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It is fair to state that we are not going to
experiment with single particles any more than

we will raise dinosaurs in the zoo.

—Erwin Schrodinger
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Introduction

As the technological needs of today’s global society continue to increase, the pres-
sure to develop more powerful, more efficient and above all more compact electronic
devices increases simultaneously. In 1965 Moore [1] exhibited a correlation between
the number of transistors on an integrated circuit and the number of years following
the invention of the integrated circuit in 1958 — the transistor count seemed to be
roughly doubling every year. This prediction was modified to doubling every two
years, which until several years ago had been fulfilled rather exactly. However the
miniaturization limit of the current field effect transistor technology is gradually be-
ing reached [2], and a shift in the electronics paradigm will soon be required. There
are several promising avenues currently at the focus of research for next-generation
information technology; 2D materials, multiferroics and spin- and valleytronics form
several examples [3-6]. A further example is the exciting field of molecular-scale elec-
tronics, where single molecules forming functional electronic devices is the ultimate
goal [7, 8].

Aviram and Ratner’s calculation of electronic transport through a single molecule
[9] is often heralded as the beginning of modern molecular electronics. Their idea
was that a single, polar molecule could act as a rectifier, which converts an alternat-
ing current into a direct current. However they were ahead of their time; the lack of
appropriate technology prevented their ideas from being built upon in experiment.
The advent of scanning tunnelling microscopy (STM) in the early 1980s [10] was the
stimulus that molecular-scale electronics needed. Several seminal STM as well as
mechanically controllable break junction experiments were the first to demonstrate
transport through single molecules [11, 12]. In the years since then, a wide variety of
functions have been demonstrated using single molecules, including transistor func-
tionality [13-15] and rectification [16, 17], but also electromechanical amplification

[18], switching [19, 20], memristance [21] and directional, mechanical motion [22].
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The central challenges, besides economic considerations, that the integration of
molecular electronic components into real world applications faces can be summa-
rized into two general categories: control of electronic properties and control of geo-
metrical properties. The understanding of electron transport through molecules is a
key point where much research effort has been focused in the last decade [23]. How-
ever as Ratner [7] stated, with the estimated number of possible molecular structures
at ~10% for small organic molecules, there is still much to be discovered in this area.
As far as control over the geometry of a molecular system is concerned, bottom-up
rather than top-down fabrication processes must be employed in order to allow for
the tuning of of the properties of individual molecules. Here there are two main
approaches: allowing molecules to arrange themselves into a pre-designed structure,
known as self-assembly, or building a structure with the molecules as the ‘building
blocks’. Both approaches can in principle lead to extended structures defined at the
molecular scale, and can even be employed in conjunction as will be displayed in this
thesis. Seminal works, where single CO as well as Cgy molecules were individually
positioned on surfaces, demonstrated the feasibility of STM for molecular manipu-
lation [24, 25]. However deterministic control over complex molecules at all stages
of the manipulation procedure, vital for molecular-scale construction, has not yet

been presented.

In this thesis, the atomically precise, mechanical manipulation of single molecules
with the tip of a scanning probe microscope (SPM) is demonstrated. The prereq-
uisites for controlled manipulation are twofold: firstly, the molecule must have a
‘handle’ by which it can be manipulated, for example a functional group. Secondly,
the handle between the microscope tip and the molecule must be sufficiently stable
throughout the manipulation, such that the molecule can be controllably taken from
its initial state into a final state. The organic semiconductor perylene tetracarboxylic
dianhydride (PTCDA), and its sister molecules naphthalene- and tetrylene tetracar-
boxylic dianhydride (N- and TTCDA), fulfils these two conditions. In this case the
functional group is the carbonyl group, found at the four corners of the molecule,
which forms a stable mechanical bond to the tip of the SPM. Particular favourable
conditions are achieved by depositing the molecules onto an Ag(111) substrate, which
is the substrate used for all experiments in this thesis. Chap. 2 demonstrates a single

molecule manipulation procedure used to pattern a self-assembled PTCDA layer by



the controlled removal of single molecules. Molecules were individually contacted
by the sharp microscope tip at a carboxylic oxygen atom, withdrawn from the layer

and re-deposited to the surface in a highly reproducible fashion.

