voltage is usually
in the millivolt range. That is because of the overlap between the conduction
and the valence band at the Fermi level. The Au(111) surface reconstruction
provides a good base for molecular adsorption. The so-called ”herringbone”
pattern is created by a periodic bending of the parallel corrugation lines by
±120◦ every 25nm [126]. These long range superstructures are easily spotted
and therefore can be used for preliminary performance tests.

6.2 Sample, Tips and Cantilevers

6.2.1 Sample Preparations

HOPG

HOPG consists of multi-layered structures which are parts of stacked
planes. These structures have strong covalent forces within the lateral
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planes, whereas the planes are weakly bonded by Van der Waals forces.
This explains the cleaving characteristics of HOPG [127]. The standard
procedure is done with a piece of adhesive tape that is pressed against the
flat surface. When peeling it off, the tape strips a thin layer of HOPG with it.

Silicon

The preparation of Si(111)7x7 reconstruction takes cautious steps. Silicon
samples and molybdenum/ sapphire sample holders must be handled with
ceramic or molybdenum tweezers1 only, because nickel contamination occurs
due to the contact with stainless steel tools.
Once transferred into vacuum, the sample must be outgassed by a direct
current heating setup. The pressure should be kept below 1 × 10−9 mbar
during the ramp up to 850◦C, which is below the oxide removal temperature.
After the sample and the holder have been degassed, the sample is flashed
from 850◦C to 1250◦C, maintained for 10 seconds and returned to 850◦C.
This cycle is repeated 5 - 10 times. During the 10 seconds at the flashing
temperature, remaining carbon is driven into the bulk [128]. The sum of the
short ramp up and ramp down time should be no longer than 5 seconds.
During these flashes, the pressure is not allowed to exceed 1 × 10−9 mbar.
Otherwise, the surface looks rough and cloudy. [129].
The slow cool down to room temperature determines the quality of the
surface reconstruction. It could be started immediately after the flashing or
delayed. The cool down period to room temperature usually takes 30min
(2 s/◦C). If delayed, this post-anneal period at 850◦C or lower is important
for long range 7x7 domain order development [128]. Some groups have
reported various tricks and techniques to control the terrace growth by step
bunching [130, 131]. But annealing temperatures reported in literature may
have reading errors up to ±50◦C, depending on the pyrometer settings.
The single wavelength pyrometer used in our sample preparations was cross
checked with other vacuum system under similar conditions. The emissivity
ε was set to a value of 0.67.

Gold

A reconstructed Au(111) surface can be obtained in UHV by multiple cycles
of sputtering and annealing. This procedure is typically done for polished
metal surfaces [91]. Besides the noble gases, gold is inert and posses the

1Tantalum and Teflon tools are also acceptable
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lowest reactivity among the known elements [56]. Therefore, STM atomic
resolution analysis can be performed in UHV as well as under ambient con-
ditions.

6.2.2 Probe Preparations

STM Tips

Atomically resolved STM images can be obtained with manually cut [132]
or controlled crashed tips [133]. By preference, STM tips can be fabricated
from tungsten or platinum-iridium wires by grinding [134], field emission and
evaporation [135], ion milling [136, 137], or electrochemical polishing/ etching
[138, 139].
All these methods basically aim to prepare metal tips with a high aspect
ratio. However, most of the tips fabricated with these methods are rather
shredded-shaped or have multiple apexes. Because the apex nearest to the
sample surface is responsible for tunneling, the resolution of STM images is
affected by the geometry of the tip [44, 140, 141, 142]. Atomically sharp tips
can be prepared by FIM [143, 144]. However, electrochemical etching is a
feasible and reproducible method and has been optimized by many groups
to fabricate atomically sharp STM tips [145, 146, 147, 148, 149, 150].

Figure 6.1: A tungsten STM tip is seen during coarse approach onto the
Si(111)7x7 sample surface. The reflection of the tip on the sample surface can
be recognized.

Most of the STM tips used in these measurements were acquired from com-
mercial providers2. But the prospect of home made STM tips was explored

2Omicron NanoTechnology GmbH - www.omicron.de
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to save time and costs. We used a home-built tip sharpener to chemically
etch some of the tungsten tips [151]. Manually cut platinum-iridium tips
were also adopted. This crude technique to prepare tips involves physical
strength. One end of the platinum-iridium wire is clamped and the other
end is held with a sharp cutter. As the two ends are slowly torn apart,
the wire forms into a needle-like shape. After the procedure, the tip can be
mounted onto a holder and is then ready to be inserted into UHV.

Cantilevers

Platinum tip coated and bare silicon cantilevers are attached with a conduc-
tive glue3 onto an slanted tip holder (see section 3.3.3). Once the cantilevers
are prepared, they get introduced into vacuum and heated above 100◦ for an
hour to remove residual water molecules. The silicon tips are covered with
a native silicon oxide layer that could be removed by sputtering or electron
beam treatment in UHV [152]. Another method is the HF-etching prior to
UHV insertion [153]. More interestingly, it has been shown that the quality
factor improves by more than one order of magnitude by high temperature
annealing [108].

6.3 Imaging HOPG

6.3.1 Initial STM Noise Evaluation

Ambient Conditions

Figure 6.2 shows a 10nm x 10nm STM topography image of HOPG acquired
in the constant current mode and under ambient conditions. The bias
voltage was set to 200mV and the tunnel current setpoint of 0.2nA was used.
Honeycomb structures are observed. The lattice unit cell consists of two
equidistant triangular which are intertwined in each other. Each triangular
has three carbon atoms and are labeled with Q and T (figure 6.2(b)).
Under ideal conditions, HOPG images reveal a lattice with six carbon
atoms arranged in a symmetric hexagonal pattern. However, the contrast in
most SPM reported HOPG images show three carbon atoms per unit cell
with a distance of 2.46Å between any two visualized atoms. Figure 6.2(a)
shows actual topographic and tunneling current images of a HOPG surface,
whereas figure 6.2(b) illustrates the symmetric arrangement of the lattice.

3Epoxy Technology, Inc. - www.epotek.com
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Since the value of interatomic spacing is known from theory and previous
STM experiments, the HOPG surface can be used to calibrate the scanner
in the XY directions [127]. The calibration procedure involves counting
the number of atoms and multiplying this by 2.46Å (see figure 6.2). With
the consideration of the HV-amplifier gains, this value is divided by the
voltage applied to the Piezo. The piezo constant at room temperature is
in our case 31.2nm/V (see section 3.4.3). This procedure is done for the
lateral XY-directions. The calibration in the Z-direction is commonly done
with a step height. It should be noted that the calibration is temperature
dependent, and must be repeated at 77K and 4K.
In addition to the topography images, analysis have shown that the error
signal of the tunnel current images is relatively large. It implies that ”true”
tunneling may be not the case and that ”physical” contact of the tunneling
tip with the surface may be responsible for the atomic periodicity [12, 154].

Figure 6.3 shows a sequence of nine topographic images in the constant cur-
rent mode, which are used to examine measurement reliability and qualitative
performance. These images were acquired without drift correction. All STM
topographic images in this sequence display atomic periodicity, indicating
that the control system is capable of repeatable and stable imaging over long
measurement periods (45 minutes). However, the images also reveal irregu-
lar atomic contrast, which suggests that frequent tip changes occured. But,
this indicates that regular tip changes can happen without detrimental tip
crashes. All in all, this sequence of topographic images demonstrates the
minimum flexibility in the feedback configuration and the control electron-
ics.

