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Abstract

The progress of non-contact Atomic Force Microscopy (nc-AFM) in the last decade
enabled studying the structural and electronic properties of molecules at the submolecular
scale. The process of tip functionalization relying in attaching single atoms or molecules
to the tip apex demonstrated an enhanced resolution in both STM and AFM images, such
that the chemical structures of many different molecules deposited on metallic surfaces
have been resolved. However, few studies have been presented on a semiconductor surface

so far.

In this work, we study the formation of molecular self-assemblies on the passivated
surface of boron doped silicon Si(111)-(1/3 x v/3) R°30-B by combined STM/nc-AFM with
Kelvin Probe Force Microscopy (KPFM). The experiments have been performed on the
Joule-Thomson Scanning Probe Microscope (SPECS), working in ultra high vacuum at
temperature of 4 K, using a high stiffness sensor (Kolibri, k=540 kN /m, fy=1 MHz). The
investigated molecules are: 1-(4’cyanophenyl)-2,5-bis(decyloxy)-4-(4’-iodophenyl)benzene
(CDB-I), which possess two aliphatic chains attached to a triphenyl core ended with two
different terminations (either iodine or cyano group) and non-polar 1,4 bis(4’cyanophenyl)-

2,5bis(decyloxy)benzene (CDB) molecule, with two identical cyano group terminations.

The first main objective of this work was to verify the sensitivity of the Kolibri sensor in
the charge detection. KPFM measurements of boron doped silicon defects are presented,
showing different charge states for dangling bond (DB), silicon vacancy and buried boron
dopant defects. A positive charge state is found for the DB, in accordance with previous
STM studies. The surface potential of this defect constitutes a reference value of a single
charge on the surface. The second objective of this thesis was to obtain submolecular
resolution in topography and electrical imaging on molecules, without intentional tip
functionalization. A submolecular contrast is observed in the frequency shift images of
single molecules with identification of the three-phenyl core and details of the aliphatic
chains. Moreover, a high resolution is obtained in the surface potential images from KPFM
measurements as well. Depending on type of the adsorption of molecule on the surface,
two different KPFM contrasts are distinguished. Lastly, the comparison of organization
in the assemblies is done for both CDB and CDB-I molecules. A similar organization is
found for both molecules in nc-AFM images. The asymmetry of the nc-AFM topography
and KPFM map of CDB-I molecules indicates the dipolar organization along a given

assembly row.
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Résumé

Le progres important de la microscopie a force atomique sans contact (nc-AFM) au
cours de la derniére décennie a permis d’étudier les propriétés structurelles et électroniques
des molécules a I’échelle sub-moléculaire. Le processus de fonctionnalisation de la pointe,
qui consiste a attacher des atomes ou des molécules uniques a 'apex de la pointe, a
démontré une résolution exaltée des images STM et AFM, de sorte que les structures
chimiques de nombreuses molécules différentes déposées sur des surfaces métalliques ont
été résolues. Cependant, peu d’études ont été présentées jusqu’a présent sur des surfaces

de semiconducteurs.

Dans cette these, nous étudions la formation d’auto-assemblages moléculaires sur la
surface passivée du silicium dopée au bore Si(111)-(v/3 x +/3)R°30-B par STM/nc-AFM
combiné avec Kelvin Probe Force Microscopy (KPFM). Les expériences ont été réalisées
sur un microscope AFM/STM Joule-Thomson (SPECS), travaillant sous ultra-vide a
une température de 4 K, en utilisant un capteur de force a haute rigidité (Kolibri, k=540
kN /m, fop=1 MHz). Les molécules étudiées sont : 1-(4’cyanophényl)-2,5-bis(décyloxy)-2,5-
bis(décyloxy)-4-(4’-iodophényl)benzéne (CDB-I), qui possedent deux
chaines aliphatiques fixées & un noyau triphényle avec deux terminaisons différentes (soit
iode, soit cyano) et la molécule nonpolaire 1,4 bis(4’cyanophényle)-2,5bis(décyloxy)benzéne
(CDB), avec deux terminaisons cyano identiques.

Le premier objectif principal de ce travail était de vérifier la sensibilité de la sonde
Kolibri dans la détection de charge. Les mesures KPFM portent sur les défauts du sub-
strat dopé au bore, montrant les différents états de charge pour la liaison pendante (DB),
la lacune de silicium et le dopant de bore enterré. L’état de charge positif est trouvé
pour la DB, conformément aux études antérieures de la STM. Le potentiel de surface du
défaut constitue la valeur de référence d’une seule charge sur la surface. Le deuxiéme
objectif de cette theése était d’obtenir une résolution sub-moléculaire en topographie et
en imagerie KPFM sur les molécules, sans fonctionnalisation intentionnelle de la pointe.
Un contraste sub-moléculaire est observé dans les images de décalage de fréquence de
molécules individuelles, permettant I'identification du noyau triphényle et des détails des
chaines aliphatiques. De plus, la haute résolution est également obtenue dans les images
de potentiel de surface des mesures KPFM. Selon le type d’adsorption de la molécule
en surface, on distingue deux contrastes KPFM différents. Enfin, la comparaison de
lorganisation dans les assemblages est faite pour les molécules CDB et CDB-I. Malgré
Iorganisation similaire des deux molécules dans les images nc-AFM, une différence de po-
tentiel de surface est observée pour les deux terminaisons de la molécule CDB-I, indiquant

lorganisation dipolaire le long des rangées de molécules des auto-assemblages.
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Motivation

Single atoms manipulation, switching the charge state of molecules or following the
chemical reactions on the surface - these are only few tremendous achievements, accom-
plished by the researchers, thanks to progress of scanning probe microscopy techniques
in the recent years [I, 2, 3, 4, 5]. The invention of STM in 1981 by Binnig et al. [(]
and AFM few years after [7], initiated the revolution in materials characterization, where
the single atoms of surfaces could be observed. The non-contact mode of AFM enabled
to obtain true atomic resolution using force sensing [%] and imaging nanostructures on
the submolecular scale [9]. Thanks to functionalization of tips and development of high
stiffness probes, resolving chemical structures of molecules became possible [9]. On the
other hand, imaging molecular assemblies remains a great challenge and the origin and

contrast formation above the intermolecular bonds is still under discussion [10; 11, 12].

A combined STM with non contact AFM constitutes a complementary technique to
study electronic and structural properties of molecular assemblies. In the STM, the
topographic image based on local density of states (LDOS) is obtained, which gives the
first, coarse information about the organisation of molecules in assemblies. The real
topology of the sample is achieved through nc-AFM imaging, where the tip-sample force
gradient is the quantity measured within the experiment. Owing to the high advancement
of nc-AFM in the last decade, imaging molecules with submolecular resolution became
possible due to the tip functionalization with single atoms or molecules [13, 14 15].
Although the most of studies have been realised with tip terminated with single carbon
monoxide (CO) molecule, many different functionalizations led to acquiring enhanced
resolution as well, including xenon (Xe) [16, 15], copper oxide (CuO) [17], nitrogenous
oxide (NO) [18] or methane (CHy) [11, 16] collected from metallic surfaces with thin
insulating films. Despite the fact that most studies concerning molecules are presented
on metallic (or thin film insulated) surfaces, submolecular resolution was also obtained
on highly reactive silicon surface, without intentional tip functionalization but only by
conditioning the tip on the silicon substrate [19]. Moreover, the increased resolution in
STM and nc-AFM images has been shown by attaching a single silicon atom extracted

from the passivated surface of boron doped silicon [20], which will constitute the substrate
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for molecular assemblies presented in this thesis.

In addition to topography, information about charge distribution can be provided in
the spectroscopy method derived from AFM, based on measurement of the frequency shift
signal in the function of sample bias, often refereed as Kelvin Probe Force Microscopy
(KPFM). Spectroscopy measurements with single charge sensitivity have been presented
for gold atoms deposited on NaCl film, using qPlus sensor [13]. Furthermore, it was
possible to manipulate the charge state of Au atoms through frequency shift versus voltage
spectroscopy, where the single charge events were revealed in the jumps in the frequency
shift [21]. The experiments were performed also on molecules, such that the distribution of
charge within a single molecule and switching process with reorganization of charge were
observed [22]. KPFM experiments together with submolecular resolution in topography
ensure the exhaustive information about the orientation and position of molecules in
assemblies. As a result, the organization of molecules on the surface and the interaction

governing the assembly process can be understood better.

The experiments presented in this thesis have been performed on the Joule-Thomson
Scanning Probe Microscope (SPECS), working in ultra high vacuum at low temperature.
This instrumentation setup was ordered in 2013 and had been installed in the IEMN and
put into operation in 2015, exactly in the beginning of this thesis. The main objectives
of this thesis and the work presented here was directly related to the arrival of the new
system in the laboratory and the will to test its possibility in the experiments at low
temperature. Most importantly, we wanted to verify the sensitivity of the Kolibri sensor

in both high resolution AFM imaging and charge detection in the KPFM measurements.
In the work presented in this thesis combined nc-AFM and STM have been performed

together with KPFM measurements to study organisation of molecular assemblies on
passivated surface of boron doped silicon. The first main objective of this work was to
verify the sensitivity of Kolibri probe in the charge detection. In the Chapter 2, KPFM
measurements on Si:B defects are presented, showing different charge states for dangling
bond (DB), silicon vacancy and buried boron dopant defect. Surface potential distri-
bution obtained within the measurements presented in this Chapter, serve not only for
calibration of Kolibri tip, but also for facilitating the analysis and interpretation of KPFM
of molecules presented in the subsequent part of the manuscript. The second objective
of this thesis was to obtain submolecular resolution on assemblies without intentional tip
functionalization. The experiments start with a single molecule study presented in the
Chapter 3, for both CDB and CDB-I molecules. Submolecular contrast is revealed in the
constant height frequency shift images and compared to the structural model. In KPFM
measurement the submolecular features including three-phenyl core, aliphatic chains and

oxygen atoms are distinguished as well. The comparison of organisation of CDB-I and



CONTENTS 3

CDB molecules in assemblies is done in the Chapter 4. For both molecules frequency
shift images are analysed in order to find their orientation in assemblies and anticipate
the interactions between molecules and silicon substrate. The asymmetry between both
terminations is observed only for CDB-I molecule and then studied with KPFM in order

to confirm the formation of dipolar assemblies.






Chapter 1
Introduction

The first chapter opens with brief historical outline and the description of main scan-
ning probe microscopy techniques. In the first part of the chapter the theoretical model
of tip-sample system with harmonic oscillator is described together with most important
parameters of combined STM/nc-AFM measurement. Sections 1.6 and 1.7 give an in-
troduction to imaging molecules with submolecular resolution using high stiffness probes.
The limitation of sensitivity in low temperature measurements is done in the section 1.8.
The second part of the chapter is dedicated to experimental details and procedures used
in measurements. The preparation of samples and spectroscopy methods are described in

the last sections.

1.1 Principle of Scanning Probe Microscopy

Scanning probe microscopy (SPM) is a family of techniques which allows the investi-
gation of surfaces down to the atomic scale. Their operation principle relies on monitoring
the interaction between the probe and the sample while scanning its surface line by line.
Thanks to SPM it is possible to study not only the topography but also many differ-
ent properties of the surface, including magnetic, electrostatic or mechanical properties.
Moreover, in the recent years a tremendous work was done in the field of manipulation of
nanostructures and even single atoms by the means of scanning probe techniques. SPM
techniques are versatile, and applicable not only in physics but also chemistry, biology and
medical sciences. Compared to other microscopy techniques such as optical microscopy,
the resolution of SPM images is not limited by the diffraction of light, but by the sharpness
of the probe used, allowing imaging on the atomic or submolecular scale.

The most important part of SPM is a tiny, sharp probe which collects the information
in every scanning point and allows creating an image of the surface. The control of the

probe movement in three directions is done with piezoelectric elements which provide



6 1. Introduction

subatomic positioning. Two main techniques belonging to SPM family are: Scanning
Tunnelling Microscopy (STM), in which the tunnelling current between a metallic tip and
a conductive surface is measured, and Atomic Force Microscopy (AFM), which is based

on detecting force changes between the tip and the sample.

1.1.1 Scanning Tunnelling Microscopy

STM was the first SPM technique discovered by Gerd Binnig and Heinrich Rohrer
in 1981 at IBM Zurich [6]. This technique uses the quantum phenomenon of current
tunnelling occurring between two conductive materials in the very close proximity. In the
measurement a bias V' is applied between the tip and the sample and the tip is approached
to the surface at a nanometric distance, which causes the tunnelling of electrons through
the tip-sample gap. The relation between the value of the current and the tip-sample
distance z has an exponential dependence with an attenuation factor x in the A~! range.

This leads to a high sensitivity of this technique on the topography changes of the sample:

I oc g™ 2 (1.1)
where, in a simple model :
o 2m ‘btip + ‘bsample eV

with @4y, Peampre being the work functions of the tip and the sample, respectively. STM

measurements can be done in two different ways :

e in the constant height mode, where the scanning is done parallel to the surface plane

and the detected signal is the tunnelling current (no z feedback is used),

e in the constant current mode in which a feedback loop keeps a constant value for

tunnelling current during scanning, while adapting the tip-substrate distance z.

Due to the use of the feedback loop and smaller risk of tip accident the second mode is
used in the most cases for topography imaging. STM images obtained in the constant
current mode represent the changes in the sample topography and the electronic density
of states of the surface. With regard to the principle of STM, the investigated materials
are however limited to metals and semiconductors. It is however also possible to study

thin (tunnelling) layers of insulators on metallic substrates.
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1.1.2 Atomic Force Microscopy

Following the success of STM, Atomic Force Microscopy was invented in 1986 by Gerd
Binnig, Calvin Quate and Christoph Gerber [7]. Compared to STM, the detected signal
in the AFM technique is not related to the tunnelling current but to changes in forces
between the tip and the sample. Therefore, the big advantage of AFM over STM is its
application to both conductive and insulating materials. It is also possible to conduct
measurements in a liquid environment, which is crucial for biological studies. Depending
on the material and mode used, different types of forces can be detected e.g. electrostatic,
van der Waals, chemical, magnetic or capillary forces. As a result, different imaging modes

are derived from classic AFM, where the topography is obtained, including:

e Electrostatic Force Microscopy (EFM) - used to obtain electrostatic properties of

the sample, for example the distribution of charges:;
e Kelvin Probe Force Microscopy (KPFM) - measuring the surface potential;

e Magnetic Force Microscopy (MFM) - similar to EFM but magnetic interactions are

measured instead;

e Scanning Near Field Optical Microscopy (SNOM) - in which an optical probe scans

the surface at the distance of a fraction of the light wavelength;

e Scanning lon Conductance Microscopy (SICM) - used mostly for ion transport in

biological systems, in this technique the tip is used as an electrode.

In AFM, the tip is collecting the information about the sample in each scanning point
through either changes in the probe deflection (static mode), or through the frequency or
oscillation amplitude changes (dynamic mode). Asin STM, a feedback loop is introduced,
which keeps the interaction setpoint value constant, by regulating the distance between the
tip and the sample. Three different modes in which AFM can be distinguished: contact,
tapping and non-contact mode. In the first one the tip is all the time in contact with
the surface and the force changes cause the deflection of the sensor. In the tapping mode
the tip is oscillated at a fixed frequency near its resonance frequency, and is periodically
touching the surface at the end of each cycle while the tip-surface interaction is probed
via the reduction in the tip oscillation amplitude. Finally, in the non-contact AFM the tip
is kept oscillating close to the resonance frequency fy, and the tip-substrate interaction
is monitored via the change in the probe oscillation frequency due to the surface force
field. Most common AFMs detect the probe deflection or vibration properties via optical
deflection systems (beam deflection or interferometry). More recently the use of piezo-

electric quartz sensors (with electrical signal readout) became popular since it enables to
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operate AFMs at low temperature without introducing the heat dissipation associated

with optical readout.