The degree of control exercised during the manipulation procedure was such that
the intermediate stage was entirely stable and the molecule remained on the tip, in
a well-defined metastable configuration, until deliberately returned to the surface.
This made the development of a new microscopy method possible, based on the
functionality of a single molecule. The method, dubbed scanning quantum dot mi-
croscopy (SQDM), uses single electron charging events of the tip-attached molecule,
acting as a quantum dot (QD), to map the electrostatic potential present in the
microscope junction. The SQDM sensor is therefore an example of a single molecule
device. Since the functionality of the device is added to existing capabilities of the
SPM, the microscope tip is described as being functionalized. A large advantage
of tip functionalization is the spatial localization of the tip section contributing to
the detected effect. In SQDM this results in a high spatial resolution in the mea-
sured electrostatic potential that is independent of the tip height. The electrostatic
potentials, mapped using SQDM, of a single molecule and even a single atom are

presented in Chap. 3.

The single electron charging events central to SQDM are a manifestation of the
Coulomb blockade, an energy barrier stemming from interelectronic repulsion that
prevents more than one electron hopping on or off the QD at any given instant. In
order to develop SQDM as a measurement technique, the key parameters affecting
this Coulomb blockade realization must be fully understood. An evaluation of the
application of the orthodox theory of the Coulomb blockade [26] to our experimental
data is presented in Chap. 4. This involves treating the microscope junction as a
system of capacitors, from which the electrostatic force acting in the junction can
be derived as a function of the charge state of the QD. However we show that the
model is insufficient to explain our experimental data. Subsequently an intuitive,
experimentally inspired model is developed to further our understanding of the data.
Analyzing the energies of the QD’s charge states, the key electronic properties of
the QD can be expressed in terms of experimentally observable quantities. A com-

parison of the two approaches provides us with deeper insight into the application
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of the models to such a system, especially with respect to QDs with small spatial
dimensions.

Finally, a truly quantitative SQDM experiment is showcased in Chap. 5. It is
shown that when measuring the surface potential of flat, extended structures, the
measurement becomes independent of the structural properties of the tip. This
allows for a highly quantitative measurement of the change in surface potential and
therefore change in work function due to a surface structure. This is demonstrated
for a layer of PTCDA molecules on Ag(111) where the change in work function due
to PTCDA adsorption comes out at (145+10) meV. We discuss the unprecedentedly
high lateral resolution, a particular advantage of SQDM used for this purpose.
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1. Theoretical background and experimental techniques

1.1. Introduction to scanning tunnelling microscopy

The cornerstone of the original scanning probe technique, scanning tunnelling mi-
croscopy (STM) [10], is the quantum tunnelling effect. Tunnelling refers to electrons
passing through classically forbidden barriers. It is a result of the wave-like de-
scription of electrons and comes about when two conducting objects are brought
within close proximity of each other. The one-dimensional potential barrier model
can be used to intuitively understand the process, a schematic diagram of which
is provided in Fig. 1.1. Electrons in the system must satisfy the one-dimensional

time-independent Schrédinger equation (TISE):
—h? 5*w
2m 022

W is the electronic wave function, which must be continuous. Since we are considering

(2) +U(2)¥(2) = E¥(2) (1.1)

the TISE, ¥ is also referred to as a stationary state. U(z) is a potential that a
propagating electron experiences and E is the energy eigenvalue of the particular
stationary state that satisfies the equation. If a negative voltage V}, is applied to
the sample, electrons are biased to move from the sample to the tip. Eq. 1.1 can be

solved for both in- and outside the vacuum barrier between the tip and sample:

N . I
2 <0:Uy(2) =e** 4+ Ae™™*  where k= h—rg(E -U) (1.2a)

2m
ﬁ(U —FE) (1.2b)

z> zip : Uy(z) = Detk* (1.2¢)

0 < 2z < zip : Up(z) = Be " + Ce™ where k =

Eq. 1.2a shows that the solution when E > U corresponds to freely propagating
electrons, travelling in both directions since a certain proportion are reflected from
the potential barrier. By demanding continuity at the edges of the potential barrier,
Egs. 1.2(a—) can be solved for the four unknowns A, B, C, D and the reflection
and transmission coefficients can be determined. The coeflicient of transmission 7°

depends on the barrier height and width, and if kztj, > 1, then

_ 16k%K2

—2Kzti
= e 1.3
CEYr: (13)
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Figure 1.1: Schematic diagram of the quantum tunnelling effect. The Schrédinger equa-
tion solution in the electrodes is a plane wave; inside the potential barrier the electron

wave function decays exponentially.