Figure 6.4(a) and 6.4(b) show the topographic image and the line profile
recorded in the constant current mode. The depicted profile of the surface
across seven atoms shows a corrugation of 40pm. The topographic peak-peak
noise sitting on top of the line profile is measured and gives a value of 10pm.
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CurrentTopography

1nm

2.46Å

(a) Topography image

1.42Å

2.46Å

T
Q

(b) Honeycomb structure

Figure 6.2: (a) This topography image of HOPG reveals the commonly observed
threefold symmetry pattern. The red rings indicate one set of visualized atoms
which are separated by 2.46Åfrom each other. Inset: tunneling current image.
(b) This illustration shows the idealized honeycomb pattern divided in two sets
of atoms labeled as Q and T. Under usual SPM imaging conditions, either set of
atoms are visualized.
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(a) Image 1 (b) Image 2 (c) Image 3

(d) Image 4 (e) Image 5 (f) Image 6

(g) Image 7 (h) Image 8 (i) Image 9

Figure 6.3: Without drift correction a sequence of nine HOPG raw 4x4nm topo-
graphic images under ambient conditions was taken during a period of 45 minutes.
Parameters (It=429pA, Ubias=+107mV).
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Similarly, a line profile was taken from the tunneling current image in the fig-
ure 6.4(c) shown in figure 6.4(d). The numerous tip changes can be explained
by considering the acoustical noise during imaging under ambient conditions.
In addition, the measurements were performed at room temperature where
drift affected the results. Finally, because the eddy current dampers were
designed for operation at 4K, the vibration isolation system were not fully
optimized.

(a) Topography image
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(c) Tunnel current image
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(d) Tunnel current line profile

Figure 6.4: HOPG lineprofile under ambient conditions. Parameters (It=429pA,
Ubias=+107mV). (b) The topographic line profile reveals a corrugation of 45pm
peak-peak. (d) The tunnel current line profile shows a tunnel current variation of
≈ ±5%, which corresponds to ±20pA peak-peak.
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UHV Conditions

The quantitative performance tests were repeated in UHV. The 5x5 nm image
shown in figure 6.5 was taken in the constant current mode with a tunnel
current setpoint of 70pA and a bias of 100mV.
In UHV, acoustical noise should be eliminated and the vibration isolation
system operated under aligned conditions. Line profiles of topography and
tunnel current images were taken as to confirm the expected improvement of
the measurement quality.
To achieve stable operation conditions in UHV and at low temperature, the
spring suspension, the eddy current damping system and the concentric LN2/
LHe cryo shields must be well aligned to avoid any physical contact between
each of them. Even though, the imaging quality and the line profiles affirm
that the relative topographic noise is reduced in UHV, a certain blurriness
or interlacement still persists and can be noticed under ambient as well as
UHV scanning conditions.

Interlacement Issue

A closer look at the topographic and the tunnel current images reveal what
appeared to be a mismatch of consecutive lines during the scanning. Fig-
ures 6.6(a) and 6.6(b) show typical constant current images acquired under
ambient conditions. Figures 6.6(c) and 6.6(d) are enlarged sections of the
topographic and tunnel current images. Interestingly, the interlacement oc-
cur only in the horizontal forward-backward directions and is visible in both
STM imaging channels. This ”feature” persists in the same horizontal di-
rection even when the scanning is rotated by 90◦. This suggests instabilities
of the tip-sample gap. In order to evaluate the mechanical rigidity, a spec-
trum analyzer was used to measure the tunnel current output as a function
of the frequency of an excitation signal applied to the piezo scanner in the
Z-direction. Ideally, a flat spectrum with a resonance of the piezo scanner
in the Z-direction is expected. The spectra depicted in figure 6.7 shows
two distinct peaks (480Hz and 710Hz) below the resonance frequency of the
piezo scanner (1.9kHz). After removal of the instrument from UHV an opti-
cal deflection measurement system was used to measure the response of the
sample holder receiver for oscillatory signal applied to the X and Z-direction
of the piezo scanner. Interestingly, two pronounced peaks appeared when the
X-direction only was excited (see figure 6.7(a)). This showed that the me-
chanical stability of the constructed XY-sample positioner (see section 3.3.2)
is not sufficient.
Our solution strategy is as follows. First, the XY-sample positioner was re-
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(a) Topography image
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(b) Topography line profile

(c) Tunnel current image
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(d) Tunnel current line profile

Figure 6.5: HOPG images and lineprofiles of RT, UHV. (b) The topographic line
profile shows a corrugation of 27pm peak-peak. (d) reveals a tunnel current vari-
ation of ≈ ±8%, which corresponds to ±8pA peak-peak. Parameters (It=70pA,
Ubias=+100mV).

moved to allow a continuation of ongoing experiments. Second, the design
and assembly of a new type of XY-sample positioner was started, but could
not be completed during the time this thesis was drafted.
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(a) Topography image (b) Tunnel current image

(c) Enlarged section of (a) (d) Enlarged section of (b)

Figure 6.6: HOPG interlacement at ambient conditions. (c) and (d) are the
enlarged sections in the topographic and tunnel current images, which show the
mismatch of consecutive scan lines. Parameters (It=429pA, Ubias=+107mV).
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(b) Noise spectrum of X-excitation

Figure 6.7: The noise - and the tunnel current spectra show two low frequency
peaks at 480Hz and 710Hz, which may be the origin of the lateral instability as
observed in figure 6.6.
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6.3.2 STM Noise Evaluation without XY Positioner

STM at Liquid Nitrogen Temperature (77K)

After the modification, brief tests under ambient conditions were performed.
The system was cooled to nitrogen temperatures, where the data show that
the modification improved the imaging quality (Figure 6.8).

(a) Topography image

- 0 . 2 0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 1 . 2 1 . 4 1 . 6 1 . 8

- 0 . 1 0 0

- 0 . 0 5 0

0 . 0 0 0

0 . 0 5 0

0 . 1 0 0

0 . 1 5 0

0 . 2 0 0

2 7 5 p m

He
igh

t (n
m)

L a t e r a l  D i s t a n c e  ( n m )

(b) Topography line profile

(c) Tunnel current image
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(d) Tunnel current line profile

Figure 6.8: Lineprofile of HOPG at 77K. (b) The topographic line profile shows
a corrugation of 275pm peak-peak. (d) reveals a tunnel current variation of
≈ ±36%, which corresponds to ±13pA peak-peak with parameters (It=30pA,
Ubias=+20mV).

A series of three sequential images at constant height were recorded to demon-
strate the tip-sample gap stability of the instrument. Figure 6.9 shows the
tunnel current images, where they were acquired during 52 minutes.
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(a) 1st image, I=13pA (b) 2nd image, I=24pA (c) 3rd image, I=45pA

Figure 6.9: Constant height 10x10nm images at 77K (Ubias=+2mV).

Scanning Tunneling Spectroscopy

Scanning tunneling spectroscopy (STS) probes the electronic states of sur-
faces at the atomic scale [7]. STS enables the study of the local electronic
structure of thin insulators, semiconductors and metals. The bias voltage de-
pendent spectroscopy I(V) graph in figure 6.10 represents 50 averaged curves
over a period of 60 seconds. The linear behavior of the curve indicates metal-
lic surface states [155].

mV

nA

(a) Individual I(V) curves

mV

nA

(b) Averaged I(V) curve

Figure 6.10: Averaged I(V) graph of 50 curves (bias sweep from ± 100mV).
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6.4 Imaging Si(111)7x7

6.4.1 STM at 293K and 77K

Since the invention of the STM the Si(111)7x7 surface is commonly used as
a standard sample for scanning probe microscopy [34].
In this thesis, the Si(111)7x7 surface is also used for test and calibration
purposes of STM and AFM imaging. Figure 6.11 shows an empty state
topography image along with the tunneling current image. The assessments
of the correct bias voltage, the determination of the drift rate and the piezo
scanner calibration were performed (see section 3.4.3).