1.2 Frequency modulation nc-AFM

In Frequency-Modulation AFM (FM-AFM) mode, the tip is driven with constant
amplitude, however the changes in tip-sample interactions cause the shift in frequency
Af = f — fo. The feedback loop uses this signal to decrease/increase the tip-sample
distance and keep the shift A f at a desired setpoint value. In ultra high vacuum environ-
ment, FM-AFM mode is preferable due to the possibility of higher scan speeds compared
to Amplitude-Modulation (AM-AFM) mode [23] . The scheme of the nc-AFM system in
FM mode is presented in the Figure 1.1. In the system three feedback loops must be
used: two loops in order to keep the tip oscillation amplitude and phase constant, and
a third one to ensure a constant Af by regulating the tip-sample distance. The phase
locked loop (PLL) uses amplitude and phase of detected signal to obtain the frequency
f and frequency shift Af = f — f,. The amplitude is then used by the feedback, which
compares it with driving amplitude and determines the right excitation voltage to keep
it constant. In this loop the information about the dissipation between the tip and the
surface is obtained as well. In the third loop, the frequency shift is compared to the

setpoint value and then used by Z-controller in order to adjust tip-sample distance.

Amplitude
control

A

setpoint

VEXI:
Phase locked i tip
loop (PLL) loser f Piezo
of —»mji

topography

Figure 1.1: Scheme of different feedback loops in nc-AFM measurement with frequency modulation
mode.
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1.3 Harmonic oscillator

The motion of force sensor can be simplified with a model of a harmonic oscillator
with mass m and stiffness k, driven by an external, sinusoidal force. Without tip-sample
interaction, the motion equation is given by [24]:

d2z dz
mog + T+ kz = Fy cos(wot) (1.3)

where wy = 27 fy = \/% is the resonance angular frequency of the sensor, () is the quality
factor, v = m% a damping coefficient, Fj, w are the magnitude and the angular frequency
of the driving force respectively. The solution of the differential equation describes the
vertical position of the tip z(t) = Ag cos(wt + ), in which the amplitude and phase shift

between oscillation and excitation can be written as follows:

Ap(w) = Fo/m _ (1.4)
YEEPOE =
tan p = 02 — o) (1.5)

Upon interaction between the tip and the sample an additional, distance dependent force
Fis, must be taken into account on the right side in the Equation 1.3. The force leads
to an effective modification of the spring constant of the cantilever (here, written in the

limit of small oscillation amplitudes) :

OF;s
K =k—kg=k— 1.6
‘ 0z (1.6)
such that the new frequency of the cantilever becomes:
k _ BF:S(Z)
f= i _ 8z (1_7)

27 m

Assuming a weak interaction, where the force gradient is much smaller than the spring
constant of the cantilever k;; < k, the frequency and the frequency shift can be written
as:

_ Lk (1.8)

(1.9)
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The illustration of the frequency curve for attractive and repulsive interactions is presented

in Figure 1.2. The frequency shift is a direct observable in non-contact AFM which gives

Amplitude

Frequency 'f"o fO f0

Figure 1.2: Amplitude versus frequency curves for different type of interaction, the curve is shifted
positively relative to fp for repulsive forces and negatively for attractive forces.

information about the tip-sample interaction. However, the proportionality between the
force gradient and frequency shift is valid only for small amplitudes, where the force
gradient is assumed to stay constant during whole oscillation cycle. A more general
expression between the frequency shift and the force can be obtained by using perturbation
theory, treating the interaction between the tip and the sample as a harmonic potential

perturbation [25, 20]:

A= () (1.10)

08C
where the average (Fisz) must be taken over full oscillation cycle of the cantilever. In the
first order approximation, the relation for frequency shift, applicable to either small or

large amplitudes can be described as follows [27]:

—f2 1/fo
Af = — 0 / Fis(20 + Apse[1 + cos(27 fot)]) cos(2 fot)dt (1.11)
osc JO
_ k[ u
Af = kAOSC /_1 F;S(Z(] + Aogc[l + u])\/ﬁdu (112)

where 2z is the minimal tip-sample distance and the last term under the integral is a
kernel function, providing utility of equation to both large and small amplitudes. This
function has two singularities in the turning points u = +1 where the velocity of the
tip reaches zero. For small amplitudes it cancels long distance force contribution which

varies weakly during oscillation cycle, whereas for big amplitudes it guarantees that the
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moment of closest approach to sample has the biggest contribution to measured value
of the frequency [26]. The method derived from AFM called force spectroscopy, relies
on measuring Af versus tip-sample distance, from which the force can be obtained. The
inversion of equation 1.12 is necessary to obtain the value of the force from the measured
value of the frequency shift in the experiment, nonetheless it is not a trivial task. So
far, many techniques were suggested by Durig [26], Giessibl [27], Sader and Gotsmann
[28]. The method proposed by Sader [2%] can be implemented with basic computational
programming but it requires analysing the tip-sample distance until free oscillation region.
In contrast, Giessibl’s procedure [27] needs more complicated mathematical algorithms

but will give more accurate results when free oscillation region is not possible to explore.

1.4 Combined STM /nc-AFM

When using a conductive tip, coincident STM and nc-AFM measurements are possible,
i.e. tunnelling current can be detected at the same time as frequency shift signal. Because
of the oscillation of the tip, the value of the tunnelling current changes periodically. The

average value of the current can be described by [29]:

I;(2,0)
VATKApse

where k = vV2m®/h, with ® = (®ip + Peampie) /2. From the above equation we can see,
that the mean value of the tunnelling current is smaller if the tip is oscillating during the

(Ii(2, Apse)) = (1.13)

measurement. Therefore, when working with I; regulation, the tip must be approached
closer to the surface (compared to non-oscillating tip) in order to keep the same value the
tunnelling current.

To characterize the combined STM/nc-AFM measurement, a few parameters are

needed:

e spring constant k: for typical rectangular cantilevers the value can be calculated
from the dimensions and Young modulus of the material. For stiff probes like
Kolibri or qPlus it can be determined from thermal noise experiment [30]; the spring
constant for Kolibri, given by the SPECS is 540 kN /m [31], however it must be taken
into account that Kolibri is made of two coupled oscillators and the effective stiffness
is two times bigger, that is k=1080 kN /m;

e resonance frequency fy: it can be found from the maximum peak of amplitude versus

frequency. The value for Kolibri sensors is &~ 1 MHz;
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e quality factor @): it is defined by the ratio of the energy stored in the resonator E
to the energy dissipated per cycle AFE¢r, :

Q=2r (1.14)

AEcr

The quality factor can be also determined from the amplitude versus frequency
curve by dividing fo by the resonance width (FWHM). For Kolibri sensors the value

of () in ultra-high vacuum can reach 100 000 at low temperatures.

e oscillation amplitude Agg.: for silicon cantilevers it is necessary to use large ampli-
tudes (on the order of tens of nanometers) to prevent jump-to-contact, due to the
small spring constant which limits the restoring force at the closest distance with
the surface. The problem is overcome with high stiffness probes; for Kolibri oper-
ating amplitudes vary from 20 to 200 pm. The oscillation amplitude specified in

the experiments presented in this manuscript is the half of peak-to-peak amplitude

(Aose=1As).

e bias voltage between tip and the sample Vj;,,: similarly to STM in nc-AFM it is also
possible to apply a bias, often the value of the bias is chosen to be close to contact

potential difference voltage Vopp, in order to minimize the electrostatic force.

e frequency shift of the sensor Af: is used as a setpoint for AFM imaging with Af
regulation, however in high resolution imaging of molecules imaging is done with

the z feedback loop open and detected signal is frequency shift of the probe.

The first three parameters (k, fy, Q) are specified by the choice of the sensor, the other

parameters can be freely tuned up during each experiment.

1.5 Force contributions

In AFM, different types of forces between the tip and the sample contribute to the
total force measured in the experiment. They can be divided into attractive (with negative
sign), and repulsive (with positive sign) interactions. The total force detected by the
sensor is a combination of these interactions, although by varying tip-sample distance it
can be controlled which contribution is dominating. In ultra-high vacuum environment,
the total force consists of electrostatic interactions Fy; (both long and short range), long
range van der Waals forces Fyqw and short range forces Fsg including chemical and Pauli
repulsion forces:

Fiot = Fop + Foaw + Fsg (1.15)
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Long range forces that reach tens of nanometers from the surface are dominated by the
macroscopic size and shape of the tip. In contrast, short range forces (distances smaller
than nanometer) show a stronger decrease with the distance and only few atoms at the
tip apex play the biggest role in the interaction, as presented in the Figure 1.3. Other

types of forces like magnetic forces or capillary forces will not be considered here.

33— 1000 mm
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,‘ magnetic force
I
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A van der Waals force
X 1 nm
chemical force
0.1 nm  exchange force
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( 1 ) 0.01 nm  repulsive forces
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Figure 1.3: Illustration of different interaction forces measured in AFM in function of tip-sample distance

[32].

Depending on the type of AFM mode, it is possible to work in different force regimes.
The contact mode is performed in the repulsive regime, while non-contact measurements
can be done in both repulsive and attractive regimes. Because of the fact that short range
interactions have the biggest influence in creating atomic contrast in non-contact AFM,
it is crucial to increase the sensitivity in detecting these forces. This can be done by
scanning very close to the surface and by using small oscillation amplitudes. To overcome
the problem of jump-to-contact with the sample, high stiffness cantilevers must be used,

like length extensional resonators (LER) or tuning fork sensors.

1.5.1 Electrostatic forces

Long-range electrostatic interactions can be modelled by the charged capacitor, where
the difference between the work functions of the tip and the sample lead to the formation
of an internal electric field in the capacitance at equilibrium. By assuming the model of

a plane capacitor, the force acting on the tip can be written as:

19C(2)

F,; =
T 97 92

(Vbias — Verp)® (1.16)
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where C(z) is a z dependent capacitance, Vj;, is a voltage applied between the sample
and the tip and Vepp is the contact potential difference. Because the term 0C/0z is neg-
ative (the capacitance decreases with increasing z distance), F,; is negative: electrostatic
capacitive forces are always attractive. Fy can be minimized by applying a bias that
equals the contact potential difference [33], as done in Kelvin Probe Force Microscopy
(KPFM).

While CPD values measured in KPFM at large tip-sample distances correspond well
to the expected values, at smaller distances (less than 1 nm) a significant discrepancy is
observed [34, 35] and CPD values become in particular distance-dependent. It has been
shown, that for small tip-sample separations it is possible to obtain atomic resolution in
KPFM images, however the origin of this resolution has been debated [36]. Previously,
the atomic distribution of CPD was associated with imaging of the electrostatic force
distribution [37] or the local electron density [3%] depending on the type of the investi-
gated surface. The concept of the local contact potential difference (LCPD) was initially
presented by Wandelt, which is based on the short-range variation of the surface potential
[39]. In recent works, the influence of the short-range electrostatic force on the atomic-
resolved KPFM images was studied in the case of ionic surfaces and analytic models based
of the Madelung potential appearing at the surface have been successfully developed for

such surfaces [10, 41, 42].

1.5.2 Van der Waals forces

Van der Waals interactions are long-range forces that stem from dipole moment fluc-
tuations and are always present during measurements. These forces are due to Coulomb
attraction between electrically neutral particles where dipole moments or moment fluc-
tuations can take place. These particles can be permanent dipoles, induced dipoles and

nonpolar atoms. According to this division, different types of interactions can be specified
[43]:

e Keesom force - between permanent dipoles

e Debye force - between permanent and induced dipole

e London force - between nonpolar particles

The total van der Waals force between two atoms is a sum of these three contributions
where each scales with 1/r7, where 1 is the distance between two atoms. For macroscopic
bodies, the force can be calculated using Hamaker approximation which assumes, that the
interaction is additive and non-retarded [11]. The net interaction energy is obtained by

integrating the interaction of the atoms of the first object with atoms of the second one,
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over their volume. Following this procedure the interaction energy for different geometries
can be derived analytically. If the tip apex is modelled as a sphere interacting with plane

sample surface, the force can be written as :

AR

622

F(z) = (1.17)
where R is a sphere radius and z is the tip-sample distance. The interaction constant A,
called Hamaker constant depends on the type of material of the tip and the sample and

is defined as:

A = m2Cninsy (1.18)

where C' is an interaction strength and 7, 2 represents densities of atoms in the first and

the second object respectively. Typical values of Hamaker constant are of the order of

10719 J [44].

1.5.3 Chemical forces

Chemical forces are short range interactions that have their origin in the overlap of the
electron wave functions and the repulsion of the ion cores of the tip and sample atoms [15].
For this reason, the acting range of these forces is of the order of angstroms. Chemical
forces can be both attractive and repulsive. The attractive force occurs when the overlap
of the wavefunction reduces the total energy and can be compared to the binding of the
atoms in the molecule [11]. On the other hand, the repulsive force is due to the overlap of
electron wavefunction of the atoms that stems from Pauli exclusion principle. To describe
the chemical interaction different models can be used, including Morse or Lennard-Jones

potential model. In the latter, the potential between pair of atoms can be written as:
o o
Vis(z) = _4Ebond[(;)12 — (;)ﬁ] (1.19)

where Fjonq 18 a bonding energy and o is the distance between two atoms for equilibrium
state. For the tip and the sample setup, the interaction between many atoms must
be taken into account as well as their displacement upon the force which will cause
modification of the above potential.

Figure 1.4 shows a Af(z) curve done on the silicon substrate with oscillation ampli-
tude of 50 pm (peak to peak amplitude A,,=100 pm). The measurement of frequency
shift signal in the function of Z position, where the long range electrostatic force was
compensated by applying Vpies equalling the surface potential. The values of Af signal
are in the range of hundreds of millihertz and the absolute value of shift is smaller than 1

Hz, the minimum of Af(z) is here &2 -550 mHz. In the graph it can be seen, that detection
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Figure 1.4: Experimental Af(z) curve on the silicon substrate with Vp;a.=150 mV and A,;=50 pm

(peak to peak amplitude Ap,=100 pm). On the graph the oscillation amplitude is indicated, showing the
range of Af detected during imaging.

of short range repulsive forces requires working with small oscillation amplitude where

the measured Af signal during imaging is on the negative slope of the curve.

1.6 Imaging molecules

The most important factor in imaging molecules in nc-AFM is the tip termination.
While macroscopic properties of the tip including material or crystallographic orientation
matter, it is the tip apex which has the biggest contribution in contrast formation at the
atomic scale. The following tip characteristics affect the contrast obtained on molecules

and can also be decisive in achieving submolecular resolution:

e Size: a small size of tip apex increases lateral resolution, tip decoration with single
atoms or molecules (CO, Xe, Br) is preferable in imaging molecules; this process

called functionalization is known to be the best method in obtaining submolecular

contrast[15, 16].

e Reactivity: to obtain high resolution, one needs to operate in repulsive force regime
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[9], which in turn requires approaching the tip very close to the surface. At these dis-

tances an inert tip would be needed to prevent displacing or modifying the molecule.

e Dipole: the charge distribution in the tip apex must be taken into account owing
to the electrostatic force acting between the tip and the molecule, scanning with
charged apex will cause distortion in AFM images due to the repulsion/attraction

of the tip with charged zones of the molecules [14].

e Relaxation: at close tip-sample distances the forces can lead to relaxation of the
tip apex which then result in artefacts and asymmetric contrast in images, often
observed for flexible CO functionalized tips. It was shown that flexibility of the
probe particle is essential in imaging sharp contrast between the molecules, possibly

caused by close proximity of the atoms [11, 46].

In the most of studies concerning imaging molecules, tip functionalization is performed.
This process, relying in attaching molecules or atoms to the end of the tip can be executed
in two ways: either in STM regulation through ion field emission when applying voltage
pulses (due to the electric field between the tip and the sample) or by mechanical contact
between the tip and the sample that leads to bond creation and extraction atom from the

surface. Regarding the tip termination different atoms/molecules are used:

e metal atoms : Au, Ag or noble gas atoms that are deposited on metallic surface
(Cu, Au) or insulating NaCl film on metallic surface (for example NaCl/Cu(111))

o, 15)
e semiconductor atoms Si, Sn, Ge [20, 17] extracted from the surface

e diatomic molecules CO, NO [15, 18], CuO [17] also deposited on metallic or insu-

lating surfaces

e functionalization using large molecules already present on the investigated surface

Ceo [15], CHy [16], pentacene [9], NTCDI [19]

An example of tip functionalization with Xenon on NaCl/Cu(111) surface is presented
in Figure 1.5 together with the comparison of molecule images with submolecular resolu-
tion obtained in constant height AFM for CO and Xe tips[15]. In this procedure, scanning
is done parallel to the surface plane with z regulation loop turned off while measuring the
frequency shift of the sensor. The tip-sample distance is decreased gradually until a high
resolution image is achieved, without causing unstable imaging.