We therefore see that the probability of an electron tunnelling through the barrier
decreases exponentially with the width of the barrier. An important result for the
practical application of STM however is the size of the barrier decay constant k.
The barrier height U — E is related to the work functions of the electrodes. If the
two work functions are the same, i.e. ¢s = ¢ = ¢, then x = /2mé/p2. The work
function of a metal is typically ~5 ¢V, which corresponds to x ~ 1 A~!. This means
that per angstrom of electrode separation, the probability of an electron tunnelling
reduces by approximately one order of magnitude. This result is why the spatial
resolution of STM can be so high, and also implies that in fact only the final atom
of the tip contributes to the tunnelling current.

Bardeen [27] realized that Fermi’s golden rule, the probability of an electron in
one quantum state scattering into another, was key to the problem of quantum
tunnelling. The tunnelling current within his formalism can be written as such,

summing over all initial and final states:

I= 4%6 S (BN - f(Bf + eVo)l|Myi|*6(E; — Ey) (1.4)
if
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f(E) is the Fermi-Dirac distribution for fermions, evaluated at both the initial and
final state energies. 0(E; —Ef) is a delta function of the final state energy E for each
initial state energy E;. The sum of delta functions represents the density of states
(DOS) at Ef for each E;. |My;|? is the tunnelling matrix element between initial and
final states, representing the wave function overlap between tip and sample states

with respect to tunnelling. Bardeen showed this could be written as

h2 * *
My, = %/S(xpiwf ~ V) - dS (1.5)

The term in brackets is the current density operator, and the integral is performed
over an arbitrary surface which lies entirely inside the barrier region. Eq. 1.4 can be
expressed in a more intuitive manner by including a low-temperature approximation:
in this case the Fermi-Dirac functions in Eq. 1.4 become step functions and the

current can be expressed directly in terms of the densities of states in tip and sample,

Pt,s:

4dme [V

I=-= A (B — Vi) ps(EN|M(E")|2dE’ (1.6)

The matrix element is now a function of energy instead of wave function. Note that
since the Fermi-Dirac distributions are now step functions, we only integrate over
the window of the applied bias voltage. Here it is explicitly seen how the tunnelling
current depends on the DOS of tip and sample, plus the energy-dependent matrix
element. Eq. 1.6 in fact encapsulates the most important principle of STM: the
tunnelling current is a combination of topographic information, since the matrix
element modulus decreases exponentially with tip-sample distance, and electronic
information, since it is proportional to the DOS of tip and sample. While it is
possible to use Eq. 1.6 to calculate the tunnelling current, the detailed electronic
structure of the tip is however unknown. Tersoff and Hamann [28] developed on the
Bardeen theory and modelled the tip as a single point, localized at a position r;. By
carrying out this approximation at low temperature and low voltage, they showed
that the tunnelling matrix element is proportional to the value of the sample wave
function Wy at the position of the tip r;. In other words, the square of the matrix
element is equal to the probability of a sample electron being at the position of the

tip. From this they constructed a new expression for the tunnelling current:
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Figure 1.2: Energy diagram of the tunnelling junction. If a positive bias voltage is
applied to the sample, the Fermi level or electrochemical potential of the sample is
lowered with respect to the tip, and tunnelling can occur from the tip to the sample.
In this case, unoccupied electronic states of the sample contribute to the tunnelling
current (see text). Note that the vacuum levels are shifted by eVi, + A¢ with respect
to each other, where A¢ = |¢, — ¢s| represents the contact potential difference between

the tip and sample.