(a) Topography image (b) Tunneling Current image

Figure 6.11: STM topography and tunnel current image of Si(111)7x7 at room
temperature. The red rhomboid in the topographic image represents the size of a
unit cell. Parameters (It=20pA, Ubias=+2.0V).

Images of larger scan ranges in figure 6.12 show stabile imaging conditions
and indicate that sample preparation could still be improved. The crack
along the slow scan direction implies a slight overheating during the sample
preparation. The result may explain the bright spots, which are phosphor
dopants in the silicon bulk driven to the surface.
Figure 6.13 presents STM images of the Si(111)7x7 reconstruction with pos-
itive and negative bias taken at 77K. As suggested by the DAS model, each
half unit cell contains six protrusions at the sites of the adatoms [98, 156].
There are distinct differences between the two images, which suggest that
the bias dependence reveal additional information in the filled states topo-
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(a) 50nm (b) 100nm

(c) 150nm (d) 200nm

Figure 6.12: Different large area scans of Si(111)7x7 at 77K with relatively low
tunnel current. Scanning parameters (It=13pA, Ubias=+1V). Corner holes can be
clearly recognized in the images (a)(b)(c). But they are barely visible in the last
topographic image (d). The crack and bright spots may be due to the overheating
during sample preparation.

graphic image (bright spots). The empty state image shows a six-fold sym-
metry, while a three-fold symmetry with faulted and unfaulted stacking are
observed in the filled state image.
Another interesting feature is the elastic surface deformation in STM studies,
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(b) Filled states topography image

Figure 6.13: Top left: electrons tunnel from the tip into the empty states of the
sample when a positive sample bias is applied. Top right: when a negative sample
bias is applied, electrons tunnel from the filled states of the sample into the tip. -
10x10nm STM images of Si(111)7x7 surface: (bottom left) tunneling into empty
states of the sample with It=50pA, Ubias = 2.0V and (bottom right) tunneling
from the filled states of the sample It=-50pA, Ubias=-2.0V. The crack is visible
in both images, whereas some bright spots are only visualized in the filled states
topographic image.

which reveal the concept of interatomic induced forces. Giant corrugations
indicate the existence of interatomic forces between the tip apex and the
atoms on the sample surface [12]. The AFM maps these forces as the can-
tilever tip scans over the surface sample. The next section demonstrates the
nc-AFM performance of the LT-SPM system on the reconstructed Si(111)7x7
at liquid Helium temperature.
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6.4.2 nc-AFM at 4.5K

In addition to the STM operation at 77K, imaging Si(111)7x7 in nc-AFM
at liquid Helium temperature (4.5K) demonstrates the system’s versatility.
This shows that tip and sample transfers work accordingly. The consumption
rate of LHe, cool down rate, drift rate and the scanner calibration were de-
termined. Uncoated commercial silicon cantilevers (Nanosensors, SSS-NCH,
40N/m) were used. The following experiments were taken before the dis-
cussed problems with the XY-sample positioner were identified and are hence
of relative poor quality. Nevertheless, the images shown in figure 6.14 demon-
strate that atomic resolution could be obtained with PLL and self excitation
modes using the fundamental and second flexural oscillation mode of the
cantilever [26, 157].
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(a) First mode PLL (b) 2nd mode PLL

(c) First mode SE (d) 2nd mode SE

Figure 6.14: Plane corrected nc-AFM raw data acquired at 4.5K using the funda-
mental and second mode of the cantilever oscillation. Parameters (f0=936858Hz,
f1=1.65MHz, A=7-11Å) and cantilever from Nanosensors (SSS-NCH, 40N/m).
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Force Curves

Two separate force spectroscopy measurements over a corner hole
(f1=1.65MHz, A=7Å) and adatom site (f1=1.62MHz, A=11Å) were per-
formed from a nc-AFM image taken on the second flexural cantilever oscilla-
tion mode with a PLL feedback detection similar to figure 6.15. A commercial
cantilever (40N/m) was used with f0=936858Hz and ∆f=-52Hz.
Both force curves were converted from the measured frequency shift curves
by using Sader’s formula (see section 2.2.5). The first force spectroscopy
measurement (figure 6.16(a)) of a corner hole exhibits a high force sensitiv-
ity (<5pN) with an effective second mode stiffness of ≈1600N/m. The value
estimated based on equivalent point mass model [88]. Moreover, it affirms a
weak tip-sample interaction (large tip-sample separation) during imaging.
The second force spectroscopy measurement (figure 6.16(b)) shows the re-
pulsive regime in the force curve. The kink in the curve may be due to tip-
induced instabilities. But strong evidence suggests that rather tip-sample
gap fluctuations may be the origin of the blurred images in figure 6.14.

Figure 6.15: Constant ∆f topographic 5x5nm image of Si(111)7x7 obtained
with the second cantilever oscillation mode at 4.5K. Parameters (f0=936858Hz,
f1=1.65MHz, A=7-11Å) and cantilever from Nanosensors (SSS-NCH, 40N/m).
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Figure 6.16: Force spectroscopy curves: (a) over a corner hole and (b) adatom.
Force curves were converted from the ∆f curves with the Sader’s formula (see
section 2.2.5).
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6.5 STM Imaging Au(111)

The Au(111) reconstruction is the result of the interatomic separation con-
traction of the surface atoms along the [110] direction, which varies between
2.89Å(bulk value) and 2.75Å(average value) [158]. The reason for this is
that 23 top layer gold atoms are arranged over 22 bulk lattice atoms in this
direction, resulting in a 23x

√
3 superstructure known as the ”herringbone”

pattern [126].
While the LT-SPM system is being modified, the MD-SPM system was re-
cently put in operation. Proposed modifications to fix the XY-motors were
adapted in both systems. Preliminary results performed with the MD-SPM
on Au(111) and Si(111)7x7 are presented here. Figure 6.17 shows the topo-
graphic and tunnel current images of the herringbone superstructure. Line
profiles in the fast and slow scan directions were taken. The average corru-
gation height of 6.8pm exhibits a 0.4pm topographic noise on top of it (left
line profile, fast scan horizontal direction). The line profile in the slow scan
direction indicates a topographic noise value of 1.8pm.

Figure 6.17: 50x50nm STM image on the reconstructed Au(111) at 6.3K. Top
left: topographic image. Top right: tunnel current image. Bottom left: hori-
zontal line profile. Bottom right: vertical line profile. Parameters (It=150pA,
Ubias=+82mV).
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6.5.1 Tunneling Cantilever

First attempt to perform STM at 77K on the LT-SPM system with a
conductive cantilever4 resulted in the 20x20nm image shown in figure 6.18.
A unit cell of the reconstructed Si(111)7x7 is visible in the topographic and
tunnel current channel. Although, this atomic resolution image is blurred
and of poor quality, the result demonstrates that the basic requirements
for simultaneous nc-AFM/STM are provided. Unfortunately, the cantilever
frequency shift could not be measured due to software and hardware issues
and restricted further STM measurements with the conductive cantilever.