In order to understand which force regime needs to be probed to obtain submolecular
resolution on molecules, different force contributions were plotted as a function of tip-

sample distance (Figure 1.6a). In this graph we can see that while being far away from
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Figure 1.5: Tip functionalization with xenon atoms adsorbed at the edge of NaCl island on Cu(111), a)
before and b) after picking up Xe atom on Cu tip, scanning parameters I=2 pA, V=0.2 V. ¢), d) constant
height AFM images of DBNP molecule on Cu(111) recorded with Xe and CO tips. Adapted from [17].
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Figure 1.6: a) Different force contribution detected in AFM plotted in tip-sample distance, extracted
from [19] b) Maps of frequency shift above the pentacene molecule for different tip-sample separation [9]
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the surface, the electrostatic and van der Waals forces contribute mostly to the detected
signal; this situation corresponds to images presented in Figure 1.6b [J], of negative Af
over the molecule and poor resolution. Approaching the tip closer to the surface results
in detecting repulsive short range interactions; this in turn corresponds to images Figure
1.6b, where the frequency shift becomes more positive (with respect to the substrate, for
z=1.4 A) and submolecular resolution is achieved. In the AFM images with molecular
bonds resolved, often overall interaction is still attractive, however the contribution from

repulsive force is significant, such that high resolution is obtained.

1.7 LER sensor

One of the biggest drawback of silicon cantilevers is the necessity of using large am-
plitudes due to the jump-to-contact issue [50]. Therefore, the capability in detecting
short range forces is limited, as the cantilever spends only a small fraction of the oscil-
lation cycle in the lower turning point of the oscillation cycle. Additionally, combined
STM /nc-AFM is not trivial due to the limited conductivity of silicon cantilevers. These
problems can be overcome by using stiff probes, one example of such probes being Kolibri
(SPECS). This piezoelectric quartz sensor based on length extensional resonator (LER)
allows for simultaneous AFM measurements with detecting tunnelling current. It consists
of an oscillating quartz rod with a small metallic (tungsten) tip attached to its end. The
central part of the rod is supported by two side frames with gold coated electrodes at
their ends. All the components are enclosed in a metallic cover used as a sputter shield.
The spring constant of the sensor is 1080 kN/m and the resonant frequency 1 MHz [31].

The oscillation of the rod is caused by the piezoelectric effect: the sinusoidal bias U,

. metalic tp

A ' . sputter shield
UWI . oscillatng
qQuarnz rod

O s $00W0  SgnelAs 502 WO S4mm
Mage T Vi Mode ¢ Hgh Vecwes  Supe T M0 \

(a) (b)

Figure 1.7: a) Schematics of Kolibri sensor from [31], b) SEM image of Kolibri tip
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is applied on one side electrode, which leads to periodic contraction and extension of the
quartz material and therefore oscillation of the tip. Furthermore, due to the piezoelectric
effect, charges are induced on the surface of the rod and are collected as a current I, on
the opposite side electrode. This ac current enables monitoring the tip oscillation. The
conductive tip is isolated from the quartz resonator, which results in a separated readout
of the tunnelling current I; from the oscillation current I,,.. The scheme of the probe
with their elements is depicted in the Figure 1.7. What is worth pointing out, is the fact
that Kolibri is a purely electrical probe and it does not require any optical readout, as
compared to typical silicon cantilevers. Due to the high stiffness of Kolibri it is possible
to use small oscillation amplitudes (0.02-2 nm) and to approach the tip very close to the

sample surface, which causes increased capability in detecting short range interactions.

1.8 Noise sources

In nc-AFM measurements there are several noise sources that limit the sensitivity.

The most important noise contributions are [51]:

e thermal noise
e instrumental detection system noise

e frequency drifts caused by temperature changes

Thermal noise
Even without mechanical oscillation of the tip, the sensitivity is limited by the thermal
excitation of the sensor. The fluctuations in sensor deflection can be converted into

frequency noise, given by the formula [23]:

§f thermal kB TB

% ThAZ_oQ (1.20)

where kp is a Boltzman constant and B is the measurement bandwidth. Using the rela-
tionship between the force gradient and the frequency shift k;; = 2k - Af/ fy, this noise

can be expressed as a force gradient noise as:

4kkgTB

Akthermat — T Agsc fl] Q

(1.21)

For Kolibri sensor quality factor () in ultra high vacuum is around 50000 at room temper-

ature and 100000 at 4 K, for gPlus sensor () is 5000 at room temperature and reaches up
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to 200000 at helium temperature. Thermal noise gradient and other noise contributions

for Kolibri and gPlus are summarized in the Figure 1.8.

Temperature Sensor AI('chermal Akt:letlai:tcar Akdrif‘t
[mN/m] [mN/m] [mN/m]
AT=0.1Kat 300 K
AT=1 mKat4K
qPlus 25 58 0.05
300K
Kolibri 34 e 31
qPlus 0.5 29 0.04
4K :

Kolibri 2.8 e 21.6

Figure 1.8: The summary of noise contribution for both gPlus and Kolibri sensor at 4 K and 300 K.
Quality factor @ taken for the calculations for Kolibri is 50000 at 300 K and 100000 at 4 K, for gPlus
sensor () is 3000 at 300 K and 200000 at 4 K. The resonant frequency and spring constant is 1 MHz and
1080 kN /m for Kolibri and 30 kHz and 1800 N/m for gPlus respectively. Thermal frequency drifts at 300
K, were calculated using formula 1.24, at 4 K for both sensors the relative frequency drift was assumed
to be 1 ppm/K. All noise sources were calculated for B=100 Hz and A,.,=100 pm.

Instrumental detection noise

This contribution depends on the type of sensor used and the properties of its de-
flection detection system. One of the the most important factors of detection noise is
deflection noise density n,, which determines the accuracy at which frequency changes

can be measured. The frequency and force gradient noise can be described with [51]:

3/2
Ofaet _ \ﬁan (1.22)

fO N 3 Aoscﬁ]
8 kn,B3/?
Akgey = ) =—F— 1.23
det \/; Aoscf 0 ( )
For the calculations, the values of deflection noise density were taken from [51]; that is

1.89 fm/+/Hz for Kolibri and 62 fm/v/Hz and 31 fm/v/ Hz for qPlus at 300 K and 4K,

respectively.

Thermal frequency drifts
While performing precise AFM experiments, for instance force spectroscopy, it is im-
portant that the sensor oscillation is kept at its eigenfrequency f,. The variations in the

temperature can lead to changes in eigenfrequency. This behaviour is material depen-
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dent, for silicon cantilevers is linear with temperature 35 ppm/K, while for quartz based
sensors has a parabolic character. In the case of LER and tuning for sensor the drift in
eigenfrequency changes quadratically with the temperature, with parabola centred at the

turnover temperature Tp:

6 fsensor

fo
Where coefficient x¥ = 35 x 107°K 2. The turnover temperature depends on the crystal
cut, for Kolibri sensor is usually ~ 313 K, while for qPlus ~ 298 K. The noise related to

this type of drift expressed in force gradient is:

— X(T = Tp)? (1.24)

Skisarise = —2kx (T — Tp)? (1.25)

The relation 1.24 is valid only around turnover temperature 7. A detailed analysis of
frequency drifts was done by Pielmeier [52] for LER, tuning fork and different geometries
of gPlus sensors in the range 4.8-48 K. In the case of LER sensor the relative frequency
drift is &~ -0.46 ppm/K while for qPlus goes up to ~ -1.69 ppm/K (depending on the

geometry).

1.9 Our experimental setup

All the experiments presented in this manuscript were performed with a Joule-Thomson
(JT) Scanning Probe Microscope (SPECS), working in ultra-high vacuum (UHV) at low
temperature, down to 1.2 K, thanks to a Joule-Thomson cooling stage. Also, there is a
possibility of using magnetic field of maximum 3 T.

The system consists of three chambers: load lock, preparation and analysis chamber
separated with gate valves. In the two former chambers there are manipulators that
enable the transfer of the samples and tips between the individual chambers. The pressure
obtained in the load lock is of the order of 10~® mbar, whereas for preparation and analysis

chambers is about 2x1071° mbar.

Load lock
This chamber is used for introducing and taking out the samples from the system. The

load-lock door is sealed with a viton gasket, this is why the minimal pressure obtained is

10~® mbar.

Preparation chamber
The preparation chamber is situated between load-lock and analysis chamber and as

its name implies, is used for preparation of the tips and samples. It is equipped with an
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Figure 1.9: Image of JT UHV system

ion sputter gun for bombarding with high energy argon ions and a heating stage used for

annealing the samples. Moreover, it contains a Knudsen cell evaporator (Kentax 3-cell

TCE-BSC) used for deposition of the molecules.

——

Figure 1.10: Photo of the preparation chamber with ion sputter gun and heating stage

Analysis chamber

In this chamber JT microscope is situated, with the sample stage mounted below
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liquid helium bath cryostat and surrounded by another vessel with liquid nitrogen. On
the outer LN; shield there are four parking positions used for the storage and cooling the
samples before introducing them into the microscope. The minimal drift values found in

X,Y directions were &~ 150 pm/h, whereas in Z direction ~ 200 pm/h.

1.10 Tip preparation

After introduction in UHV, Kolibri tips are cleaned by sputtering during 15-30 min
with 3 keV argon ions, under the pressure of 1-2x107° mbar. Subsequently, tips are
sharpened by conditioning during scanning, through bias pulses and tip indentations in
the surface in order to obtain sharp form and small apex of the tip. In the case of tip
crash on the surface, bent tips were possibly recovered using FIB (Focused Ion Beam)
technique present in the Nanofabrication Clean Room of IEMN. An example of a bent

tip recovered with FIB is presented in the Figure 1.11.

LE.M.M

Figure 1.11: SEM images of Kolibri tip a) before and b) after recovery with FIB

1.11 Sample preparation

1.11.1  Si(111)-(+/3 x /3)R°30-B

Silicon crystallizes in a diamond structure, which is formed by two face centered cubic
(fce) lattices shifted with respect to each other. The size of the cube side measures
a=0.543 nm, while the distance between two neighbouring silicon atoms is 0.235 nm (see
Figure 1.12a).
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Figure 1.12: a) Diamond structure of a silicon made of 2 fcc lattices, adapted from [53], b) structural
model of Si-B surface reconstruction from [54]

In Si, atoms in the bulk have four neighbours; while the Si (111) surface atoms have
only three. Therefore, each of the surface atom possesses an unsaturated bond oriented
perpendicular to (111) surface plane called dangling bond (DB). The presence of DBs is
responsible for a high reactivity of the surface, such that deposited molecules will form
strong interaction with the substrate, hindering the assembly process. Suitable treatment
of silicon highly doped with boron can overcome this problem by passivating the surface
DBs. During the annealing of the sample, the boron dopants migrate and stay in the
subsurface layer at so called Sj sites, directly below silicon adatoms (T, sites) [3] (See
Figure 1.12b). Since boron has only three valence electrons it can catch an extra electron
from the dangling bond of silicon adatom above. This results in the passivation of DBs
of outer silicon layer and in inertness of the surface. In our experiments we used silicon
wafers highly doped with boron with resistivity of 0.001 €).cm. Before introduction in
UHV, the samples were firstly cleaned with hydrofluoric acid (HF) and then treated with
UV ozone for 15 min in order to grow a proper oxide. Subsequently, in UHV system the
sample was mounted in a special holder and then placed in the direct heating stage (in
the preparation chamber) which allows to heat the substrates through Joule effect, where
the passing current over the sample causes the rise of its temperature. The preparation

was done in the following steps:

e Firstly the sample was slowly heated up to 900 °C in order to degas the sample and
remove the oxide layer (around 700 deg C)

e Several flashes were done (10-15 flashes) until 1200 ° C to remove the contaminants

of carbon and to reconstruct the surface
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e The temperature of 900 °C was kept for few hours to allow boron dopants segrega-

tion to the surface

e The temperature was finally decreased slowly to keep sufficient mobility of silicon
adatom

Si(111)-(v/3 x v/3)R°30-B reconstruction

The preparation process leads to the migration of boron atoms to the surface and the
creation of Si(111)-(v/3 x v/3)R°30-B reconstruction, rotated by 30° to the unit cell of
bulk (111) structure. The distance measured between two surface adatoms is 0.66 nm
which is in accordance with a theoretical value. For the sake of simplicity this surface

reconstruction will be named as Si:B in the manuscript.

1.11.2 Deposition of molecules

Sublimation of the molecules and their deposition on the substrates is done using evap-
orator Kentax (TCE-BSC) placed in the preparation chamber. The evaporator consists
of three quartz crucibles with a shutter mounted on top, which serves for opening and
closing individual cells. Also it is possible to make co-deposition of the substances in two
or three different crucibles. The molecules in the crucibles are in the form of a powder
which is heated using tungsten wires until the sublimation. The temperature is measured
by a thermocouple and regulated by the power supply. The evaporator is mounted on a
linear translation stage (170 mm) behind a gate valve, allowing loading molecules with-
out venting the preparation chamber. Before evaporation of molecules, the crucible is
degassed slowly up to the sublimation temperature, in order to remove the water and
solvents used in synthesis process and keeping correct level of pressure in the preparation
chamber. When the sublimation temperature is reached, the shutter is opened and the
molecules are deposited on the sample placed exactly in front of the evaporator (per-
pendicular to molecule flux). Due to the difference in the sublimation temperatures of
molecules used, the cooling system (with water) is installed to prevent the rise of the
temperature in the others crucibles during the heating and evaporation. In this thesis, all
evaporations have been performed at same distance (around 15 c¢m) and perpendicular
to the molecule flux in order to provide similar evaporation conditions and increase the
reproducibility of obtained depositions. Two molecules investigated in this thesis were
provided and synthesized in the research group of Frédéric Cherioux (FEMTO ST):

e CDB-I molecule (name in the manuscript): 1-(4’cyanophenyl)-2,5- bis(decyloxy)-4-
(4’-iodophenyl)benzene

e CDB molecule: 1,4 bis(4’cyanophenyl)-2 5bis(decyloxy)benzene
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1.12 Topography imaging modes

In this thesis both STM and nc-AFM measurements were performed, with most often
the STM preceding the AFM experiment. Two different imaging modes implemented are
shown in the schemes of the Figure 1.13. STM imaging is done with constant current I;
regulation, such that the tip follows the profile of constant density of states (often called
STM topography). Furthermore, the tip oscillation is activated, so the setpoint is a mean
value of the current during one oscillation cycle. Afterwards, in order to perform AFM
measurements the z-feedback loop is opened, the bias on the sample V, is reduced and the
scanning is done in the constant height mode. It means that the tip is scanning parallel to
the surface plane and the detected signal is a frequency shift of the sensor. Subsequently,
the tip is approached slowly to the sample (with steps of 10 pm) until a high resolution

imaging is achieved.

Figure 1.13: Imaging modes used in the experiments, a) STM with constant current regulation (z
feedback closed), b) AFM constant height mode (z feedback open)

1.13 Spectroscopy methods

In order to get deeper insight into properties and interaction mechanisms of investi-

gated molecules, different types of spectroscopies were performed in this work:
e frequency shift versus bias Af(V;)
e tunnelling current versus bias [;(V;)
e frequency shift versus distance Af(z2)

In each spectroscopy at first, the tip is positioned at the certain place of the sample
and then the Z-feedback loop is turned off during the spectroscopy measurements. During
the spectroscopy experiments other parameters can be also recorded, including amplitude,

phase or excitation.
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1.13.1 Frequency shift versus bias spectroscopy

Modelling the tip-sample system as a metallic capacitance C(z), we can write the
formula for gradient of electrostatic force as:
oF 18%C(2) AP

E(zo) = EW(me — ?)2 (1.26)

where A® = Dyompie — Prip is the difference between work functions of the sample and
the tip. With the presence of charges in the tip-sample capacitance, an additional term
of the electrostatic potential Vj(z) must be taken into account in the equation:

19%C(2) AP

(0 = 3 s Vhas = 55— Voa))? (127

Combining Equation 1.27 and 1.9 leads to the relation between frequency shift signal
and the bias:

o 8C(2)

Af =03

(Voas = =00 = 2(Voias — = WVa) + V2] (129)

The spectroscopy Af(V') experiment consists in recording frequency shift in function of
applied bias on the sample; from the maximum of the parabola we can obtain information
about the contact potential difference and the charges present in the sample. The different
signal contributions can be dissociated using spectroscopic analysis of the A f signal [55].
In the Equation 1.28 three different signal contributions appear: a quadratic, a linear
and a constant term with sample bias. Importantly, the model of capacitor applied here
treat the sample and the tip as continuous-like metallic bodies. At short tip-sample
distances, another mechanism needs to be included, involving mostly polarization effects.
In that case, an additional term, with a linear dependence on the sample bias should be
), 56, 57]. This linear

effect can be phenomenologically incorporated into the equations 1.27 and 1.28 as part of

considered, which stems from the short range electrostatic force [4

V(z) and thus, be taken into account though a parabolic analysis of Af(V) spectroscopic

curves (see here below). A typical spectroscopic curve is presented in the Figure 1.14.