= 4—7:6Vb SO (r)[26(En — Er) (1.7)

The sum is in fact equal to the local density of states (LDOS) at the position of the
tip. Tersoff and Hamann showed that this expression holds assuming that the tip
exhibits spherical symmetry, which is true if for example the tip apex is a spherical
s-orbital. At low bias voltage the current is thus proportional to the voltage, from

which it follows that the differential conductance is a direct measure of the LDOS:

% x ps(Ep, 1) (1.8)
Therefore by recording a spectrum of the differential conductance, the LDOS of the
sample at the Fermi level Fr and position ry of the tip can be probed. Fig. 1.2
displays the tunnel junction in a schematic energy diagram. When a positive bias
voltage is applied to the sample, its Fermi level is lowered as the electronic potential

energy is lowered. If tip and sample are close, this results in tunnelling from the
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tip into unoccupied states of the sample (occupied states are highlighted in orange).
The reason why the current and differential conductance are primarily sensitive to
the LDOS at the Fermi level of the tip Ep is that the tunnelling probability for
electrons with lower energies is exponentially higher according to Eq. 1.3, illustrated
by the arrows in Fig. 1.2.

It is however nigh-on impossible to guarantee spherical tip symmetry in the ex-
perimental realization of STM. Chen [29] showed with his derivative rule what the
effect of p- or d-wave tips would be, and was able to explain the extraordinary lateral
contrast that had been observed in experiment [30, 31], which was beyond the limits
of what the Tersoff-Hamann model predicted. In fact, determining the exact struc-
ture of the tip remains one of the main obstacles in scanning probe microscopies,

since it often influences measurement in a profound and non-trivial way.

1.2. Introduction to atomic force microscopy

The idea for a microscope capable of detecting forces at the atomic level came soon
after the advent of the STM, and in fact the first design concept of the atomic force
microscope (AFM) used an STM to detect microscopic changes in the deflection of
a cantilever due to tip-sample forces [32]. The ubiquitous presence of tip-sample
forces forms the key advantage of AFM over STM: its ability to characterize not
only electrically conducting samples such as metals and semiconductors but also
insulators, in solid or liquid phases. The force acting between tip and sample has
several contributions at several different length scales. The long range force acting
between tip and sample consists of the electrostatic as well as the dispersion or van
der Waals interactions, which are both attractive. The electrostatic force is due to

the surface charges on the two electrodes and has a simple form:

_ 10C 2
F()l - 7§§Vb (19)

where C' is the capacitance of the macroscopic tip-sample junction. The exact form
of % therefore depends on the junction geometry. If the tip and sample can be mod-
elled as infinite parallel planes, then F o< zt_ig
The van der Waals interaction between a sphere and an infinite plane, a relatively

(see the definition of zp, in Fig. 1.1).

10
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Figure 1.3: Forces acting in the scanning probe microscope junction.

good approximation to the AFM junction geometry, was shown by Hamaker [33] to
be

AR
deW = _67 (1~10)

tip
R is the radius of the sphere, z;, is the distance between the edge of the sphere and
the plane and A is the Hamaker constant, which depends on the density of the mate-
rials and the atomic pair-potentials between them. Fy and Fyqw will therefore have
similar distance dependences and typically are of similar sizes, in the nN range [34].
The exact geometry and tip-sample distance define which contribution dominates.
The long range forces most often make up the background of an AFM measure-
ment, while the medium to short range forces are of greater interest. The dispersion
or van der Waals interaction between two neutral atoms is proportional to the in-
verse of the sixth power of the distance between them, i.e. Eyqw o ¢ and therefore
Foqw o r~7. At very short range, this attractive force competes with the repulsive
force based on the Pauli exclusion principle, which states that fermions are forbidden
from occupying the same quantum state. Often termed Pauli repulsion, this appar-
ent force comes about when the electronic wave function overlap between atoms
becomes high at separations of a few angstroms. The combination of these two
contributions is often summarized in a single interatomic potential, the most simple

and frequently used variety of which is the Lennard-Jones potential:

11
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attractive

repulsive

/o 1.4 1.8
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1 z
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Figure 1.4: The interatomic Lennard-Jones potential, highlighting the transition from

the attractive to the repulsive force regime.

b= e[ (£) " (5)] o)

€ is equal to the potential minimum and o refers to the z value at the minimum.
The power of twelve in the repulsive contribution is empirically derived. Eq. 1.11 is
plotted in Fig. 1.4, where the crossover between attractive and repulsive force regimes
is highlighted. Since the overall force at this length scale changes dramatically with
distance, it is often the regime where the desired experimental information is drawn
from. However when the objects in question possess permanent electric charge,
the longer range Coulomb interaction between them can also form the quantity of
interest.