New attempts to repeat the same measurement on the MD-SPM system at
6.3K demonstrated the improved stability of the instrument. The 50x50nm
image in figure 6.19 was recorded with a tunnel current setpoint It=40pA,
+2V bias and shows disordered Si(111)7x7, which may also due to over-
heating during sample preparation (see section 6.4.1). A short line profile
across seven atoms reveals an average corrugation height of 13pm (see fig-
ure 6.19(b)). The 25nm long line profile across a corner hole and numerous
defect sites (or missing atoms), implies a total average corrugation height of
135pm.

(a) Topographic image

(b) Tunnel current image

Figure 6.18: Tunneling with cantilever (LT-SPM) at 77K. Parameters (It=10pA,
Ubias=+2V). (a) Topographic image and (b) tunnel current image.

4Cantilevers (PPP-NCHPt) with Pt/Ir coated tip from Nanosensors -
www.nanosensors.com
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Figure 6.19: Tunneling with cantilever (MD-SPM) at 6.3K. (a) Topographic
image of disordered Si(111)7x7. (b) The line profile of the blue line. (c) The line
profile of the red line. Tunneling parameters (It=40pA, Ubias=+550mV).
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6.6 Chapter Summary

STM measurements on the semimetal HOPG were conducted to test,
calibrate and characterize the LT-SPM system under different conditions.
Noise measurements were performed to identify possible sources.

STM imaging on Si(111)7x7 offered the verification of the correct sample
preparation procedure and the opportunity to test the instrument with a
semiconductor.
nc-AFM was performed at 4.5K on Si(111)7x7. Two excitation schemes
were tested, as commercial available cantilevers (40N/m) were excited at
their fundamental and second oscillation modes. Measurements with a hard
cantilever (500N/m) could also be performed. Higher cantilever oscillation
modes and operations with hard cantilevers are alternatives to obtain stable
amplitudes varying between 7Åand 11Å. In addition, all four sets of results
imply a mechanical instability in the instrument. Force spectroscopy data
support this presumption, which is rather due to tip-sample fluctuations
and not tip changes.

While the LT-SPM system is being upgraded, first tests were conducted
with the MD-SPM system and revealed stable imaging conditions on
Au(111) at 6.3K. Preliminary images recorded with a tunneling cantilever
demonstrated the stability of the instrument, where an average corrugation
height of 13pm could be determined.

Various instrumental problems have delayed the study of samples with
atomic resolution. The two main problems were the electronic control system
and the XY-sample positioner of the microscope that had to be redesigned
within this work. Nonetheless, the LT-SPM could be improved to a status in
which atomic resolution is routinely possible, both in STM and AFM mode
at room temperature, 77K and 4.5K.
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Part IV

Cantilever Cooling
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Chapter 7

Laser-induced Effects on
Cantilevers

7.1 Introduction

Atom cooling1 is known as the techniques of cooling gas atoms with several
laser light sources to subkelvin temperatures. The idea is to reduce the
kinetic energy of individual atoms and hence the overall Brownian motion.
Energy is effectively taken out of a system by photon momentum transfer
and therefore, the object of investigation can be actually cooled. The exact
techniques employed and further details can be drawn from the works of Chu,
Cohen-Tannoudji, Phillips, Cornell, Metcalf and many others [159, 160, 161,
162, 163, 164, 165].

7.2 Atom Cooling

An electromagnetic wave carries a momentum with it. Therefore, if an ob-
ject is exposed to light, a particular kind of force is exerted on its surface,
which is known as radiation pressure. The force behind atom cooling is also
caused by radiation, especially by light at or near the resonance frequencies
of atomic transitions. Besides the linear momentum p = h̄k and angular
momentum ±h̄ , each photon also carries energy E = h̄ω. When it absorbs
light, an atom stores the energy by becoming excited. Re-emission induces a
change in the atom’s velocity (spontaneous or stimulated) due to the relation
between momentum and energy p = E/c. Even though, each velocity change
is very small compared to the thermal velocity (Brownian motion), multiple

1or often referred to laser cooling
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absorptions can sum up to a total velocity change. Thus, a radiative force
is used to adequately control this velocity change to decelerate and therefore
cooling free atoms.
Now the question arises whether this technique can be applied to molecules
and larger objects? And is it possible to cool a macroscopic object such as a
cantilever in AFM?

7.3 Cantilever Cooling

In analogy to atom cooling, Dorsel et al first observed damping effects on the
high finesse cavity mirrors in gravitational wave detectors [166]. Thermo-
elastic damping, radiation pressure, photothermal effects and thermodynam-
ical fluctuations of coated mirrors in gravitational wave detection have been
thoroughly investigated by Braginsky et al [116, 167, 114, 117, 168, 169] and
many others [170, 171, 172, 173]. Cohadon et al described an experiment,
where they used an electronic feedback mechanism to either cool or heat a
mirror of a large mechanical resonator by radiation pressure [174]. Based
on similar findings on the micrometer scale, cantilever cooling2 has been ob-
served since the early days of nc-AFM, when optical interferometers were
introduced to detect the cantilever’s position. The influence of the laser on
the cantilever’s motion has been studied in the work of Moser et al [109].
Damping and amplifying effects on the cantilever’s dynamics were observed,
investigated and employed to control the Q factor of the cantilever [175, 176].
Even though many articles related to the cooling of micro-mechanical res-
onators have been published recently [177, 178, 179], the dynamical behavior
behind its process is still not completely understood.
But, what is cantilever cooling? To grasp the essence of cantilever cooling,
comprehension of the forces behind it is eminent.

7.3.1 Photon-induced Forces

The cantilever is exposed to photon-induced forces that are dependent on
the Fabry-Perot cavity length and the force on the cantilever deflection z.
The overall photon-induced force which bends the cantilever Fz = ΣnFn(z)
is proportional to the laser intensity stored in the cavity. Fz includes two
forces, which can affect the dynamical and noise spectrum behavior of the
cantilever. One is the above mentioned radiation or photon pressure. The
other one arises from the photothermal effects. Two characteristics of those

2In various publications, cantilever cooling is also called cavity cooling, cold damping
or mode cooling.
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forces must be considered. First, the corresponding characteristic response
time compared to the oscillation period determines whether the resonance
frequency or the cantilever quality factor Q are mainly affected. Exper-
iments and numerical estimations show that the overall photon-induced
effects are significant, especially if the cavity finesse is high. Second, the
absolute values of these forces are interesting to know, but difficult to
obtain, although their relative contributions can be estimated. Their slopes
versus cavity detuning compared to the cantilever spring constant may
cause the observed asymmetry of the interference pattern. However, due to
preliminary inconsistent results, no conclusive estimates could be drawn and
presented at this time.

Characteristic Response Times

Radiation pressure is one type of force relevant to cantilever cooling. In gen-
eral, its influence is independent of the cantilever’s base temperature. The
forces related to radiation pressure act almost instantaneously on the can-
tilever, leading to a very short characteristic response time3 τrp. However,
when the reflectivity of the cavity approaches unity, the response to radia-
tion pressure is appreciably reflected so that its contribution to the overall
photon-induced damping increases. The prolonged response time then can
be estimated from the following equation:

τrp =
L

c(1−
√
R1R2)

, (7.3.1)

where L is the cavity length, c is the speed of light in vacuum. R1 and R2

represent the reflectivity of the mirrors in the cavity [180]. In our case,
numerical estimation gives a value of τrp ≈ 26ps. This is extremely short,
particularly when compared to the period of the cantilever oscillation.