1.13.2 Tunnelling current versus bias spectroscopy

Using scanning tunnelling spectroscopy we can obtain the information about the elec-
tronic properties of the system on the nanoscale. In order to obtain the value of the
tunnelling current between the metallic tip approached to the sample at the distance d

the integration of the transmission coefficient of the tunnelling barrier must be done by
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Figure 1.14: Frequency shift versus bias spectroscopy curve presenting parabolic character. The spec-
troscopy was done on Si:B without z-regulation, with A,;.=50 pm. In the plot, violet crosses correspond
to experimental data points, the fitted parabolic curve is indicated on green. In the graph, the instru-
mental offset in Af signal is observed due to the frequency thermal drift.

all the energy states E from 0 to eV [33]:

eV
I= f T(E, eV)puip(E, V) psampie(E)dt (1.29)
0

where pip, psample are the local densities of states of the tip and the sample and eV is the
bias applied to the sample. For small eV we can assume that pip and T stay constant,
such that the current will depend mostly on the local density of states (LDOS) of the
sample. Differentiating the tunnelling current by the bias leads to:

dl

W X Psample (BV) (130)

where the derivative of the current is proportional to the local density of states of the
sample. The shape of the measured derivative is independent on tip-sample distance, by
changing the polarity of the applied bias we can get information about both occupied and

empty states of the surface.

1.13.3 Frequency shift versus distance spectroscopy

This spectroscopy is an equivalent of a force curve performed in contact mode AFM.
The procedure relies in measuring frequency shift signal while decreasing the distance
between the tip and the sample. Most often, the spectroscopic measurement contains
two curves, for approach and retract Af measurements. During the experiment, it is

common to apply the bias on the sample which is equal to the surface potential in order
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to compensate capacitive long range electrostatic forces. Moreover, it is recommended
to start imaging after the spectroscopy to check any possible changes of the tip. As a
signal of frequency shift is an observable measured in nc-AFM measurement it must be
then converted to the force. There has been several methods of extracting the force from
spectroscopy Af(z), which are mentioned in the section 1.3 of this manuscript.

Due to the fact that KPFM is the principal technique used for the electric measure-
ments presented in this work, Af(V) spectroscopy and different signal contributions were
described in details. Other spectroscopy techniques: I(V') and Af(z) were explained

shortly as well but will not be used systematically in the work presented here.

1.14 Summary

In this introductory chapter the principles of main scanning probe techniques have
been explained, including STM and AFM. The oscillator model for tip-sample system
was described and the most important parameters characterizing nc-AFM experiment.
The introduction to imaging molecules with high stiffnes probes: Kolibri and qPlus was
done as well. In the second part of the chapter the experimental details of measurements
have been presented. In the last section different spectroscopy methods were explained
with a particuler focus on Af(V) spectroscopy, which is the main technique used in this
work. In the next chapter KPFM measurements on Si:B defects are presented with the

objective of detecting single charge using Kolibri probe.



Chapter 2

Charge detection of
Si(111)-(v/3 x v/3)R°30-B defects

In this chapter, charge spectroscopy measurements performed on defects of boron
doped silicon surfaces are presented. We are interested in the possibility to use Kolibri
sensors to detect single charges using Af(V) spectroscopy at 4 K, and in the high-resolution
imaging of such charges. The Si:B surface constitutes an interesting example of a surface
with several defects characterized with different charge states, which have been previously
studied with STM [59, 60, 61]. The only nc-AFM work presented so far deals with LCPD
measurements obtained as point-spectroscopy as a function of tip-sample distance [62],
however the information about the lateral variation of the surface potential above surface
defects is missing. In our experiments we observe and map the charge states carried
by either Si dangling bonds, buried ionized boron dopants and Si vacancies, which fall in
accordance with previous STM and theoretical studies. A detailed analysis of spectroscopy
measurements permits the obtention of maps of the surface potential, together with maps
of capacitance and van der Waals signals. The effect of the tunnelling current on the
sensor frequency shift, known as “phantom force”, is studied as well[63, 64], and leads to
the detection of additional frequency shift features in the Af(V) spectroscopy.

Spectroscopy experiments were previously realized with qPlus sensors on single gold
atoms deposited on NaCl/Cu(111) substrate[l3, 21]. These measurements included the
determination and the manipulation of a charge state of an atom by the use of Af(V)
spectroscopy. Although both qPlus and Kolibri sensors belong to family of quartz sensors
characterized by a high stiffness, not many studies were presented with the latter. The
high stiffness of the LER sensor (k’=1080 kN/m) lays beyond the optimal k for high
sensitivity and it is still at issue [51]. The results presented in this chapter will therefore
serve as test of sensitivity in charge detection by Kolibri sensor. They show that single

charge event detection and single charge mapping is not an issue for such high-stiffness
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SENSOTS.

2.1 Previous Si:B studies

The surface of boron doped silicon is of particular interest due to the passivation
of silicon dangling bonds and therefore chemical inertness of the surface. In absence of
surface defects, the electronic structure of a molecule deposited on this surface is hardly
perturbed and its interaction with the substrate consists of van der Waals forces rather
than covalent bonding. Due to this fact, Si:B has served in the last years as a substrate
for the growth of many supramolecular networks that have been extensively studied with
STM [65, 66, 67, 68].

The passivation of a surface silicon atom by an underlying boron atom corresponds to
an electron transfer from the silicon atom dangling bond to the boron atom, and results
in the formation of a surface dipole. The occasional absence of a boron atom under
a surface silicon atom leaves the DB unpassivated, which is one of the mostly studied
defects of this surface. It gives rise to a prominent bright contrast in STM images for
both occupied and empty states, which makes it easy to discriminate it from passivated
adatoms. The dangling bond defect is associated with an electronic state located in
the bandgap of the Si surface, with a position of ~ 0.6 V from the valence band (as
observed in STM spectroscopy). It has been shown that this state is able to support
large tunnelling currents, even more than 1 nA [59]. To explain this phenomenon, the
mechanism involving the electron recombination with holes from the acceptor band was
proposed, in which the excess of energy is released in form of vibration of the surface
silicon adatom. In the Figure 2.1(a) the schematics of the electron transfer to the DB
is shown, corresponding to transition from positively charged to neutral DB state (+/0).
The vibrational states are observed in the dI?/dV? spectroscopy with a separation of
31+3 mV between adjacent peaks (Figure 2.1(b)). In order to obtain the DB negatively
charged, the tunnelling barrier must be furthermore reduced, allowing the transfer of
second electron. Continuous occupation of DB state can be provided by saturating the
tunnelling current in the dI/dV spectroscopy with keeping the constant value of tunnelling
current. It allows in turn approaching the tip close to the surface and leads to observation
the second peak in dI?/dV? curve, corresponding to the transfer of second electron in the
DBIG1].

Another defect observed in STM images is a “buried” boron dopant located in layers
under the surface. Because of high doping, the holes are no longer localized on boron atoms
even at low temperature, therefore the buried boron dopants are negatively charged. This

charge causes band bending at the surface and locally changes the tunnel barrier in STM
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Figure 2.1: a) Energy diagrams presenting the process of electron transfer from the tip to dangling
bond (1) and electron recombination with the hole from the acceptor band (2). b) Spectroscopy curves of
dI?/dV? obtained on DB atom from the experiment (black curve) and calculated (red curve), the vertical
lines indicate the vibrational states. The spectroscopy was done at 5 K, with parameters of Vi;,,=1.5V,

1;=500 pA. Adapted from [59].

imaging [65]. It gives rise to a dark or bright blurry contrast for empty and occupied
states respectively (shown in the Figure 2.2); which intensity decreases with the depth of
the dopant. By analysing the form of STM contrast it was possible to define in which layer
the boron atom is located, starting from fourth layer under the surface. As the STM gives
local information of the surface, other techniques were also used to obtain macroscopic
results. From the NEXAFS studies the information about position of boron in subsurface
layer was acquired [69]. The location of boron dopants highly depends on the preparation
of the surface, including the temperature of sample flashing [70]. In the recent STM
studies of Si:B surface it has been shown that it is possible to switch the charge state of
a single silicon adatom by applying small bias pulse [54]. Each silicon adatom on this
surface has two reversible charge states - normal and bright one. The former corresponds
to passivated silicon atom while the latter to two electron bound state with displacement
of silicon adatom from the surface plane. This negatively charge state presents bright
contrast in the STM images, similar to dangling bond defect, however in STS shows a
peak in the bandgap at E=0.84 eV, which allows its identification. It has been also shown
as well that the bright atom state is quite stable at 78 K and can withstand up to two
days [54].

Concerning nc-AFM studies of the boron doped silicon surface, an extensive work has
been realized by Spadafora et al. [62] in which different defects were investigated, including

DB, buried boron dopants and silicon vacancy. This work was realized with qPlus sensor



34 2. Charge detection of Si(111)-(v/3 x v/3)R°30-B defects

Figure 2.2: STM images presenting change in contrast of boron dopants for a) Viqe=-0.4 V, b) Vpiq.=2
V, both images done with current setpoint of 1 nA. Energy diagrams and effect of tip-induced band
bending caused by negatively charge dopants for ¢) occupied and d) empty states. Images extracted from

[68].

at temperature of 4 K, and permitted the identification of defects in the constant height
frequency shift images. Apart from the topography contrast, the force spectroscopies
were performed which consisted in recording Af, I; and dissipation signals as a function
of the tip-sample distance. Short range forces were calculated from Af signals, in order
to study the reactivity of different surface sites. From the results obtained, the DB defect
showed the biggest reactivity with force value of &~ 0.8 nN [62]. Boron in subsurface
layers were far less reactive, with a maximum force of ~ 0.2 nN although the value
depended on the depth of the defect. Additionally, LCPD measurements as a function of
the tip-substrate distance were realized above DB, and regions with smaller and higher
tunnelling current (depending whether smaller or bigger amount of boron dopants are
located underneath). At closer distances Vopp values start to differ between the defects
and present the highest difference for DB but also significant difference between regions
of higher and lower tunnelling current (corresponding to bright and dark zones presented
in the inset of the Figure 2.3a), AVgpp =~ 40 mV. Therefore, the arrangement of these
defects can influence the assembly process of molecules deposited on this surface [62].
Recently, the surface of boron doped silicon has been used to demonstrate the possibility
of tip functionalization with silicon atom [20]. The process was done with a Kolibri sensor
tip by means of a controlled indentation in the surface. The single silicon adatom was
successfully attached to the tip which resulted in increased resolution in the constant

height Af and I; images. To confirm the effectiveness of the procedure the vacancy was



2.1 Previous Si:B studies 35

T T T T
(a) 0.7k g o " -
[ 2787 —o— parkarea <0.0108
o —O— 0.01nA < Bright area = 0.2 nA
° —9— DB»0.2nA

<3
[ -
i
-—

0.6

)
-
£
-
=
*
>
*

-
»
L
-
&
»
L 4
F]

HEA RTINS

- a

00 05 10 15 2
Tip-Sample Distance (nm)

Figure 2.3: a) LCPD measurements in the function of tip-sample distance z for dangling bond, bright
and dark regions in the I; map (correponding to the zones of high and low tunnelling current), in the inset
I; map extracted from constant height image. b) Increase in resolution in Af and I; after picking-up
a silicon atom from the surface shown in b), images done with Vp;.=-10mV. Red arrow displays the
position of Si atom used for functionalization procedure, green and blue circles indicate the positions of
atoms before and after functionalization. The images shown in a) extracted from [62], b) from [20)].

observed in the place of indentation with three underneath silicon atoms in the first
subsurface layer, as shown in the Figure 2.4. The high resolution achieved with Si tip
make it a promising candidate of tip termination, which is crucial in imaging molecules, as

compared to most frequently used carbon monoxide functionalization on metallic surfaces.

Figure 2.4: a) The model of Si-B surface first bilayer with silicon vacancy, b) the same model from
the top view showing three silicon atoms in the subsurface layer (indicated with yellow) and boron atom
(indicated with green). Increased resolution after tip functionalization with silicon atom in ¢) frequency
shift and d) tunnelling current image from AFM measurement. Adapted from [20].
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2.2 Identification of defects with STM and AFM

During the preparation of the Si(111)-(1/3 x v/3) R°30-B reconstruction, the sample is
kept at 900° C during several hours to allow the segregation of boron in the subsurface
layer and passivation of silicon dangling bonds. Nevertheless, on the large scale, the
surface reconstruction is not perfect and different types of defects can be found. Figure
2.5 shows STM images of Si-B surface for empty and filled states with different defects
indicated. The first noticeable defect in the empty state image is a bright protrusion
with 'flowery’ shape which stays bright in the filled state STM, however surrounded by
a darker contrast (indicated with blue colour in 2.5). This defect corresponds to non-
passivated dangling bond, caused by the absence of boron underneath the silicon adatom
(silicon atom in Sy site). The dark halo around the DB in 2.5(b) was formerly associated
with Coulomb interaction between the holes and charged DB [60]. Another defect, giving
a darker contrast in 2.5(a) is a buried boron dopant, located in a deeper subsurface
layer, starting from fourth layer under silicon adatom plane. Depending on the depth
of the dopant, the contrast in STM varies, giving rise to a bright blurry contrast in the
filled state STM. A third defect (indicated with yellow circle in 2.5), in the form of dark
adatom in the empty state STM corresponds to silicon vacancy. The contrast of this
defect has a hexagonal bright form in the corresponding filled STM image. Moreover,
we notice the presence of additional irregular defects, also changing their contrast in
filled /empty STM images, that we associate with surface adsorbates (see e.g. the defect

marked with a black circle). Figure 2.6 shows an AFM experiment performed in the
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Figure 2.5: STM images of the Si:B surface reconstruction presenting different types of defects for
a) empty states (Vpiae=1.5 V, ;=10 pA) and b) filled states (Vpiae=-0.5 V, I;=10 pA). Oscillation
amplitude A,,,=100 pm. Defects are indicated with different colours: dangling bond-blue, buried boron
dopant-green, vacancy-yellow, adsorbates-black.
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constant height mode, of the same zone as in the STM images of Figure 2.5. Prior to
AFM imaging, the tip was lifted by 500 pm, the sample bias was gradually reduced to 0
V and the oscillation amplitude was decreased to 50 pm. Subsequently, the tip was slowly
approached to the surface until atomic resolution was obtained. Besides the frequency
shift signal, different parameters were registered as well, including phase and excitation,

as shown in 2.6(a)-2.6(d). Despite zero bias applied on the sample, a residual signal was

18.5 pA
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Figure 2.6: AFM images of Si:B surface (the same zone as in the Figures 2.5) done in constant height
mode with Ay..=50 pm, Vpiee=0 V and different experimental channels: a) Af, b) I;, ¢) phase, d)
excitation channel.

also detected in tunnelling current channel presumably caused by a sample bias offset at
the electronics output. It allows for additional identification of different defects from STM
view. A residual current of maximum 18.5 pA was measured in the image, which serves
here exclusively to compare the contrast on different defects. The frequency shift signal
measured above normal silicon adatoms is negative, indicating an attractive force regime
in which the tip was scanning. In the AFM images we recognize different defects described

above. For a dangling bond, frequency shift contrast is more negative and the value of
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tunnelling current is higher compared to passivated adatoms, I; &~ 20 pA. The absence of
adatom is sighted for silicon vacancy in Af, giving a round shaped contrast in I; image. In
the case of buried boron dopant no variation of signal is detected in Af channel, probably
owing to the weak interaction between the tip at zero bias and the defect located deep
under the surface plane. Nonetheless, for atoms with the same Af contrast, we distinguish
different regions, showing smaller or higher tunnelling current. This variations are caused
by changes in electronic properties, stemming from different depth and organisation of
boron dopants under the surface [62]. We observe the adsorbent defects as well, presenting

bright contrast in both Af and I;, due to greater height compared to other defects.