Three different operating regimes of AFM can be distinguished. In contact mode,
or static deflection mode, the deflection of the AFM cantilever is detected as it is
scanned across a surface while in the repulsive force regime [32]. The deflection itself
can be used as the output signal, however small changes in height can lead to the
cantilever tip ‘snapping out’ of contact, or undesirably large forces being applied
to the sample. For this reason a feedback loop is usually utilized to maintain the
deflection at a constant value. To get around the problem of high forces damaging
the sample, tapping mode was created, whereby a cantilever is driven to oscillate at
its resonant frequency, at an amplitude of several to hundreds of nanometres, while

the sample is scanned [35]. Over the large oscillation cycle the entire force curve is

12
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sampled, from weakly attractive to strongly repulsive. For this reason the cantilever
is said to ‘tap’ the sample. The third imaging mode, which can achieve the highest
lateral resolution, is the non-contact mode. In non-contact mode the AFM sensor
oscillates at its resonant frequency, at a distance range from several nanometres
above the surface, with soft (low stiffness) sensors, to several angstroms above the
surface, where very stiff sensors must be employed to stop the tip from snapping into
contact and the resonance being interrupted. Here the force is no longer the output
signal, rather the resonant frequency of the sensor, which is related to the stiffness
i.e. the force gradient of the junction. Two sub-modes can be employed: amplitude
modulation and frequency modulation. In the amplitude modulation (AM) mode,
the sensor is driven at a frequency slightly off resonance, and detected changes in
the amplitude are used to reconstruct the shift in the sensor’s resonant frequency
[36]. Frequency modulation (FM) on the other hand directly tracks changes in the
resonant frequency by demodulating the oscillation output [37], often with a phase
locked loop [38]. An additional feedback loop is used in FM-AFM to keep the
oscillation amplitude constant, from which the energy dissipation in the experiment
can be reconstructed. FM-AFM has proved to be the ultimate AFM mode for
sensitivity, and was thus the first of the measurement schemes to achieve atomic

resolution [39].

1.3. Experimental details

1.3.1. Experimental setup

The scanning probe microscope used in this work is a combined non-contact atomic
force microscope / scanning tunnelling microscope (nc-AFM/STM). The microscope
head is based on the Besocke beetle-type design [40] and the system is produced by
CreaTec Fischer & Co. GmbH. Throughout the work presented in this thesis the
microscope was operated in ultrahigh vacuum conditions and at low temperatures.
The system consists of a series of chambers with gate valves to separate them.
Pressures of ~ 10~7 mbar are achieved by initial evacuation with a scroll pump,
followed by the addition of a turbomolecular pump. The system must also be baked
such that water evaporates, after this pressures of ~ 10~2 mbar can be achieved.

The final base pressure of 1% 10719 mbar is reached with the use of two titanium

13
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Figure 1.5: Schematic diagram of the SPM setup. The microscope tip is attached to a
ramp ring, supported by three piezotubes (not shown). The ramp ring can be moved in
three dimensions by extending the piezotubes, and coarse movement is possible through
slip-stick motion of the ramp ring. Tunnelling current or the tuning fork’s resonant

frequency shift can be recorded, either separately or simultaneously.

sublimation pumps and two ion getter pumps. Low temperatures are achieved by
surrounding the microscope head by two bath cryostats, separated by insulating
shields. The outer cryostat is filled with liquid nitrogen (T = 77 K) and the inner
with liquid helium (T = 4.2 K); in our setup the base temperature is 5 K. The
cryopumping effect of the cryogens means that the base pressure in the measurement
chamber is < 3%10~™ mbar. Additionally, to isolate the microscope from mechanical

disturbance, the entire system is suspended on four passive air dampers.