The other kind of force arises from the photothermal effect, and appears to
be temperature dependent. These forces become dominant when the can-
tilever partially absorbs the incident light, which results through differential
thermal expansion between the gold coating and the silicon cantilever. As
in a bimetal sensor, the gold coated cantilever deflects proportionally to the
absorbed energy. As a consequence, the cantilever senses a photon-induced
force which opposes or enhance its own mechanical restoring force. This

3In gravitational wave detection this is also known as the cavity storage time while in
atom cooling the radiative lifetime of the excited states is relevant.
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leads to a response time τph, which is delayed or sustained oscillations with
respect to abrupt changes in the position of the cantilever. To estimate τph,
the heat capacitance, thermal conductance and thicknesses of the silicon and
the partial gold coating with the copper intermediate layer must be taken
into account. The simple equation below expresses to the case when only
the end of the cantilever is heated and the lever is coated along its whole
length. Equation 7.3.1 still remains adequate in our case because the main
contribution comes from the much thicker silicon.

τph =
l2
∑
citi

2
∑
Kiti

(7.3.2)

Here, l is defined as the length of the cantilever, ci is the heat capacity, Ki is
the thermal conductivity and ti is the thickness of each material [181, 182].
With these additional parameters in mind, the photo-thermal force gives
rise to much longer characteristic response times. The numerical estimates
for τph at three different temperatures are given in table 7.1.

Temperatures (K) τph (s)

293 330 ×10−6

77 10 ×10−6

4 > 8 ×10−9

Table 7.1: The photothermal characteristic response time τph is temperature
dependent and becomes shorter the lower the base temperature gets.

At 4K its value is still nearly three orders of magnitude larger than τrp=26ps.
In our system and similar ones, retardation (damping or amplification)
is due to the photothermal effect and appear to be much larger than for
radiation pressure, independent of the operating temperature [183, 176, 179].
But the expected value of τph at 4K is probably much higher, because the
thermal conductivities are then reduced by scattering at film boundaries
and defects [184].
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7.3.2 Noise-Driven Fundamental Resonance of a Hard
Cantilever

As previously mentioned in section 5.2.3, during calibration one operation
point on either side of an interference dip can be selected. Figure 7.1 shows
the two possible operation points OP1 and OP2. Due to the peak asym-
metry, the operation point on the steep side is commonly picked because
of the higher sensitivity. Furthermore, enhanced damping is expected on
the left side of the interference dip. In fact we found that feedback regu-
lation at the setpoint, OP2 behaves in a stable manner. The effect of the
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Figure 7.1: The operation points OP1 and OP2 indicate the steepest slope on
either side of the interference dip. The inverse of the slope gives the sensitivity in
nm/V.

photon-induced forces on the fundamental resonance peak of a cantilever
(k=26.6N/m, f0=285kHz) is readily apparent in figure 7.2. Noise spectra
recorded at both operation points are depicted on each graph. With in-
creasing laser power, the resonance peak at OP2 gets smaller and broader,
demonstrating that damping or cooling (blue curve) gets stronger. On the
contrary, the resonance peak at OP1 gets higher and narrower, indicating
that noise-driven oscillation gets amplified or heated (red curve). This am-
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plification can be driven above a particular threshold, where the cantilever’s
motion enters into an unstable, nonlinear regime where the oscillation am-
plitude first grows, then settles to a large value of the order of λ/4. This
prevents control of the amplitude, which is in fact desirable in measurements
of tip-induced energy dissipation [185]. These data demonstrate that inter-
ferometric deflecting detectors used in low temperature setups considerably
affect the motion of hard, high Q cantilevers, typically used for non-contact
measurements with atomic resolution in UHV, as confirmed by Hölscher et
al [186].
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Figure 7.2: Measured noise spectra in the vicinity of the fundamental resonance
of a hard cantilever (k=26.6N/m, f0=285kHz) at 4.5K. a) At low laser power, the
peak amplitude at both operation points are nearly equal. b) At 5µW a notable
difference can be observed, the red curve is sharper and narrower whereas the blue
curve is depressed and broader. c) At a higher laser power, the contrast between
the two curves is very clear.
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7.3.3 Effective Mode Temperature

The amplitude and width of the resonance peak are strongly dependent on
the laser power. The strength of this effect can be related to the mean kinetic
energy stored in the resonance mode, which is proportional to the area un-
der the corresponding power spectral density (PSD) peak (the square of the
root mean square amplitude of the noise-driven cantilever which is displayed
in figure 7.3). In true thermal equilibrium (laser off), this means kinetic
energy 1/2kz2

rms is equal to 1/2kBT , where T being the actual tempera-
ture. According to the equipartition theorem (laser on), the kinetic energy
of a particular mode derives from equipartition, but is commonly known as
the effective mode temperature Teff . Furthermore, according to Parseval’s
spectral theorem,

z2
rms =

∫
z2(f)df (7.3.3)

The mode kinetic energy is proportional to the area under the resonance
curve in the noise power spectrum, as depicted in figure 7.3, and the mode
temperature is calculated from,

k

∫
z2(f)df = kBTeff (7.3.4)

The definition makes sense if each mode is treated as a single damped har-
monic oscillator, that is for small amplitude oscillations and non-overlapping
(high Q) modes. Then, temperatures shown by Hohberger et al [187],

Teff
T
≈ Γ

Γeff
=
Qeff

Q
(7.3.5)

only when f0 ≈ feff being the optically modified resonance frequency, f0

is the eigenfrequency, Γ the intrinsic damping rate of the mode and Γeff
accounts for the optically modified damping rate. Note that the laser-induced
effects are more pronounced for the fundamental bending mode because its
stiffness is equal to the static stiffness k within a few percent, whereas it is
much larger for the higher modes [50].
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Figure 7.3: The integrated area under the filtered Lorentzian resonance curve
minus the background noise reveals the stored kinetic energy, which together with
the mode stiffness defines the effective temperature of the cantilever oscillation in
a particular mode.

7.3.4 Passive Cooling

Previously, the cooling of a cantilever fundamental mode was explained.
Damping control has been achieved earlier with an active feedback loop. This
so-called force feedback regulation or ”Q-control” was described by Mertz et
al [176]. Optimized control of cantilevers was outlined by Garbini et al [188].
They also compared soft and ultrasoft cantilevers to demonstrate optimal
control of the force response [189]. Others have used similar feedback control
to cool cantilevers to a few mK [179, 190]. In 2004 Höhberger and Karrai
demonstrated passive cooling of the fundamental mode of a soft cantilever
from room temperature to 18K. This passive cooling was achieved without
feedback control using optical backaction effects only [187]. Similarly, Naik
et al cooled the mode of a nanomechanical resonator from 550mK to 300mK
[191]. Since then, several groups have published works on the possibility of
enhanced force detection sensitivity [183]. However, this is based on the as-
sumption that a high quality factor can still be obtained. Can macroscopic
objects such as a cantilever be actually cooled? If yes, could they be cooled
to the quantum limit, where kz2

rms=h̄ω0?
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7.4 Experimental Results

To further quantify light-induced effects in our setup, we present results of
measurements performed at three different bath temperatures on the damped
side of the interference dip. A commercial MFM cantilever with a spring
constant of k = 0.59N/m (f0=45kHz) was used. The backside of the Silicon
cantilever is coated with a 20nm gold layer, 1/3 towards its free end.