2.3 Single point Af(z) spectroscopy

Spectroscopy measurements were done in the constant height mode with Z-feedback
loop open, similarly to AFM imaging. The spectroscopy relied in measuring the frequency
shift signal in function of the sample bias applied, at the fixed z-position. Additionally,
other experimental parameters were registered during the sweep, including tunnelling cur-
rent and excitation, which provide more detailed information about the defect. Before
the measurement, the tip was lifted by 150-250 pm from AFM scanning conditions (de-
pending on the measurement), so as not to pass too much current that would perturb Af
signal. Moreover, it allowed to increase the oscillation amplitude in order to reduce the

noise in Af signal. The example of a spectroscopic curve is presented in the Figure 2.7.
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Figure 2.7: Spectroscopy Af(V) curve above passivated silicon adatom. Spectroscopy experimental
points (blue crosses) showing parabolic dependence (fit curve in violet).

Considering a parallel plate capacitor model of tip-sample system leads to relation of

the frequency shift signal being proportional to the second derivative of the tip-sample
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capacitance and with parabolic behaviour with sample bias. The model has been described
in the section 1.13.1. Parabolic function in canonical form Af = A + B x (Vpias — Vi)?
was fitted to experimental data, which permitted direct access to contributions of van der
Waals, capacitance and surface potential respectively. The analysis of Af(V) signal leads

to three different information:

e surface potential V; - this value corresponds to the bias at the maximum of Af(V)
function (vertex of the parabola). V; contains both the information about the tip
and the sample work functions difference, as well as additional (local) electrostatic
contributions (for example, a local charge). This last contribution was described as
Vo(z) in the equation 1.28,

e capacitance - represented by the concavity of the parabola, coefficient B [Hz/V?],

e all interactions independent on the tip bias: van der Waals forces, image charge
contribution with presence of local charges. This signal is measured for Vy;,s=Vg
and is represented by coefficient A in the equation. It may also include in practice

an offset on the resonant frequency of the probe fy, if any (for instance in case of

thermal drift).

2.4 Experimental method

2.4.1 Grid procedure

In order to acquire the lateral distribution of surface potential, van der Waals (+image
charge) and capacitive force contributions, a grid spectroscopy over different defects was
performed. All grids presented in this manuscript were carried out starting from AFM
‘constant height’ imaging, except for the comparison done in section 2.4.2. The grid
of specified X,Y points was set over an AFM image of the defect, providing sufficient
lateral resolution. In the each point of the grid several spectroscopy measurements Af(V)
were done (4-6 curves) in order to verify the reproducibility of the experiment and to
reduce Af noise. The average curve was further analysed and all the signal contributions
were extracted. Despite the small lateral and vertical drift at low temperature, in long
experiments the displacement of the defect in the scanning zone can be observed. A
procedure of drift compensation in Af(V) and Af(z) mapping was previously described
by Mohn [71]. In this method, initially the STM is done, which serves as an reference
for subsequent measurements. Next, the feedback loop is open and the spectroscopy is
performed. Every 20 min, the measurement is stopped, the loop is closed and again the

STM imaging is done. This STM is correlated with the reference image so as to calculate
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and compensate for the drift. Then, the spectroscopy is continued in the same manner.
Although such a procedure can ensure exact positioning of spectroscopy measurements
with respect to the topography, in the experiments presented here no drift compensation
was adopted. The AFM image was done prior to and immediately after grid spectroscopy,
in order to calculate the drift, which for 2 h grids resulted in lateral displacement of

maximum 300 pm.

2.4.2 Constant distance vs constant height mode

There are two possible ways in which grid spectroscopy measurements can be per-

formed:
e in a constant distance mode
e in a constant height mode

In the constant distance mode, the tip-sample distance is kept constant such that the tip
follows the topography of the sample. Before spectroscopy in each grid point, the feedback
loop is closed and z-regulation is activated whether in STM or AFM. As a result, the z-
reference for each spectroscopy is done with respect to STM (AFM) setpoint, which follows
(point by point) the sample topography. In the constant height mode, the feedback loop is
open in the whole image and no z-regulation is activated. Hence, the spectroscopy in each
grid point is done at the same height position with respect to the substrate plane. The
signal of frequency shift at zero bias can be extracted from the spectroscopy measurement,
as well as the tip-substrate capacitance signal, which can serve as a topography reference.
As an illustration, a comparison of Kelvin probe spectroscopy done along a line on a
molecule in constant distance and constant height mode is shown in the Figure 2.8. The
molecule in the example is not studied in this thesis and its structure will not be described
here as the illustration focuses on the KPFM results while scanning above any nano metric
object. The implementation of the constant distance mode for spectroscopy measurements
is justified when the capacitance is kept constant by reproducing the sample topography.
However this is no longer the case in the experiments on the nanoscale where lifting the
tip above a small object like molecule, leads to a topography footprint artefact. This
occurrence can be seen in Figure 2.8, where three signal contributions are in like manner,
that is they follow the topography contour. As the macroscopic part of the tip (and not
the extremity) contributes mostly to measured capacitance signal, lifting the tip above
the molecule results in overall decrease in tip-sample capacitance, as shown in Figure
2.8(e). On the contrary, no artefact is observed for constant height mode where the tip

is scanning at the constant height above the sample. Moving over the molecule results
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Figure 2.8: Comparison of constant distance and constant height mode for a line spectroscopy of a
molecule. Constant current STM image (Vpiqe=-1.9 V, I;=5 pA) with a line grid of 25 points shown in
a), constant height Af image (Vpiqe=0 V) with line grid of 30 points presented in b). Signal contributions
extracted from the spectroscopy : surface potential c¢),d), capacitance e),f), van der Waals g),h) for
constant distance and constant height mode respectively. STM and AFM images were done with A,;.=50
pm, all spectroscopy with A,;.=100 pm.
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in increase of the capacitive force (due to the smaller tip-sample) distance and negative
capacitive signal, as presented in Figure 2.8(f). Consequently, the constant height mode

has been applied in all grid measurements presented in this thesis.

2.5 Grid spectroscopy on a buried boron dopant

Figure 2.9 shows the maps of surface potential, capacitance and van der Waals signal
together with incertitudes, obtained on buried boron dopant. The filled state STM image
is acquired in a first step, in which boron dopant is more visible. Additionally, as this
defect is not apparent in Af image, it needed to be located preferably in the vicinity
of other defects. In our case, two dangling bonds served as a reference for the grid
spectroscopy measurements of the dopant (Figure 2.9(a)-2.9(c)). In the next step, the
grid of 4.5 nm x 4.5 nm (15x15 points) was imposed on constant height AFM image,
centred at the defect but including normal silicon adatoms as well. The tip was lifted by
150 pm and the oscillation amplitude was increased to 100 pm. The parameters of the
grid, including the time of integration and number of sweeps were optimized to provide a
minimal lateral drift during the experiment, as presented in 2.9(b)-2.9(c). The duration
of the grid experiment was ~ 2 h with the lateral drift of &~ 200 pm. In the surface
potential map, that can be interpreted as a charge map, the bright contrast is observed
in the middle of the image (Figure 2.9(d)), corresponding to the negative elementary
charge detected over the ionized boron dopant. The capacitance map - as expected -
is rather flat and no variation of the signal is detected over the image. In the van der
Waals map in turn, 2.9(f), a small gradual change in contrast is observed and the signal
becomes more negative in the upper part of the image. This change is due probably to
the drift in Z during the measurement, such that the tip becomes closer to the surface
in the upper part of the grid and results in more negative Af signal. Additionally, the
contrast in this map compared to former AFM image is lost, due to the tip lifting and
reduced lateral resolution of the grid. From the cross section in the V, image we find a
mean value of surface potential difference between the boron dopant and normal silicon
adatoms of 35 mV + 7 mV. The lateral dimension of charge imaged for boron dopant is ~
3 nm. It is worth noting, that no crosstalk between individual maps of surface potential,
capacitance and van der Waals is observed. Furthermore, the quality of the parabolic fit
to experimental data (Figure 2.9(h)) is homogeneous and relatively small, pointing to

correct fitting procedure for the full set of spectroscopic data.
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Figure 2.9: Grid spectroscopy measurement on buried boron dopant, a) STM image prior to AFM
imaging (Vpiae=-0.7 V, ;=10 pA) with boron dopant and two dangling bond defects, corresponding
constant height Af images with grid imposed b) before and c) after the grid experiment. Colour scale
for: AFM images -0.9 Hz < Af < 0.6 Hz, STM image 0 < z < 160 pm. Signal maps extracted from
Af(V) spectroscopy of d) surface potential, €) capacitance, f) van der Waals signal, g) incertitude of
Vg, h) fit error (root mean square (RMS)). STM and AFM images were done with A,.=50 pm, grid
spectroscopy with A,.,=100 pm. Two yellow arrows indicate the position of DB atoms giving slightly
darker Af contrast.
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2.6 Grid spectroscopy on a silicon vacancy

Figure 2.10 shows a grid experiment done on the defect of silicon vacancy (4 nm x
4 nm and 15 x 15 points). A great care was taken in finding an isolated defect that
is not disturbed by the properties of other defects in its close proximity. Prior to the

spectroscopy, the tip was retracted by 200 pm and the oscillation amplitude was increased

0.027 Hz

van der Waals

(2) (h)

Figure 2.10: Grid spectroscopy measurement on silicon vacancy, a) STM image prior to AFM imaging
(Vbias=2 V, ;=10 pA), constant height Af images of vacancy with grid imposed b) before and c) after
the grid experiment. Color scale for: AFM images -1.0 Hz < Af < 0.2 Hz, STM image 0 < z < 120 pm.
Signal maps extracted from Af(V) spectroscopy of d) surface potential, €) capacitance, f) van der Waals
signal, g) incertitude of V,, h) fit error (RMS) on Af(V) spectroscopy. STM and AFM images were done
with A,q.=50 pm, grid spectroscopy with A;,.=100 pm.
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to 100 pm. By comparison between Af images before and after the spectroscopy (2.10(c)-
2.10(c)), we estimate the lateral drift of & 100 pm for the 2h grid experiment. Small
variations of the signal are measured in V, map with single fluctuations of maximum 15
mV (shown in 2.10(d)). Therefore we deduce that the vacancy is an electrostatically
neutral defect. Similarly to buried dopant, change in contrast between bottom and upper
part of van der Waals chart caused by the vertical drift is observed. Regarding the
capacitance plot, no signal contrast is observed, possibly due to the small height difference
between silicon adatoms and the vacancy that is indiscernible in this experiments. Once

more, no crosstalk between individual signal contributions is observed.

2.7 Grid spectroscopy on a silicon dangling bond

A grid spectroscopy measurement together with STM image before the grid, performed
on a non-passivated silicon dangling bond is presented in Figure 2.11, following the same
procedure as for the buried dopant or silicon vacancy. The grid of 2.8 nm x 2.8 nm
and 15x15 points was imposed on Af image of an isolated dangling bond. Before the
spectroscopy, the tip was lifted by 150 pm and the amplitude was changed to A ,,,=100 pm.
In Figures 2.11(d)-2.11(e), an evident correlation is noticed between surface potential
and capacitance. In the center of both maps, a bright round contrast is observed with
few dark points in the very middle of the grid, corresponding to the DB. Moreover, it can
be noticed that the incertitude in the estimation of the surface potential is much higher
in the middle of the grid, as shown in 2.11(g). This indicates a problem in the fitting
procedure to experimental data in this part of the grid. Although the tip is retracted
before the spectroscopy and the range of bias sweep is chosen so as not to pass the
tunnelling current between the tip and the sample (bias range of -1 V to 1 V), still a
significant current is detected. Figure 2.12 shows the examples of I; map at the voltage
of 750 mV, corresponding to DB state located in the band gap and for -950 mV. In the
former, the maximum value of current is measured on non-passivated adatom ~85 pA
and decreases to =15 pA on first adatom neighbours, whereas for -950 mV the current
is detected systematically above all adatoms. For this reason, the spectroscopy curves
in each grid point were analyzed individually, to verify if the tunnelling current has an
impact on their form. Figure 2.12 presents spectroscopy Af(V) with corresponding I(V)
curves acquired on the dangling bond in the middle part of the grid. An obvious influence
of the tunnelling current on frequency shift signal is observed in both cases. As seen
in the Figure 2.12(a), 2.12(b) the increase of frequency shift signal and change in the
shape of parabola is noticed for the positive bias &~ 0.5 V which corresponds to abrupt

rise of the tunnelling current. For the negative bias, a gradual change in parabolic shape
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(b) (c)

0,100 Ha/v*

0.413 Hz

. van der Waals
(f)

=0.146 -0.505

(d) (e)

16.9 mHz

errorin Vs fit RMS

111

(2) (h)

Figure 2.11: Grid spectroscopy measurement on dangling bond using the bias range [-1 V, 1 V] a)
STM image prior to AFM imaging(Vpies=-0.7 V, I;=10 pA), constant height Af images of DB with grid
imposed b) before and c) after the grid experiment. Color scale for: AFM images -1.6 Hz < Af < 0.1
Hz, STM image 0 < z < 140 pm. Signal maps extracted from Af(V) spectroscopy of d) surface potential,
e) capacitance, f) van der Waals signal, g) incertitude of V,, h) fit error(RMS). STM and AFM images
were done with A,..=50 pm, grid spectroscopy with A,;,=100 pm.
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Figure 2.12: The effect of tunnelling current on the frequency shift signal, a),b) Af(V) spectroscopy
with corresponding c), d) I(V) curves. Tunnelling current detected during grid spectroscopy for e) 450
mV and f) -950 mV. The change in the shape of parabola due to the increase of the tunnelling current
is indicated with red intermittent line in a) and b).

of Af(V) curve is noticed, caused by systematic increase of the current passing from the
tip to the sample. As a result, fitting a parabolic function to these data leads to artefacts
in obtained results and correlation between individual signals of capacitance and charge

distribution as observed above. The influence of tunnelling current of frequency shift
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signal is studied in the section 2.7.2.

2.7.1 Corrected grid spectroscopy

In order to correct the grid experiment and eliminate the influence of tunnelling current
on frequency signal, the bias range where the fitting is done was reduced to (-0.4 V, 0.4
V) for which the current stayed at lower level (less than 10 pA). As a result, the frequency
signal was not perturbed, staying parabolic in the whole bias range. Corrected maps for

dangling bond are presented in the Figure 2.13. In the Figure 2.13(e) still some noise in

—0.055 Hz/\v? =0.415 Hz
van der Waals

(b) (c)

16.0 mHz

error in Vs fit RMS

||||||||

(d) (e)

Figure 2.13: Corrected grid spectroscopy on dangling bond, bias range was reduced to (-0.4 V, 0.4 V).
Grid maps extracted from Af(V) spectroscopy of a) surface potential, b) capacitance, c) van der Waals
signal, d) incertitude of Vy, ) fit error (RMS). STM and AFM images were done with A,q.=50 pm, and
the grid spectroscopy with A,,,=100 pm (with the tip lifted by 200 pm).

the middle of the image is observed, however the incertitude of V, is now more uniform.
[ts larger mean value is caused by reducing the bias range, hence the number of data
points used for the fitting. Importantly, no correlation between surface potential and
capacitance is observed. Upon the correction of grid, a dark contrast is seen in the middle
of surface potential map which corresponds to the detection of a positive charge state for
the DB, similary to the results presented previously by Spadafora et al.[62] . The contrast
is slightly elongated in the horizontal direction of the grid, caused by a drift during the



2.7 Grid spectroscopy on a silicon dangling bond 49

measurement(~ 100 pm). We find an average -85 mV + 10 mV of a difference in V;,
between DB and normal silicon adatoms. Regarding the capacitance, the signal stays
constant throughout the map which indicates no detectable capacitive difference between

the charged adatom DB and the passivated silicon adatoms.