The microscope tip is connected to a ramp ring, supported by three piezotubes.
Lateral motion in the zy-plane is achieved by lateral extension of the piezotubes.
Motion in the z-direction is possible through vertical piezotube extension, and coarse
motion (within a range of 1 mm) is facilitated by slip-stick rotation of the ramp ring.
The tip is in fact attached to a fourth piezotube in the middle of the ramp ring that
can be used for zyz-motion, however we utilize this piezotube to excite the AFM
sensor. We use a quartz tuning fork of the gPlus type as a sensor [41]. In this design,
one of the fork prongs is firmly connected to the tip holder and the second prong is

free to oscillate.
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1.3 Experimental details

Principle of STM operation

The STM uses tunnelling current to detect features on the surface. For this reason,
a conducting tip and sample are required. In our setup the bias voltage is applied
to the sample and the tip is grounded. The measured tunnelling current is directed
from the tip to a transimpedance amplifier, the gain of which is set between 10° and
10°, i.e. 1 nA = {0.001,0.01,0.1,1} V. The signal is then recorded by the digital
signal processor (DSP) and attributed to the scan pixel in question, before the tip
is moved onto the next pixel of the image. There are two main scan modes available

for STM measurement:

1. Constant current mode. Here the height of the tip is adjusted at each pixel to
keep the tunnelling current constant. This is done by employing a PI feedback
loop with a set point defined by a certain bias voltage and certain desired
tunnelling current. This mode is useful for initial surface characterization:
large surface protrusions or defects can cause the tip to crash into the surface,
however with feedback that is fast enough this can be avoided. The image is
composed of the tip height required to hold the current constant as a function
of lateral tip position. However this does not correspond directly to the surface

topography since the electronic structure also plays a role.

2. Constant height mode. This mode entails opening the current feedback loop
and holding the tip height constant while recording the current as a function of
lateral tip position. Due to its simplicity, constant height measurement allows
for fast scanning, however the sample must be atomically flat or tip crashes
will occur. Additionally, piezo creep and thermally induced drift mean that

constant height scanning is more suitable for cryogenic temperatures.

Principle of AFM operation

AFM has in the last several years found a wider scope of application than STM
since the detection of forces does not require the tip or sample to be conducting.
Nevertheless, the detection scheme is somewhat more involved than that of STM.
In the following we briefly introduce the key features of our non-contact, frequency
modulated AFM setup. The qPlus tuning fork is excited piezoelectrically by broad-

band pulses, and in the absence of interactions with the sample, oscillates at its
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1. Theoretical background and experimental techniques

resonant frequency fy. However when the tip begins to interact with the sample,
the force acting on the tuning fork affects its oscillation and perturbs its resonant
frequency. The new frequency of oscillation can be written as fies = fo + Af, where
Af is the frequency shift due to tip-sample interaction. Giessibl [42] described how
tip-sample stiffness and force can be reconstructed from this frequency shift, which
we will utilize in Chap. 4.

The deflection signal of the qPlus is also read out piezoelectrically, and the signal is
internally amplified before being input into the phase-locked loop (PLL). The basic
functionality of the PLL is as follows: its locks the phase of a reference oscillation,
with a specific phase and frequency, to that of the experimental oscillation. When
the frequency of the input signal changes, its phase diverges from that of the refer-
ence signal. By adjusting the frequency of the reference signal in order to match the
phases, the PLL tracks the change in resonant frequency when tip-sample interac-
tions are present [43]. In addition, a PI controller is utilized to maintain a constant
oscillation amplitude. If dissipative processes have taken place during the oscillation
cycle of the tuning fork (e.g. vibrational excitations of a surface structure), then
the energy stored in the tuning fork reduces and the excitation amplitude must be
temporarily increased to maintain the set point amplitude. The energy that is lost
is recorded and referred to as the energy dissipation.

Similar to STM, there are again two main imaging modes within nc-AFM:

1. Constant frequency shift mode. A feedback loop is employed to keep the res-
onant frequency shift of the tuning fork constant during imaging. As the
force-distance relationship at an atomic level is non-monotonic (see Fig. 1.4),
the chance of a tip crash in this mode is high. Since the complexity of the PLL
tends to limit the scan speed, an additional feedback loop for frequency shift

means that scanning is typically rather slow.

2. Constant height mode. The feedback loop is opened and the tip-sample dis-
tance is kept constant while the frequency shift is recorded. Due to the afore-
mentioned drawbacks of constant frequency shift scanning, constant height

mode is the more popular of the two.