7.4.1 Noise Spectra

Starting with 1µW, the laser power was slowly increased up to 770µW. The
laser power was measured with an integrating sphere (power meter) at the
fiber interlink before entering the vacuum side. The actual power behind the
lenses measured in the absence of the cantilever is 1/10 of Pin, where Pin is
defined as the laser power before it enters the optical fiber of the LT-SPM.
The cooling achieved with the first two bath temperatures is quantified in
terms of Teff for each Pin value.

Room Temperature

At the smallest laser power of 1µW, the resonance peak is minutely affected.
As the laser power increases, the resonance peak gets increasingly suppressed
and broadens. At the maximum laser power of 770µW, the damping effect
on the cantilever is the strongest, and the resonance peak is affected the most
(green curve). See figure 7.4(a).

Liquid Nitrogen Temperature

The measurement was repeated at a bath temperature of 77K. Similar trends
are observed here. With increasing laser power, a 5Hz negative shift of the
cantilever’s resonance frequency was found. See figure 7.4(b)

Liquid Helium Temperature

At this lowest temperature the cooling effect was so strong that the mode
temperature peak could not be determined. No useful results could be
recorded, because the resonance peak was suppressed below the noise level.
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(b) Liquid nitrogen temperature measurement

Figure 7.4: RMS amplitude noise spectra around the fundamental cantilever
resonance frequency. Inset: the purple resonance curve is shown on a different
scale. The mode temperatures achieved are indicated for each laser power.
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Observation of Frequency Shift

A small negative shift of the resonance frequency by ≈10Hz with increasing
laser power can be observed in figure 7.4(a). The extracted equation 7.4.1
from the work of Hoehberger et al [187] shows that all light modified spring
constants (krp and kph) contribute to the shift of the cantilever resonance
frequency. ωeff signifies the optically altered resonance frequency, ω0 is the
eigenfrequency - ,and k is the intrinsic spring constant of the cantilever.

ω2
eff = ω2

0

( (krp/k)

(ω0τrp)2 + 1
+

(kph/k)

(ω0τph)2 + 1
+ 1
)

(7.4.1)

The radiation pressure contribution is governed by the first term and the sec-
ond term represents the photothermal effect. Since τrp is not affected by the
base temperature, the first term remains constant. Furthermore, it is negli-
gible because krp � k and ω0τrp � 1. In contrast, τph varies with the base
temperature but is also small if ω0τph � 1, which is in the case at room and
liquid nitrogen temperature. Estimates of the (ω0τph+1)2 term in the denom-
inator for different base temperatures are shown in table 7.2. Measurements

Temperatures (K) τph (s) (ω0τph)
2 + 1

293 330 ×10−6 8650
77 10 ×10−6 9
4 8 ×10−9 1

Table 7.2: The table shows the numerical results of (ω0τph + 1)2 estimated for
three different base temperatures.

taken at room temperature show that the denominator (ω0τph + 1)2 ≈ 8650,
which reduces the photothermal contribution to practically zero. Data col-
lected at 77K reveal (ω0τph + 1)2 ≈ 9 and indicate that the second term of
equation 7.4.1 should not be fully neglected because (ω0τph+ 1)2 is not much
greater than 1.
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7.4.2 Effective Mode Temperature and Q-factor

Recently, some groups have suggested that mode cooling could improve the
force detection sensitivity of SFM [192, 187, 178]. This will only be true, if
the quality factor remained constant. In the present LT-SFM the dominant
cooling force is based on the photothermal effect and the contribution of
radiation pressure is negligible. From the equation for the minimal detectable
force gradient [175],

∂F

∂z
=

1

A

√
4kBTkBW

ω0Q
(7.4.2)

the force sensitivity can only be improved if the mode temperature Teff
decreases stronger than the modified Q-factor Qeff . Figure 7.5 shows that
with increasing laser power P0, 1/Teff grows linearly. From the full width
half maximum (FWHM) Γ of the noise power spectra (see section 7.4.1), the
modified mode quality factor Qeff was independently obtained from,

Q =
ω0

Γ
(7.4.3)

Starting from room temperature, the cantilever already experiences a strong
cooling effect at the lowest laser power (1µW). This explains why the effec-
tive temperature starts with 170K. A final mode temperature of 6.7K could
be reached, which demonstrates a cooling factor of 47. In a similar way, the
mode Q-factor decreases from 57’400 to 2’530.
For comparison, the measurement was repeated at liquid nitrogen tempera-
ture. Corresponding results are also depicted in figure 7.5. Starting at 78K,
a final mode temperature of 79mK could be obtained. A cooling factor of 975
and a reduction of the Q-factor Qeff from 120’000 to 270 were determined.
Finally, the relation between effective temperatures Teff and quality factor
Qeff can be checked. We find

Teff
T
∼=
Qeff

Q
(7.4.4)

In this case Qeff and Teff represent the mode Q-factor, respectively the mode
temperature. Q is the intrinsic Q-factor and T the bath temperature of the
object of investigation. Therefore, from equation 7.4.4, the conclusion can
be drawn that mode cooling cannot improve the force detection sensitivity,
because Qeff decreases proportionally with Teff .
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Figure 7.5: Correlation between effective mode temperature and Q-factor: (a)
at room temperature. (b) at liquid nitrogen temperature.
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7.4.3 Summary of Cooling Experiments

With a commercial gold coated cantilever (0.59N/m, fo=45kHz), the mode
cooling effect was investigated. The outcome of the cantilever cooling exper-
iments shows that:

• The degree of mechanical mode cooling of the cantilever strongly de-
pends on the laser power.

• Cantilever cooling started with the initial temperature of Ti=300K.
With a cooling factor of 47, a final mode temperature of Tf=6.7K
could be reached.

• Cantilever cooling measurement was performed at liquid nitrogen tem-
perature with Ti=77K. As the final mode temperature of the cantilever
of Tf=79mK could be obtained and a cooling factor of 975 was esti-
mated.

• Measurements at liquid helium temperature Ti=4.3K were attempted.
However, no Tf could be determined because the resonance peak was
suppressed below the noise level, indicating the presence of a very
strong cooling effect.

• Furthermore, the cooling mechanism in this low temperature system
is dominated by the photothermal effects. The mode cooling of the
cantilever should result to no enhancement of the force detection sen-
sitivity for a given base temperature. This is described through the
correlation between the mode temperature and the mode Q-factor as:

Teff
T
∼=
Qeff

Q

• A shift in the cantilever resonance frequency at room temperature and
at 77K was observed.
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7.5 Laser-induced Effects on Calibration

The previously discussed photon-induced effects on the cantilever properties
also complicate the calibration of the interferometer. This is because the
photon-induced forces lead to a time-dependent cantilever deflection that
affects the interferometer’s response differently during calibration and mea-
surement.

7.5.1 Asymmetry Issue

As implied in section 5.2.3, the response of the interferometer to a cantilever
deflection could be calibrated. This is done by recording the interferometer’s
response to an oscillatory change of the cavity length. The slope of the
response curve of the selected operation point (OP) is then equal to the
inverse of the sensitivity, provided that the cantilever did not deflect at any
point in time during the acquisition of the calibration data (see figure 7.1).
The assumption is however not valid in most cases, because photothermal
forces lead to a time-dependent cantilever deflection. Thus depending on the
cavity length, the photothermal forces will move the cantilever to or away
from the optics such that the response signal as a function of the cavity
length will be distorted. More specifically, the left and right slope of the
interference dips will have different values. The measured slopes at selected
OP however correctly represent the inverse of the sensitivity of the OP, but
only for low frequency deflection signals.