2.7.2 Charging vs phantom force effect

In the previous studies of DB defect, it has been shown that it is possible to change the
charge state of non passivated silicon atom through dI/dV spectroscopy[59, 60, 61]. Non
parabolic behaviour of Af presented here could be explained by the transfer of electron
from the tip to the dangling bond atom. In the Af(V) spectroscopy such transition
would be revealed by a shift of the parabolic function [21, 72] towards positive sample

bias. From the DB grid experiment different spectroscopy curves have been extracted and
further analysed (Figure 2.14).
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Figure 2.14: Spectroscopy curves extracted from three grid points Py, Py and Ps, showing possible
charge transfer between the tip and DB atom at ~ 0.5 V. Positive DB state is indicated with blue
experimental points (fitted with violet curve), the neutral DB state after charging indicated with yellow
data points (fitted with green curve).

In each graph, the Af signal has parabolic character until ~ 0.5 V, where a small jump
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is observed, the other experimental points are shifted upwards, towards less negative Af
values. Fitting another parabola to these points resulted in the function shift towards
more positive value of Vg compared to the first parabola, which is in accordance with
negative charging of DB atom. The values of V; shift found from the analysis are 80 -

140 mV + 10 mV which is the same order of magnitude of single charge detected in the
DB grid.

Another possible explanation of non-parabolicity of frequency shift curves could be
“phantom force” effect which is related to the change of Af signal while detecting the
tunnelling current at the same time. Phantom force has been studied previously on silicon
surfaces with low and high doping level [63, 64]. The tunnelling current passing through
a sample leads to local voltage drop and therefore causes the detection of additional
electrostatic force, which is proportional to the resistance of the sample and the current,

the measured signal is described with:
Af = A+ B(Viigs — Vs — R, I})? (2.1)

where R is the resistance of the sample. The coefficients A, B represent the vdW and
capacitance signals and have been described in the section 2.3. In the Af(V) curves, an
additional positive frequency shift signal is observed for both negative and positive sam-
ple bias if the tunnelling current is passed during the measurement. To account for the
possibility that phantom forces may explain the non-linearities of Af(V) spectroscopies
over dangling bonds, Af signal was fitted by the parabolic function however by adding
additional term oc RgI¢(V). The results for the same three spectroscopy points are pre-
sented in the Figure 2.15. In the plots it can be seen that the parabola deflects at around
0.5 V where the tunnelling current through DB occurs. For each Af(V) curve the sample
resistance of 10 M2 was incorporated in order to reproduce at best the experimental data
points. In the work of Weymouth et al. [63] the obtained sample resistance Rs=164 M,
however investigated Si(111) sample was low-doped with higher resistivity of 6-9 (lcm,

which can explain much lower value of sample resistance found here.

Another process related also to the tunnelling current is a parasitic coupling between
Af and I, observed for the quartz sensors [73]. Here the principle is that the oscillating
tip radiates the electromagnetic field which is then coupled by the motion of the sensor
by inverse piezoelectric effect. This effect would be also proportional to the value of the

tunnelling current.

Comparison of different hypothesis discussed in this section it is not enough to conclude
which mechanism is responsible for non-parabolic behaviour of spectroscopy curves. Both

charge transfer and phantom force effect result in similar behaviours of Af(V) curves. At
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Figure 2.15: Af(V) spectroscopy for the same grid points P1, P2 and P3 as presented in the Figure
2.14, the data were fitted with by the function Af = A + B(Vhige — Vs — ReI;)? where R.=10 MQ.
The deflection of the fitted cure is observed at = 0.5 V, where the significant current is passed through
dangling bond state (indicated with the arrows).

sample bias of 0.5 V the tunnelling current increases significantly and the experimental
point are shifted towards less negative values which can be caused either by charge transfer
or detection additional signal caused by phantom force effect. The significant noise of
frequency shift signal hinders the interpretation of results and needs to be improved in

order to distinguish between both effects.

2.8 Comparison of different defects

Figure 2.16 shows the comparison of surface potential maps obtained on buried boron,
silicon vacancy and dangling bond. High doping level of silicon crystal results in delo-
calization of holes and formation of an impurity band. Therefore, the positive surface
potential measured on buried boron in the experiment is in accordance with the fact that
sub-suface boron dopants are negatively charged. The dangling bond, as it is known from

the previous work, can have three charge states:
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e positively charged observed for the small bias,

e neutral, when one electron is transferred to DB, observed at Vggmpe ~ 0.6 V in the

spectroscopy,

e negatively charged, when the saturation of tunnelling current leads to the transfer

of second electrons to DB, for Veumpre = 1.4 V.

At small bias, the electron of non-passivated dangling bond which state is located in
the bandgap, will recombine with the hole from the valance band leaving DB positively
charged [01]. This state is observed in the grid experiment presented here, as the negative
V, is detected on the DB atom. In the case of silicon vacancy, no charge was detected.
[t must be pointed out that by the means of only AFM imaging it was not possible
to distinguish whether boron or silicon atom resides under the vacancy. Nevertheless,
the analysis of defect in the grid measurement indicates the presence of a silicon atom
in the vacancy, as the boron atoms in Sj site would give a significant surface potential
difference compared to other passivated adatoms. The absolute value of surface potential
measured for DB defect is much higher than for a buried dopant, as it is located in deeper
subsurface layers. Furthermore, the lateral extent of Vg is much smaller for the point

defect like dangling bond (& 2 nm), compared to buried dopant (&~ 3 nm).

0.030V

-0.120

(a) (b) (c)

Figure 2.16: Comparison of surface potential maps for a) boron dopant, b) silicon vacancy and c)

dangling bond.

2.9 Conclusions

Spectroscopy measurements presented in this chapter showed the possibility of single

charge detection using Kolibri sensor. Different types surface defects have been identified
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using STM and nc-AFM techniques and studied with Af(V) spectroscopy in the context
of charge detection. From the grid experiments three different charge states have been
detected: neutral state for the silicon vacancy, negative charge state for buried boron
dopant and positive charge for DB defect. These charge states are accordingly to the
theory and previous STM studies presented on Si:B surface. The negative charge observed
for buried dopant yielded ~ 35 mV in the surface potential map which is significantly less
than the value measured on DB defect due to the location of the dopant deeper under the
surface plane. In the analysis of dangling bond, non parabolic behaviour of Af(V) was
observed at sample bias of &~ 0.5 V that can stem from two phenomenas - either charge
transfer from the tip to Si atoms or phantom force effect, related to the tunnelling current
passing through the sample. Despite the fact that it is not possible to clearly distinguish
which mechanism dominates, the care must be taken in the analysis in order to avoid
artefacts. The negative potential map obtained for DB defects with ~ -85 mV indicates
that the dangling bond is found in the positive charge state and determines the reference

potential value for a single surface charge.






Chapter 3

nc-AFM and KPFM study of CDB
and CDB-I molecules on Si:B

The main objective of this chapter is the verification of the resolution and sensitivity
of Kolibri sensor in topography and electrical imaging of a single molecule deposited on
semiconductor surface. From Af images obtained in constant height mode we observe
submolecular resolution, achieved without intentional tip functionalization. The details
of aliphatic chains and three phenyls of the probed molecules are identified in nc-AFM
images. The features of molecule structure observed in Af are affirmed by comparing
images with simulation. Moreover, an asymmetry in the length of two side phenyl groups
is systematically observed between different CDB-I molecules. In the second part of the
chapter, KPFM measurements are presented on both CDB-I and CDB molecules. Two
different types of contrast are observed in surface potential maps, showing that part of
molecules can be charged either negatively or positively. We associate this difference with
different adsorption sites and possible charge transfer from the molecule to substrate when

the molecule is adsorbed on a surface defect.

3.1 A brief overview of high resolution imaging of

single molecules

The first important work presenting ultra high resolution in nc-AFM on molecules was
realized by the IBM group in 2009 [9], in which the chemical structure of individual pen-
tacene molecules deposited on Cu(111) was resolved, using a metallic AFM tip terminated
with a single carbon monoxide (CO) molecule. In this work it has been shown that the
crucial factor in obtaining high resolution is the process of controlled tip functionalization.

The decoration of the tip apex with single CO molecule results in an increased resolution
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in both STM and AFM, such that the five hexagon carbon rings and C-H bonds of pen-
tacene are visible in constant height Af images (shown in Figure 3.1). The intramolecular
resolution was also achieved on thin film insulating surface of NaCl(2ML)/Cu(111) with
various tip functionalizations of CO, Ag, Cl and pentacene [9]. The dependence of Af con-
trast on tip-sample distance was explored and showed the importance of repulsive forces

detection in obtaining submolecular resolution. Since then, a large number of different

Figure 3.1: Chemical structure of pentacene on Cu(111) resolved in constant height AFM images. The
model of pentacene molecule with five carbon rings shown in a), b) STM (I;=170 pA, V;iq.,=170 mV)
and c),d) AFM images of a molecule using CO terminated tip with oscillation amplitude of 20 pm and
80 pm in c) and d) respectively. Adapted from [9]

(essentially flat) molecules have been resolved with CO tip on metallic and passivated
surfaces with NaCl [74, 75, 76]. Different tip functionalizations were also tested including
Xe [16, 15, 77], copper oxide CuO [12, 17] and nitrous oxide N,O [15]. Nevertheless, not
many works have been demonstrated on semiconductors. One study has been achieved by
Sweetman et al.[19] in which a single molecule deposited on highly reactive silicon surface
was imaged. Figure 3.2 presents STM and AFM image where the chemical structure of
the NTCDI molecule was resolved at 78 K. What is important, this high resolution was
obtained without intentional tip functionalization, only by conditioning the tip on the
silicon surface. From the comparison of experimental Af(z) curves with simulations it is
possible to determine which tip termination is responsible for creating the high resolution.
The most probable candidate for the image shown in 3.2b is NTCDI molecule adsorbed
at the tip with oxygen atom pointing towards the surface. Nevertheless, it is also possible
that silicon dimer at tip apex would produce the same Af contrast [19].

Except for high resolution imaging of molecules structure, thanks to nc-AFM the dis-
tribution of contact potential difference was obtained on the submolecular scale, using
Af(V) spectroscopy [22]. The Figure 3.3 shows STM, AFM and KPFM images of naph-
thalocyanine molecule adsorbed on NaCl(2ML)/Cu(111) surface. The LCPD value was
extracted from the maximum of Af(V) parabola in each point of the grid for metallic
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Figure 3.2: NTCDI molecule on Si(111) 7x7 surface at 78 K, a) STM (I;=40 pA, Vpiae=1.5 V), b)
constant height Af image, A:,=0.28 nm, ¢) model of molecule adsorption on the silicon surface. Green
arrows indicate the positions of two passivated silicon atoms. Size of images a), b) 3.8 nm x 3.8 nm. The
image extracted from [19]

Cu(111)

Figure 3.3: a) STM image (I;=2 pA, Vpias=0.25 V) of naphthalocyanine molecule adsorbed on NaCl
film on Cu(111), b) constant height Af image with chemical structure resolved, image was taken with CO
functionalized tip. KPFM maps of LCPD of the molecule obtained with metallic (after tip indentation
in the copper surface) and CO tip are shown in c¢) and d) respectively. Scale bars: 2 nm in a) and 0.5
nm in b)-d). Images extracted from [22]



58 3. nc-AFM and KPFM study of CDB and CDB-I molecules on Si:B

and CO tip, presented in 3.3c, 3.3d respectively. From the comparison of both images
it is evident that the functionalization process leads to an enhanced resolution also in

KPFM measurements. Additional DF'T simulations affirm that the contrast observed in
the KPFM images reflects the charge distribution within a single molecule.

3.2 Presentation of molecules used in this work

The two molecules studied here are organic molecules containing three benzene rings
and aliphatic chains. The first molecule is 1-(4’cyanophenyl)-25- bis(decyloxy)-4-(4’-
iodophenyl)benzene, named in this manuscript as CDB-I. This molecule is made of two
aliphatic chains attached to a three-phenyl core ended with two different terminations.
The design of the molecule (length of the aliphatic chains or phenyl chain) has been made
in order to generate self-assemblies on Si:B [7%] as studied in Chapter 4. In the CDB-I
molecule, the first termination of the phenyl chain is cyano group, known to be a strong

electron withdrawing group; the second termination is an atom of iodine, acting as an

iodine —— +0.1e CBD-I
-0.3e
OC10H21
-0.3e i
cyano — CN g -0.3e

(a) (b)

(c)

Figure 3.4: The structure of a) CDB-I with two aliphatic chains C19H»; and three-phenyl core, the
different terminations of the molecule are indicated: nitrogen atom of cyano group (blue) and iodine
atom (pink). The charge distribution was obtained for a molecule in vacuum from DFT calculations. b)
CDB with two identical cyano terminations, the distance between the extremities of aliphatic chains is
3.18 nm, the separation between two nitrogen atoms of cyano groups is 1.65 nm. The structure of CDB-I
after minimization of energy (using PM3 method) for a molecule in vacuum presented in c¢). The images
in a) and b) are extracted from [79].
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electron donor. Due to the difference in electronegativity of both terminations, a dipole
of 3.6 Debye is formed along the phenyl core of the molecule. The second molecule is 1,4
bis(4’cyanophenyl)-2 5bis(decyloxy)benzene, labelled as CDB. This molecule resembles
CDB-I, however it is ended with two identical terminations of cyano groups and therefore
exhibits no dipole along the phenyl chain. Previously, the CDB molecule was also studied
on ionic alkali halide surfaces on which it formed highly-organised molecular networks [0,
81]. The distance between the extremities of aliphatic chains for each molecule is 3.18
nm. Structures of CDB-I and CDB molecule together with dimensions are shown in the
Figures 3.4(a) and 3.4(b). The charge distribution for both molecules in the vacuum
was obtained from DFT calculations done by Christophe Krzeminski (IEMN). The model
of the molecule in vacuum after minimization of energy (PM3 method), as done by David
Guérin, is presented in 3.4(c). The tilt of two side phenyls with respect to the central
phenyl is observed, caused by steric effects related to the hydrogen atoms of each of the
phenyl groups. The same tilting of the side phenyls is also observed in the case of CDB

molecule.

3.3 Structure of molecule resolved with nc-AFM

In this section, single molecule AFM measurements are presented showing the highest
resolution obtained without intentional tip functionalization. The deposition of molecules
presented here was effectuated at low temperature, that is, the sample was taken out
directly from the microscope and was not thermalized back to 300 K during the molecule
deposition. This type of deposition resulted in the formation of small ordered domains,
but also many individual molecules have been found in the vicinity of surface defects. A
STM image showing the molecules organisation is presented in the Figure 3.5. One of
the single molecules has been chosen for AFM imaging. The constant height Af image
and a possible orientation of the corresponding molecule are presented in 3.6(a), 3.6(c).
Despite a slight double tip (as seen in 3.6(b)), the submolecular details are observed in
the AFM image. First of all, we observe the details of aliphatic chains in the form of five
protrusions. Knowing that each aliphatic chain contains ten carbon atoms arranged in a
zigzag form, we associate these protrusions with either five topmost carbon atoms along
the chain or C-H groups pointing out perpendicular from the surface plane. Moreover,
the distances measured between the protrusions - from 260 pm to 275 pm +10 pm - are
close to the distance value between two carbon atoms - 250pm - represented in the model
in 3.6(d). Small differences can be caused by the tilting of the chain on the surface.
Furthermore the bottom aliphatic chain is bended at the end at 120° which corresponds

to the directions of substrate silicon rows.
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450 pm

(a) (b)

Figure 3.5: a), b) STM images of molecules organisation after LT deposition. The formation of small
molecular islands is seen, as well as many individual molecules found close to Si(111):B defects. Images
have been taken with A,=50 pm, Vp;0.=-1.9 V, ;=5 pA.