7.5.2 Average Sensitivity Technique

For higher frequency deflection signals, the cantilever deflection in a specific
light field will not fully equilibrate and therefore become smaller. Then,
a calibration performed at low frequency (5-10Hz) does not hold for the
cantilever oscillation on its resonance. Unfortunately, the limited resonance
frequency of the W-piezo restricts the oscillation of the cavity length beyond
4kHz, which is required a calibration at higher frequencies. To overcome
this issue and to perform a calibration at higher frequencies, we excited
the cantilever with an oscillatory electric field applied between the tip and
the sample, at frequencies ranging from 10 Hz to 100kHz (see figure 7.6).
The measured resonance of the interferometer (maxima of blue curves) then
correspond to the slope of the interference peak (black curves), as shown
in figure 7.6. As expected the slopes measured at OP1 and OP2 become
equal at sufficiently high frequencies, as plotted in figure 7.7). We further
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(a) 10Hz
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(b) 10kHz

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8

- 1 0

- 8

- 6

- 4

- 2

0

2

4

6

0

2

4

6

8

Lock-in signal (mV)

W - p i e z o  v o l t a g e  ( x 2 5 )

No
rm

al 
de

fle
cti

on
 (a

.u.
)

 

 

(c) 80kHz
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(d) 100kHz

Figure 7.6: Lock-in detection of cantilever electrostatic dithering. The black
curves represent the interference peak and the maxima of the blue curves corre-
spond to the slopes. As the dithering frequency increases from 10Hz to 10kHz,
80kHz and 100kHz, the slopes become equal to each other. Parameters (P=80µW,
slow sweep 200s).

conclude that the average of the two slopes remain roughly constant at the
value representing the high frequency calibration. The average between the
two slopes thus could be used as a high frequency calibration value valid at
the cantilever’s resonance frerquency.
Here, the slopes of OP1 and OP2 are in units of V/m. Because the sensitivity
(m/V) is the inverse of the slope value, the following equation is used to
compute the average sensitivity.

Saverage =
1

2

( 1

OP1
+

1

OP2

)
(7.5.1)
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Figure 7.7: Cantilever dithering experiment: laser power versus frequency plot
shows that the slopes of OP1 and OP2 steadily converge at a dither frequency of
100kHz.
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7.6 Chapter Summary

In this chapter, the analogy between to atom cooling cantilever cooling
is introduced and the basic concepts of cantilever cooling are presented.
Cavity cooling experiments confirmed the presence of photon-induced
effects on the cantilever, which may affect the interferometer calibration.
Two types of photon-induced forces are introduced in section 7.3.1. From
the characteristic response times τrp and τph, the relative contribution of
radiation pressure was estimated. In our case, the radiation pressure is
base temperature independent and its force contribution is negligible. In
comparison, the forces from the photothermal effects are base temperature
dependent and become dominant when the cantilever absorbs parts of the
incident laser light. This leads to differential thermal expansion between the
gold coating and the silicon cantilever. Table 7.1 gives an overview of the
τrp values at different base temperatures.
Experimental data show the mode cooling of an MFM soft cantilever
(0.59N/m, f0=45kHz) at three different base temperatures. A detection
sensitivity improvement is not likely, because Qeff decreases proportional to
the decreasing mode temperature Teff .
Laser-induced effects have a strong impact on the calibration of the
interferometer, as observed by the asymmetry of the interference dips.
Measurements were done to verify the frequency dependence of the fFPi
calibration. The consequence of the distorted interference dips affects
the sensitivities at the working points OP1 and OP2, which leads to an
incorrect amplitude reading in the detection electronics. Electrostatic
actuation of the cantilever up to 100kHz has shown that both slopes
of the interference dip converge to an average value near the cantilever
resonance frequency. This finding was proposed as the solution to in-
clude the effects of the photon-induced forces for the low frequency (DC)
calibration is by taking the average value of the sensitivities at OP1 and OP2.
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Part V

Epilogue
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Chapter 8

Summary and Outlook

A new type of LT-SPM system in UHV operating at three different temper-
atures was developed and constructed.
Low temperature operation presents advantages for reactive sample surfaces
which remain clean over several days, permitting stable operation conditions
for long time experiments. Low drift and creep rates are further conve-
niences. Moreover, site specific positioning of the probing tip is an absolute
requirement in STS. For example in STM, Spin flip [193] and molecular
vibrational states processes [10] can only performed at low temperature.
Also at low temperature the intrinsic noise of the cantilever is minimized,
resulting in a smaller minimum measurable force. The minimum detectable
force gradients improve with larger oscillation amplitude. But this does not
necessarily lead to a better signal to noise ratio, because the cantilever tip
does not remain in the force field of the sample if the oscillation amplitude
is larger than the decay length of the force. This is around 2-3Å for a
minimal vertical noise [24]. To obtain a higher force sensitivity, ultrasmall
cantilevers with small oscillating amplitudes should be employed. From the
thermodynamical limits, the sensitivities of the noise can only be reduced if
all noise sources such as that of the deflection sensor, tip-sample gap and
control system are sufficiently small. For the deflection sensor, this implies
that the noise in a typical measurement bandwidth of B = 1000Hz should be
smaller than 10fm/

√
Hz (see chapter 1). To achieve the required detection

sensitivity, the implementation of the fPFi in the LT-SPM system was done.
Chapter 5 shows the performance tests, calibration, and characterization of
the interferometer at room temperature, liquid nitrogen and liquid Helium
environment.

Chapter 4 presents further development and improvements of the
NanoScan hr-MFM control system to accommodate new operation condi-
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tions in the LT-SPM system. These requirements are stable measurement
conditions in STM, dynamic AFM measurement modes with small oscillation
amplitudes, which provide the basis for simultaneous nc-AFM/STM opera-
tions. From the noise analysis, the electronic control system contributes a
vertical displacement of 2.2pm peak-peak at 4.5K.

Chapter 6: data on HOPG and Si(111)7x7 acquired with the prototype
LT-SPM system strongly indicated a tip-sample gap instability. Noise and
tunnel current spectra show low frequency peaks at 480Hz and 710Hz,
which enabled the identification of the noise source. Improvement and
modification of the sample positioning unit were accomplished. Subsequent
tests concluded an improved and consistent topographic line profile recorded
with STM at 77K. Additional STM data enabled the characterization of the
LT-SPM system. Fail-safe tests such as constant height and large area scans
were conducted.
With a hard cantilever (40N/m) on the fundamental and first oscillation
mode, nc-AFM results were acquired at 4.5K. Two cantilever excitation
schemes were successfully tested. STM measurements show results on
Si(111)7x7 with a platinum tip coated cantilever. Further measurements
with the MD-SPM system recorded data with a tunneling cantilever. A
consistent average corrugation height of 13pm was determined.