Secondly, for the aromatic core of the molecule three phenyls can be distinguished.
The central phenyl, is orientated flat on the surface and therefore gives dark contrast in
Af image. Two side phenyls have much higher Af signal due to their tilting on the surface.
Furthermore, the cross section through the core shows an asymmetry in length between
two side phenyl groups of 120 pm +20 pm, as shown in the Figure 3.6(e). It is likely at
this stage, that the length difference stems from the sole comparison of the length of the
signals associated with phenyl ring terminations in Af images 3.6(c). On the one hand,
the cyano group termination is longer than iodine termination which could indicate that
it corresponds to the phenyl group with greater length observed in Af image. On the
other hand, the atom of iodine is bigger than atoms of carbon and nitrogen and could
give higher Af contrast than cyano (and therefore apparent as a longer termination) when
passing at the constant height during AFM imaging. At this point it is not possible to
distinguish between both terminations and KPFM measurements will need to be done to
verify if the longer termination corresponds to cyano or iodine. The comparison of cross
sections for both CDB-I and CDB molecules will be presented for the assemblies in the
section 4.8 of the next Chapter.

Another single molecule CDB-I imaged with AFM is presented in the Figure 3.7.
During the measurement a small negative bias (-390 mV) was applied on the sample which
allowed measuring the tunnelling current at the same time with Af signal. The contrast

on silicon adatoms shown in 3.7(c) served for finding the adsorption site of molecule on
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Figure 3.6: a) Af image of a single CDB-I molecule, Ay;.=50 pm, V=0 V, b) STM image of
the molecule (Ape.=50 pm, Vpige=-1.9 V, ;=5 pA), ¢) molecule configuration reproducing possible
orientation of molecule corresponding to AFM image, d) cross section of the aliphatic chain with distances
between the protrusions, corresponding to the white intermittent line in a), e) cross section of the aromatic
core of the molecule showing the asymmetry between both terminations, corresponding to the black

intermittent line.

the substrate. The positions of Si atoms are indicated with white dotted intermittent
line in 3.7(d). It is observed, that aliphatic chains (whether straight or bended) always

follow the substrate and place themselves between the rows of silicon atoms. Therefore,
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Figure 3.7: a) STM image of the CDB-I molecule located near surface defect (Vpiqe=-1.8 V, ;=5 pA,
A :=50 pm,) and b) corresponding constant height Af image (Vpiae=-390 mV, A,.,=50 pm,). Tunnelling
current channel extracted from the AFM measurement is presented in c), the contrast on silicon atoms
was then used and superimposed on Af image shown in d). Two side phenyls groups are indicated with
white dotted line in the image b).

it indicates an important interaction between the substrate and the molecule. The same
behaviour was systematically observed for several molecules found isolated on the surface.
Again, the asymmetry between two side phenyl groups are observed for these molecules

as well.
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3.4 KPFM of a single molecule

KPFM measurements of single molecules presented in this section have been achieved
in the same manner as measurements of surface defects described in the section 2.3. Prior
to spectroscopy, the tip was retracted by 100-300 pm and the oscillation amplitude was
increased to 100 pm. Depending on the measurement, in each grid point 4-6 spectroscopies
were done. In order to reduce the Af noise, the average curve of all spectroscopy curves

for forward and backward sweeps was then analysed.

The grid measurement of 33 x 31 points and 2.5 nm x 2.4 nm size of CDB-I molecule is
presented in the Figure 3.8. The tip was retracted by 100 pm before the grid and the time
of measurement was 9h. From comparison of the AFM image before and after the grid,
we measured the lateral drift of &~ 500 pm. Despite this, it is possible to clearly identify
the structure of the molecule in the reconstructed Af(V;) signal map, as seen in 3.8(c)).
This signal contains a van der Waals contribution but also short range repulsion where
the signal becomes positive. The contrast obtained resembles the one in Af images, with
darker contrast on the central phenyl and higher signal on two side phenyls. In the surface
potential map of molecule (presented in 3.8(e)), a more positive V; signal is detected on
the molecule compared to silicon substrate. A slightly more negative signal is observed in
the ”capacitance” image for the three phenyl core in 3.8(d), which is caused by increased
capacitance due to the molecule height when moving the tip at the constant height above
the surface plane. The error in fit (RMS) is rather homogeneous with average value of 12
mHz as presented in 3.8(f). The variation of surface potential above the molecule was
further analysed and shown in the Figure 3.9. First of all, the surface potential measured
on aliphatic chains is smaller than the other part of the molecule. The mean value of 50
mV is found, with respect to the silicon substrate. The signal measured on the molecule
core is higher, &~ 130 mV on side phenyls and ~ 220 mV on the central phenyl. Moreover,
two brighter features are observed symmetrically on the both sides of central phenyl,
having higher V; value of around 60 mV compared to the central phenyl. We associate
these features with two oxygen atoms located at the beginning of each aliphatic chains,
that are bearing a negative charge and therefore more positive V. The cross section
of surface potential through central phenyl is indicated with blue intermittent line and
presented in 3.9(c). Furthermore, we can distinguish the parts of molecule with negative
and positive signals in V¢ which is in accordance with a situation without significant net
charge transfer between the substrate and the molecule. The cross section of V, done
for the core of the molecule, presented in the Figure 3.9(d), shows the asymmetry in
the surface potential of 100 mV between both terminations. The distance between the

maximum of V signal at first extremity and minimum at the opposite one is 1.6 nm.
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Figure 3.8: KPFM grid measurement of CDB-I molecule, a) constant height AFM image with grid
before and b) after measurement, c) Af(V,) signal map, d) capacitance coefficient, e) surface potential
and f) fit error(RMS). AFM images were done with A,..=50 pm, and the grid spectroscopy with A,..=100
pm (with the tip lifted by 100 pm with respect to AFM imaging conditions). The duration of the grid -
9h.
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Figure 3.9: a) Surface potential map of CDB-I molecule presented in the Figure 3.8, b) incertitude
in surface potential. T'wo cross sections of V; indicated with intermittent lines in the image a) and are
presented in c¢) cross section of the central phenyl with oxygen atoms (blue colour) and d) cross section
through three-phenyl core (yellow colour).

The side phenyl group with greater length in Af image corresponds to the termination
of positive Vg, while the shorter one corresponds to negative V,. For this reason, we
attribute the longer termination with positive surface potential (and negative charge) to
the cyano group, whereas the shorter termination with slightly negative surface potential

(and positive charge) corresponds to the iodine atom.

A similar contrast of surface potential was found on several molecules, KPFM mea-
surements of two other CDB-I molecules are shown in the Figure 3.10. The aliphatic
chains have smaller V, signal compared to three-phenyl core of each molecule, however
the absolute values varies, depending on the molecule investigated. For CDB-I shown

in 3.10(a) surface potential of &~ 120 mV was measured on the molecule core and =~ 50
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Figure 3.10: T'wo grid measurements of CDB-I molecules showing the same V; contrast. a), b) Af(V,)
signal map, c), d) Surface potential and e), f) Cross sections of V, through the cores of the molecules
indicated in ¢) and d) . The grid spectroscopy was done with A,.,=100 pm (with the tip lifted by 100
pm with respect to AFM imaging conditions). The duration of both grids was 4h.



3.5 Conclusions 67

mV on aliphatic chains, with respect to silicon substrate. Comparatively, in the case of
3.10(b), V; of = 80 mV and ~ 25 mV was found on the core and chains respectively.
Once again, bright features are found on the sides of central phenyl with much higher
signal, as seen in 3.10(c) and 3.10(d). The differences in measured values of surface
potential may be caused by the different scanning conditions in constant height AFM
and therefore, different heights at which KPFM measurement were performed. Moreover,
the adsorption and different inclination of each molecule on the surface can contribute to
the differences in V. For both CDB-I molecules investigated here, the asymmetry in the
surface potential is observed between both extremities of the molecule core, as seen in the
cross sections in 3.10(e) and 3.10(f). Similarly to the molecule presented in the Figure
3.9, the positive surface potential is detected for the termination with greater length and
negative surface potential for the shorter termination. The difference of 270 mV and
290 mV is measured between the terminations for 3.10(e) and 3.10(f) respectively, the
corresponding distances between the extremities are 1.6 nm and 1.7 nm. The systematic
asymmetry observed in both Af and V, images for CDB-I molecule indicates that the
longer termination refers to cyano group, while the shorter extremity to iodine atom.

A different type of surface potential contrast was found as well, on both CDB-I and
CDB molecules. Af(V;) signal and KPFM maps are shown in the Figure 3.11. For both
molecules a negative surface potential is measured, which indicates the positive charging
of molecules compared to the substrate. The incertitudes in fitting procedure (RMS) are
homogeneous and no crosstalk between different signal contributions is observed. The
maximum value of V for CDB-I was -75 mV, whereas for CDB -60 mV. While in STM
measurements it is very often seen that single molecules are located in the close vicinity of
surface defects, we will link the negative V, with the electron transfer from the molecule
to the surface when it is adsorbed on the defect. In the case of CDB-I molecule (3.11(a)-
3.11(c)) the spectroscopy was done for the bias range (-950 mV, 600mV), thus we decided
to verify if any tunnelling current is measured during the grid at 0.6 V, which would
correspond to DB state. Eventually, no current was detected in the whole image, which
suggests, that after adsorption of molecule on the defects, the DB becomes passivated

and its state is no longer visible in the band gap.

3.5 Conclusions

The nc-AFM measurements presented in this chapter proved the possibility of obtain-
ing submolecular resolution without intentional functionalization of the tip. In the Af
image of CDB-I molecule the structure is identified, with three-phenyl aromatic core and

details of aliphatic chains in the form of bright protrusions. The central phenyl is always
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Figure 3.11: a), d) AFM images with grid indicated before the spectroscopy, b), e) Af(V;) signal map
and c), f) surface potential for CDB-I and CDB respectively. Constant height Af images for both grids
were done with A,..=50 pm, and the grid spectroscopy with A,.,=100 pm (with the tip lifted by 200
pm for CDB-I and 300 pm for CDB with respect to AFM imaging conditions). The duration of the grid
was 6h for a)-c) and 9h for d)-f).
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oriented flat, where two side phenyls are tilted on the silicon surface, in accordance to the
simulated model of the molecule. Moreover, the asymmetry in length of two side phenyl
groups is observed, possibly due to the difference in molecule terminations. Furthermore,
the aliphatic chain orientation is not aleatory and always follows the directions of silicon
rows. Regarding KPFM measurements, we distinguish two different adsorption types of
molecule on the surface. In the first one, the variation of positive surface potential is
detected on the molecule core and aliphatic chains, but also the oxygen atoms (charged
negatively) give prominent contrast in the surface potential maps for both CDB-I and
CDB molecule. In the second adsorption type, the observed KPFM contrast is dark
(corresponding to a positive charge) and not well resolved. We tentatively assign this
negative contrast to the charge transfer of electron from the molecule to the dangling

bond underneath and therefore positive charging of the molecule.






Chapter 4

Comparison of CDB-I and CDB
self-assemblies studied with nc-AFM
and KPFM

4.1 Introduction

In the previous STM studies it has been shown, that organic molecules with long
aliphatic chains can form self-asemblies due to the van der Waals interactions that arise
between aliphatic chains of neighbouring molecules, known as chain interdigitation. The
first objective of this chapter is the high resolution imaging of the assemblies with non
contact AFM, which will provide more detailed information about the topology of the
sample as compared to the STM technique. From these measurements the orientation of
molecules in the assemblies is obtained as well as their position with respect to the silicon
substrate atoms. In the case of CDB-I molecules, which exhibit a dipole along the chain
of phenyl rings, the open question is whether the self-assembly is dipolar or not. It is
expected that nc-AFM - which reveals in the asymmetry of individual CDB-I molecules
as presented in Chapter 3 - is a suitable tool to evidence for the dipolar character (or
not) of such assemblies. The dipolar character of the assemblies can also be verified from
KPFM measurements, which give information about the charge distributions in molecules

and help in identifications of the different molecule terminations.
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4.2 Previous STM/AFM studies of molecular assem-
blies

We present here a short review of previous studies of molecular assemblies by means by
Scanning Probe Microscopy. The first study revealing intra-molecular contrast of molec-
ular assemblies was presented by Weiss et al. [22] where PTCDA assembly on Au(111)
was imaged using scanning tunnelling hydrogen microscopy (STHM). In this work, the
submolecular resolution of molecules structure and apparent contrast between molecules
was observed, which was assigned to imaging noncovalent bonds. Afterwards, molecular
assemblies were studied with nc-AFM using functionalized tips with CO molecules. In the
work of Zhang et al. [10] the sharp contrast between 8-hydroxyquinoline (8-hq) molecules
was also observed in Af images. These features were associated with hydrogen bonding
between individual molecules however the mechanism of the contrast formation remained
unknown. Similar intramolecular contrast was also observed on passivated surface of
Ag:Si(111) [33] for NTCDI assembly. The interpretation of the intramolecular contrast
was done by Hapala et al. [I1] who demonstrated that the tip relaxation is responsible
for creating sharp edges between molecules. The mechanism includes the flexible tip ter-
mination which relaxes away from the regions of strong Pauli repulsion created by the
proximity of atoms and not increased electron density corresponding to the presence of
intermolecular bonds.

Mapping the electrostatic potential provides a further information about the position
and orientation of molecules in assemblies in addition to nc-AFM topography. The sur-
face potential distribution was previously indirectly obtained on PTCDA assemblies on
Ag(111) surface with Kolibri at 1.2 K [14], by scanning with two differently charged Xe
tips (neutral and positively charged Xe atom). The electrostatic potential was calculated
then from the deformation field obtained from two different Af images. KPFM measure-
ments consisting in Af(V) spectroscopy were done of FFPB assembly on Au(110) surface
with Au terminated qPlus sensor [#4]. LCPD with Af topography and tunnelling current
images shown in the Figure 4.2 allow to unambiguously identify fluorine sides in each
molecule.

Concerning the growth of molecular networks on Si:B surface, many examples have
been presented and studied extensively with STM techniques [85, 78, 65, 65]. One of
these studies includes the work of Makoudi et al. [7%], in which the assembly of 1,4
bis(4’cyanophenyl)-2,5bis(decyloxy)benzene molecule (CBD) on Si:B surface was investi-
gated, using STM at 110 K. This molecule is one of two molecules studied in this thesis. It
has been shown, that the deposition of molecules on a Si:B surface (at room temperature)

resulted in formation of a periodic molecular network, with a simple crystallography and
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Figure 4.1: a) Af image of 8-hq assembly on Cu(111) with CO functionalized tip, the bottom image
shows a stucture model corresponding to AFM image. Extracted from [10] b) Experimental and simulated
Af images presenting contrast inversion and sharp edges in the intramolecular region for different tip-
sample distances, in the upper panel the probe position after relaxation of tip apex is shown. Sharp
features between the molecules start to appear for z=7.4 A, adapted from [11].

regular distances of 2 nm between the molecular lines. The empty states STM image of
the assembly is presented in Fig.4.3(a). The network consists of bright lines made of the
cores of the molecules and separated with darker stripes, corresponding to aliphatic chains
of molecules in adjacent lines. Bright lines are made of pairs of bright protrusions where
each one refers of one of cyano-phenyl groups of the molecule. The precise analysis of
STM images permitted to propose the adsorption model of molecule on silicon surface and
determination of interactions governing the assembly process. It has been observed, that
the central phenyl is adsorbed between two silicon atoms and that the aliphatic chains
are always placed between silicon rows. Therefore, both cyanophenyl groups of molecule
are adsorbed above silicon adatoms, the core of the molecule forms an angle of 7° with Si
lattice vector. This type of adsorption suggests predominance of molecule-surface (MS)
over molecule-molecule (MM) forces. For the former, the main contribution is the van
der Waals interaction of the aliphatic chains with silicon atoms of the substrate (green
circle in the Fig. 4.3(b)). For the MM interactions, the main contribution is 7-m stacking
between cyano-phenyl group of two subsequent molecules in the same nanoline (red circle

in 4.3(b)).
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Figure 4.2: a) STM topography of FFPB assembly on Au(110) surface, b) structural model correspond-
ing to KPFM images. LCPD and corresponding Af;cpp are shown in ¢), d), the tunnelling current map
extracted from KPFM measurement for V=-500 mV is presented in e). Images adapted from [34].

Figure 4.3: a) STM image of CDB network on Si:B surface (Vpiae=1.7 V, I;=10 pA), in the inset
molecules position with characteristic dimensions are indicated. b) Model of adsorption of molecule

on Si:B surface, m-m stacking between molecules are indicated with red circle, chain interdigitation is
indicated with green circle. Extracted from [75].
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4.3 Organisation of CDB-I assemblies on the Si:B

surface

Figure 4.4 presents STM images of the organisation of CDB-I molecule on the Si-B
surface for RT depositions. Molecules were sublimated at 175°C during 2 min. After
deposition, the organisation of large assemblies is seen, located close to silicon step edges.
The molecules in domains form bright parallel lines. Three directions of molecular growth
are found in the Figure 4.4(b), rotated by 120° relative to each other, due to the symmetry
of Si-B surface. The changes in growth directions are often caused by the defects which

are breaking the periodicity of the molecular network.

760 pm

Opm
(a) (b)

Figure 4.4: STM images of the CDB-I molecule deposition effectuated on the sample kept at room
temperature in UHV. In b), three directions of network growth are indicated with white intermittent
lines, rotated by 120° to each other. Imaging parameters for both images : Vp;0,=2 V, I;=5 pA.

4.3.1 Small domains of CDB-I

STM and AFM images showing the organisation of molecules in a small domain is
presented in the Figure 4.5. In the constant height AFM image the structure of each
molecule is recognized. First of all, the aromatic cores with three phenyls are identified,
where the central phenyl is oriented flat on the surface and two side phenyls are tilted.
This corresponds to the contrast in the form of brighter parallel lines seen in the STM

image. Besides, the inderdigitation of aliphatic chains is observed, between the molecules
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Figure 4.5: Comparison of a) STM (Viae=-1.9 V, I,=5 pA) and b) AFM contrast obtained on a small
molecular domain of CDB-I. The structure of each molecule is identified and indicated with intermittent
line.

in the adjacent lines. Interestingly, the part of aliphatic chains on the border of the
domain is in disorder, as they do not have a neighbouring molecule to interact with. The
orientation of molecules in the given row is in like manner, that is, the angle between the

direction of the molecular line and the molecule core axis is constant.

4.3.2 Large assemblies of CDB-I

In order to find the organisation of molecules in the assemblies on a bigger scale, the
edge of a large network was imaged (Figure 4.6). On the first site, in the AFM image
the alternance of aliphatic chains organisation is noticed. Part of chains are straight
and well aligned, while the others are bent. In the STM image the presence of many
bright spots is observed, located always only on one side of a given molecular row. These
features correspond to small defects of the network, where the side phenyls appear slightly
elongated and moved out of a surface plane. ! In order to find the position of molecules
with respect to the silicon substrate, a small bias was applied on the sample while AFM
imaging. It permits the detection of the tunnelling current above the molecules but more
importantly also on the silicon substrate, as shown in the Figure 4.7. The contrast
obtained on the silicon atoms can be then used to position molecules with respect to the
substrate lattice. The silicon substrate lattice superimposed on the AFM image is shown
in the Figure 4.7(c). From this analysis firstly we measure two different separations

between the molecular lines of 2 nm and 2.35 nm (corresponding to the situation where

! Additionally, the high resolution in AFM is accompanied by the excitation signal measured on the
well aligned chains. This can indicate that these molecules interact less with the silicon surface and
therefore it is easier to dissipate the energy from them while scanning in the close proximity during
constant height AFM.
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Figure 4.6: a) STM (Vpiqe=-1.8 V, ;=5 pA) and b) AFM images of a large molecular assembly of
CDB-IL. ¢) Zoom of the AFM with sharpened contrast is presented in order to emphasize the defects of
the network corresponding to bright spots observed in the STM image. The zone of the zoom is indicated
in b) with white intermittent line. The excitation signal measured on the aliphatic chains is shown in d).
AFM measurement was done with Vjiq.=0 V.

the aliphatic chains are bent or well aligned) which correspond to d; and d; respectively,
as indicated in the Figure 4.7(c). Considering the orientation of molecules we observe
that the central phenyl of each molecule is placed in the bridge position between two

adjacent silicon atoms and the aliphatic chains are always located between silicon rows.
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Figure 4.7: Zoom of the CDB-I network presented in the Figure 4.6. a) Af and b) I; channel extracted
from the measurement. The superposition of silicon lattice on the AFM image is shown in c), d) cross
section profiles for each molecule showing an asymmetry between the length of two side phenyl groups of ~
350 pm. Two different separations between the assembly lines are indicated with d; and ds, corresponding
to 2 nm and 2.35 nm respectively.

This in turn indicates the important interaction between the molecules and the substrate.
Moreover, it can be seen that the Af contrast on the molecule is not only related to its
position with respect to the surface but also to the topology of the molecule itself (as seen
in the Figure 4.7(c)). The cross section done through the molecules along a given line
is presented in the Figure 4.7(d). Again, for CDB-I the asymmetry of length between

two side-phenyl groups is found, similarly to the single molecule presented in the previous
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chapter. The mean value of length difference measured for CDB-I is 350 pm + 20 pm.
What is important, all molecules in a given row show the same asymmetry that is, the

longer terminations are all located on the one side of a molecular row.

4.4 Assemblies of CDB

To verify if the dipolar character of molecule has an effect on the assembly process,
in this section the study of non-polar CDB molecule has also been investigated. The
deposition was done in the same conditions of 175°C during 2 min on the sample held
at room temperature. Figure 4.8 shows the STM and AFM images obtained for a CDB
molecule assembly. Similarly to CDB-I molecule the difference in chain organisation is
observed in the AFM image. The same analysis of positioning the molecules with respect
to substrate atoms was done as presented in the Figure 4.8(c). The distances between
the molecular lines are 2 nm and 2.35 nm, which are the same distances measured for
CDB-I molecules. Moreover, the same positions of molecules with respect to the substrate
were found, that is aliphatic chains are located always between silicon atoms rows and
the central phenyl of molecules is placed between the atoms of silicon. From the cross
section shown in 4.8(d) no apparent asymmetry is observed but a small difference of 20
pm between two side phenyl groups, which falls within experimental accuracy.

From the comparison of cross sections through the cores of the molecules in Af images
for both CDB and CDB-I, the apparent asymmetry is observed only for CDB-I molecule.
The discrimination between the different terminations cannot be yet carried out. The
terminations length from the cross sections of CDB-I and CDB cannot be compared, as
the absolute values depend on the tip convolution and imaging conditions, mostly the tip-
sample distance, which were surely not the same in both measurements. Consequently,
Af imaging permits the observation of the molecule asymmetry but additional KPFM
measurements must be performed in order to designate the different terminations of the

molecule as in the case of single molecules.

4.5 KPFM on CDB-I and CDB assemblies

KPFM measurements on assemblies presented in this section have been done using the
same experimental procedure as for Si:B surface defects, described in the section 2.3. The
grid experiment of small part of the CDB-I network is presented in the Figure 4.9. For
both grids the tip was retracted by 200 pm before the experiment and the oscillation am-
plitude was increased to 100 pm. Due to the fact, that grid points number was optimized

to avoid a significant lateral drift, the resolution obtained on assemblies is much inferior
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Figure 4.8: a) STM (Vpiae=-1.8 V, ;=3 pA) and b) Af image of CDB molecular assembly. The
superposition of silicon lattice on the AFM image is shown in ¢). Cross section profiles for each molecule
indicated with intermittent line in the Af image is presented in d).

than for single molecules presented in the section 3.4. The lateral drift for both grids was
~~ 250 pm. In the Af(V,) map of the first grid (shown in 4.9(b)), a (dark) van der Waals
signal is detected on molecules, especially on three-phenyl cores. In the surface potential
map a higher signal is detected on molecule core than on aliphatic chains. Using Af(V)
map it is possible to roughly position the terminations of each molecule of the molecular
line. Therefore, the terminations located on the right side (indicated with yellow arrows)
have higher V than the terminations on the left side of the row (blue arrows), as shown
in 4.9(c). The second grid shown in 4.9(d)) was done for the same molecular row but for

two different molecules, in order to check the reproducibility of measurement. Again, the
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Figure 4.9: KPFM measurements for two grids done on the small part of the CDB-I molecular assembly.
In b), ¢) Af(V,) and surface potential maps are shown, corresponding to the grid in a), in e), f) Af(V,)
and surface potential maps of the second grid in d). Yellow and blue arrows indicate the terminations
with high and small V, of molecules, the duration of each grid was 3.5 h.

similar contrast is observed for both Af(V,) and V; maps. The surface potential maps
were further analysed for both grids, as presented in the Figure 4.10. From the V, cross
sections in 4.10(b) and 4.10(b) we measured a difference between both terminations in
the 60-120 mV range and in the 70-150 mV range, respectively. The mean value of dis-
tances between the molecule extremities in both experiments was 1.6 nm. Similarly to the

single CDB-I molecule (section 3.4), the same type of same asymmetry in both Af and
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Figure 4.10: Surface potential maps of CDB-I molecules from the grids presented in the Figure 4.9.
In b), d) V; maps with superimposed negative contrast from Af(V,) for the grids in a), d) respectively.
Cross section of V, indicated with black and red intermittent lines in a), d) are shown in c), f).

V, is observed. The longer terminations associated with cyano groups have more positive
V, signal, while the shorter terminations corresponding to iodine, have smaller V,. The
same asymmetry is observed for each molecule along a given molecular row which permits
proposing a model where all the molecules organise themselves with parallel dipoles along
a given row. That means that cyano groups of each molecule are located on the one side
of the row and iodine terminations on the opposite side of the row.

A KPFM grid measurement of an assembly of CDB molecules is presented in the
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Figure 4.11: KPFM measurements for CDB molecular assembly, a) Af image with grid before the
measurement, b) Af(V,), ¢) V; and d) V; with Af(V,) dark contrast superimposed. Intermittent black
and red lines in d) indicate the cross sections of V; for both molecules presented in e). The duration of
grid was 6h.

Figure 4.11. The lateral drift of 400 pm was measured after the experiment. Similarly
to the CDB-I molecule, the higher V, contrast is measured above three-phenyl core but
also on part of aliphatic chains. Superimposition of Af(V;) contrast on surface potential
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image is shown in 4.11(d). From the image, on the first sight it is seen that a high
negative V, signal is measured on the aliphatic chains of both molecules in the assembly
and side phenyls are charged more negatively then the central phenyls. The cross sections
realised through core of each molecule shown in 4.11(e) are rather symmetric and present
no significant difference in surface potential. The distance used to point out the two

terminations is 1.5 nm.

4.6 Conclusions

A comparison of CDB and CDB-I molecule was done in this chapter using nc-AFM
imaging and KPFM grid measurements. Starting from small domains, the identification of
molecule structure was done with interdigitation of aliphatic chains between the molecules
in adjacent lines. In large assemblies, the alternance of chain organisation observed for
CDB-I does not come from the molecule dipole as the same behaviour is seen for non-polar
CDB molecule. Regarding the molecule positions, for both CDB and CDB-I the central
phenyls are located between two silicon atoms and aliphatic chains are placed between
rows of silicon atoms. Therefore, it indicates that dominating interaction in the assem-
bly process is van der Waals between the molecule and silicon substrate, as suggested
previously in [78]. The only difference observed in Af images is the asymmetry in the
length of two side phenyl groups for polar CDB-I molecule. In the KPFM measurements,
an additional asymmetry is seen between the molecules terminations in the surface po-
tential map, only for CDB-I. For the longer terminations, associated previously in 3.4,
a higher V, is measured, while for the shorter terminations, refereeing to iodine atoms,
have smaller V,. Due to the same character of the asymmetry for each molecule in the
given line we propose an organisation model where the dipoles of molecules are parallel

to each other in the each assembly row.



General conclusion and prospects

In this thesis, combined STM/nc-AFM with KPFM measurements have been per-
formed on molecular assemblies deposited on the passivated surface of Si:B. All presented
measurements have been carried out using a JT ST/AFM SPECS system with Kolibri
sensor at the temperature of 4 K. In the subsequent part, the main objectives and obtained

results are discussed.

First of all, the sensitivity in charge detection of the Kolibri sensor was verified via
Af(V) spectroscopy on the different defects of Si:B. In the KPFM measurements; different
charge states were observed for the defects: neutral for silicon vacancy, negative for buried
dopant and positive for silicon dangling bond. The charge states fall in accordance with
previous STM studies [59, 60]. For the buried boron dopant the absolute value of the
surface potential ~ 35 mV is significantly smaller then for the dangling bond ~ 85 mV
due to the location of the dopant further under the surface plane. Moreover, the lateral
extent of V, of the dopant is greater than for a DB. For the dangling bond defect, non-
parabolic behaviour of Af(V) is observed due to the significant tunnelling current value at
E~ 0.5 V, corresponding to the DB state located in the bandgap. In order to explain this
phenomena, two mechanisms have been proposed: charge transfer of the electron from the
tip to the DB and phantom force effect which results in additional Af signal. The analysis
spectroscopy curves leads to conclusion that both mechanisms can cause relatively similar
behaviour of Af and it is not possible to assign which of them dominates in the case of
the dangling bond. Despite this, the negative surface potential indicates that for small
sample bias DB is found in the positive charge state. The measured value V,=-85 mV

constitutes the reference of surface potential for a single charge located on the surface.

The second objective of this work was to study the molecular systems with submolec-
ular resolution with nc-AFM and KPFM, without intentional tip functionalization. The
results obtained for a single molecule have been presented in the Chapter 3. The constant
height frequency shift images presenting the structure of a single molecule correspond well
to the model of the molecule in the vacuum (after minimization of the energy). The cen-
tral phenyl is always orientated flat on the surface and two side phenyls are tilted and

therefore much higher Af signal is measured above them in the AFM images. The details
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of aliphatic chains are observed as well, in the form of bright protrusions which corre-
spond to five topmost carbon atoms of the chain, separated by 250 pm. Moreover, it
was observed that the aliphatic chain position is not random but they are always located
between the rows of silicon atoms. For CDB-I molecule, the asymmetry in length of two
side phenyl groups was measured, stemming likely from the different molecule termina-
tion. Regarding KPFM measurements, the submolecular resolution has been also achieved
in surface potential images of single molecules. Based on the images, two different types
of molecule adsorption were distinguish for both CDB and CDB-I molecule. In the first
type, the molecule with both positively and negatively charged submolecular features is
observed, as in the situation without significant net charge transfer between the molecule
and the substrate. More positive V; is detected on the molecule core and lower on the
aliphatic chains. The oxygen atoms are revealed in the surface potential maps as well,
with very bright contrast corresponding to a negative charge. Furthermore, for CDB-I
molecule the difference in contrast is seen between both terminations, with higher a V;,
signal measured above the termination with greater length, possibly corresponding to
cyano group. In the second type of adsorption, the KPFM contrast on the molecule is
entirely negative. This type of contrast is proposed to stem from a molecule adsorbed on
a dangling bond defect, and would correspond to a transfer of charge from the molecule

to DB and positive charging of the molecule.

In the Chapter 4, the organisation and orientation of CDB-I and CDB molecules
was investigated in Af images and KPFM measurements. For both molecules the struc-
ture is identified and the interdigitation of the aliphatic chains is observed between the
molecules in the adjacent lines. Similarly to the single molecule, the aliphatic chains are
always located between the silicon atoms, therefore the van der Waals interaction with
the substrate is assumed to be the most important one in the assembly process. For both
CDB-I and CDB the orientation of molecules in the assemblies and the distances between
molecular lines are the same. In the KPFM measurements, the difference in the surface
potential is measured between both terminations of CDB-I molecule, which is not seen in
the case of polar CDB molecule. The asymmetry of the nc-AFM topography and KPFM

map of CDB-I molecules indicates the dipolar organization along a given assembly row.

The measurements presented in the Chapters 3 and 4 showed promising results and
the high resolution obtained in nc-AFM and KPFM images obtained without intentional
tip functionalization on molecular assemblies. In the frequency shift images the structure
of molecules were identified but could be still improved by functionalizing the tip apex
with single molecule. There are no studies published so far concerning the procedure
of collecting CO (or any other molecule) from the semiconductor surface. Moreover, the

adsorption and the STM contrast of CO deposited on the silicon surface is not known. The
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alternative method would be collection CO from the metal surface and then approaching
the tip on the target silicon sample with already functionalized tip. It has been shown
by Giessibl (conference talk, 19th International Conference on NC-AFM, 2017) that this
method brought the satisfactory results if the microscope temperature does not increase
significantly (above 30 K) during changing the samples. The tip functionalization is not
only advantageous in enhanced resolution in nc-AFM and KPFM images but would also
permit the quantitative analysis of obtained results in link with simulations where the tip

apex can be a priori known.
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