In chapter 7, cavity cooling experiments confirmed the presence of
photon-induced effects on the cantilever, which may affect the interferometer
calibration. Two types of photon-induced forces are introduced in chapter 7.
From the characteristic response times, the relative contribution of radiation
pressure and the forces arising from the photothermal effects was estimated.
In our setup, the contribution of the radiation pressure is negligible. In
contrast, the forces from the photothermal effects are base temperature
dependent and become dominant when the cantilever absorbs parts of the
incident light. This leads to differential thermal expansion between the gold
coating and the silicon cantilever. Continuing works will include absolute
estimates of these forces.
Experimental data show that the mode cooling of an MFM soft cantilever
(0.59N/m, f0=45kHz) at three different base temperatures is possible. In
addition, the detection sensitivity does not improve because Qeff decreases
in proportion to the decreasing mode temperature Teff .
Laser-induced effects have a striking impact on the calibration of the inter-
ferometer. A direct observation of the influence through the photon-induced
effects can be demonstrated by the asymmetry of the interference dips.
Measurements were done to verify the frequency dependence of the fFPi
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calibration. The consequence of the distorted interference dips affects
the sensitivities at the working points OP1 and OP2, which results to an
incorrect amplitude interpretation in the control electronics. One proposed
solution to include the effects of the photon-induced forces for the low
frequency (DC) calibration is by taking the average value of the measured
sensitivity.

Future upgrades of the LT-SPM system include (1) a new type of bath
cryostat, which will reduce the LN2 consumption rate1. (2) The new optical
lens system with corrected chromatic abberation allows interferometric de-
tection and cantilever photothermal actuation. (3) The last major upgrade
involves a newly designed and improved sample positioning unit with lateral
XY piezo motors, which will eventually eliminate the tip-sample gap insta-
bility.
Following the system upgrades, the next key experiments will be nc-AFM
imaging with both detection schemes to review their performance in the
cantilever’s fundamental and second mode with various cantilever oscillat-
ing amplitudes ranging from 5nm to 0.01nm. Furthermore, simultaneous
detection of the flexural and torsional modes are possible with this type of
interferometer, which provides direct access to vertical and lateral forces.
Accurate analysis of atomic and molecular scale manipulation, diffusion and
bond formation studies require a more complete picture of the nature of the
interatomic forces. Because simultaneous nc-AFM/STM measurements can
provide an increased number of channels per scanned image, tunnel current
as well as force information will be made available to better understand the
origin of these forces.

1Already installed in the MD-SPM system. See under www.createc.de
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Acronyms

Microscopy

AFM: Atomic Force Microscopy
AM-AFM: Amplitude Modulation Atomic Force Microscopy
FM-AFM: Frequency Modulation Atomic Force Microscopy
nc-AFM: non-contact Atomic Force Microscopy
CITS: Current Imaging Tunneling Spectroscopy
FIM: Field Ion Microscopy
LDOS: Local Density Of States
LEED: Low Energy Electron Diffraction
MFM: Magnetic Force Microscopy
hrMFM: high-resolution Magnetic Force Microscopy
SFM: Scanning Force Microscopy
SPM: Scanning Probe Microscopy
LT-SPM: Low Temperature Scanning Probe Microscope
MD-SPM: Multi Dimensional Scanning Probe Microscope
SEM: Scanning Electron Microscopy
STM: Scanning Tunneling Microscopy
STS: Scanning Tunneling Spectroscopy
TEM: Transmission Electron Microscopy
UHV: Ultra High Vacuum

Control Electronics

AC: Alternating Current
ALI: Analog Lock-In
ADC: Analog Digital Converter
BOB: Break Out Box
BOC: Break Out Card
DAC: Digital Analog Converter
DC: Direct Current
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DCO: Digitally Controlled Oscillator
DIO: Digital Input Output
FPGA: Field Programmable Gate Array
FPi: Fabry-Perot interferometer
fFPi: focusing Fabry-Perot interferometer
HVA: High Voltage Amplifier
PCI: Peripheral Component Interconnect
PLL: Phase Locked Loop
PMC: Piezo Motor Controller
PXI: PCI eXtensions for Instrumentation
rms: root mean square
RTC: Real-Time Controller
SE: Self-Excitation
VCO: Voltage Controlled Oscillator

Materials

Au: Gold
Cu: Copper
DNA: Deoxyribo Nucleic Acid
HOPG: Highly Oriented Pyrolytic Graphite
Ir: Iridium
Mo: Molybdenum
Ni: Nickel
OFHC: Oxygen Free High thermal Conductivity
Pt: Platinum
Si: Silicon
Ta: Tantalum
Ti: Titan
W: Tungsten
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and H. J. Güntherodt. Friction and wear of langmuir-blodgett films
observed by friction force microscopy. Physical Review Letters, 69:1777,
1992.

[16] F. F. Abraham, I. P. Batra, and S. Ciraci. Effect of tip profile on
atomic-force microscope images: A model study. Physical Review Let-
ters, 60:1314, 1988.

[17] E. Heinzelmann, H. Meyer, D. Brodeck, G. Overney, and H. J.
Güntherodt. Zeitschrift für Physik B, 88:321, 1992.

[18] F. J. Giessibl and G. Binnig. Ultramicroscopy, 42-44:281, 1992.

[19] F. Ohnesorge and G. Binnig. True atomic resolution by atomic force
microscopy through repulsive and attractive forces. Science, 260:1451,
1993.

[20] S. Kitamura and M. Iwatsuki. Observation of 7x7 reconstructed struc-
ture on the silicon (111) surface using ultrahigh vacuum noncontact
atomic force microscopy. Jpn. J. Appl. Phys., 34:L145, 1995.

[21] F. J. Giessibl. Atomic resolution of the silicon (111)-(7x7) surface by
atomic force microscopy. Science, 267:68, 1995.

[22] M. A. Lantz, H. J. Hug, R. Hoffmann, P. J. van Schendel, P. Kap-
penberger, S. Martin, A. Baratoff, and H. J. Güntherodt. Quanti-
tative measurement of short-range chemical bonding forces. Science,
291:2580, 2001.

[23] M. A. Lantz, H. J. Hug, R. Hoffmann, S. Martin, A. Baratoff, and H. J.
Güntherodt. Short-range electrostatic interactions in atomic-resolution
scanning force microscopy on the si(111)7x7 surface. Physical Review
B, 68:035324, 2003.

137



BIBLIOGRAPHY

[24] F. J. Giessibl. Advances in atomic force microscopy. Review of Modern
Physics, 75:949, 2003.

[25] E. Meyer, H. J. Hug, and R. Bennewitz. Scanning Probe Microscopy.
Springer, Heidelberg, 2004.

[26] S. Kawai, S. Kitamura, D. Kobayashi, S. Meguro, and H. Kawakatsu.
An ultrasmall amplitude operation of dynamic force microscopy with
second flexural mode. Applied Physics Letters, 86:193107, 2005.
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- Raphaëlle Dianoux, Shigeki Kawai and Andrew Norris.

There is a German expression that says:

”All good things come in three’s.”

The outcome of your works has been summarized as cornerstones in this
thesis. Thank you for your patience and insights that have enlightened
my path through the tunnel.

152



• Special thanks go to Sasa Vranjkovic and everyone from the mechanical
workshop. Your work and effort are an essential contribution to the
success of this project.

• Heartfelt appreciations go to delightful Beatrice Spörri who offered her
administrative and moral support in a cheerful way at any stage of my
time at Empa.

• I am very grateful to Alexis Baratoff who provided his theoretical
knowledged and thank him for his omniscient insights. His thoughtful
comments always made me think out of the box and light things from
different point of views.

• I wish to thank the colleagues from the University of Basel, who pro-
vided us with reliable assistance and steady guidance through uncount-
able technical obstacles:
- Yves Pellmont, Timothy Ashworth, Sevil Özer, Niraj Joshi, Michael
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