A further frequently used function in AFM is approach curve spectroscopy: the

distance between the tip and the sample is varied while the frequency shift is moni-
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1.3 Experimental details

Substance Tevap (K)  tdaep (8)  Terys (K)  Tann (K)

NTCDA 450 60-120 300 400
PTCDA' 570 120-240 300 470
PTCDA' 570 30-60 100 230
TTCDA 670 180-300 300 470

NaCl 610 10-30 300 400

Table 1.1: Parameters for molecular deposition. Annealing took place over 60-120 sec-

onds. TExtended layers. ¥Small islands.

tored. In this way the force and interaction energy between tip and sample can be

reconstructed.

1.3.2. Sample and tip preparation

The preparation of the Ag(111) crystal used in this thesis was carried out by cycles
of sputtering and annealing, which took place in the preparation chamber, separated
from the main measurement chamber. Depending on the cleanliness of the crystal,
the following procedure was carried out 1-4 times: 15 minutes of Ar" ion bombard-
ment at 0.8 keV to remove layers of material from the surface, and 15 minutes of
annealing to 800 K to create atomically flat terraces.

The deposition of molecules onto the crystal is summarized in Tab. 1.1. The im-
portant parameters are the evaporation temperature Toyap, the deposition time ¢gep,
the crystal temperature during deposition Terys and the annealing temperature Tony.
Except for PTCDA, each other substance was evaporated from a crucible mounted
on a sample holder, direct from the sample storage rack within the preparation cham-
ber. PTCDA was evaporated from a homebuilt Knudsen cell. Annealing the crystal
was necessary either to order the molecules or to remove unwanted surface adsor-
bates. In the case of sodium chloride, instead of wetting layers, three-dimensional
ionic crystals are formed upon annealing, therefore the annealing temperature plays
a crucial role.

The microscope tips used in this thesis were 15 pm-thick Ptlr wires, glued onto

gPlus tuning forks by CreaTec. The tips were cut and sharpened by focused ion
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1. Theoretical background and experimental techniques

beam (FIB) milling with the help of D. Park and J. Mayer from RWTH Aachen
University. Once cut, the resonant frequencies of the sensors used in this work
were between 30.3 kHz and 31.8 kHz, with Q-factors between 20000 and 120000.
The tips were not otherwise treated before being transferred into the microscope.
To prepare the tip in experiment, a combination of voltage pulses and gentle dips
into the metal surface was used. For large, structural changes on the mesoscopic
scale, voltage pulses up to 10 V and dips of up to several tens of nanometres were
carried out. The tip was deemed to be stable once pulses of ~6 V at a height of
~1 nm no longer changed the structure of the tip, signalled by abrupt jumps in the
current-voltage trace. To sharpen the tip on the atomic level while simultaneously
covering it with silver, dips of up to a nanometre into the surface were employed.
The sharpness of the tip was judged in two ways: the sharpness of the features
in an STM image and the resonant frequency shift at ~ 1 nm above the surface.
The STM image quality is self-explanatory. In order to reliably perform the single
molecule manipulation experiments to be discussed in this thesis, it was observed
that a negative frequency shift of < |5|Hz was required. This corresponds to a tip

that is sharp on the mesoscopic scale.

18



2

Patterning a hydrogen-bonded molecular
monolayer with a hand-controlled

scanning probe microscope

Introduction . . . . . .. ... 20

2.1. Patterning a hydrogen-bonded molecular monolayer with a
hand-controlled SPM . . . . . ... ..o 22

19



2. Patterning a hydrogen-bonded molecular monolayer with a hand-controlled SPM

Introduction

With the advent of the SPM in the early 1980s, it became clear that the precise
manipulation of surface objects was something that the SPM would be well suited
to. In the early 1990s, the first seminal works exhibited the arrangement of single
atoms and small single molecules on surfaces using the tip of the microscope [44—
46]. This attracted worldwide attention to the technique and since then atomic
manipulation has become a standard procedure: most SPM groups have written their
institute’s name or logo in atoms at some point and many fascinating experiments
have been presented [47-51]. Vertical manipulation, i.e. the transfer of an atom
or molecule to the tip and back to the surface, as well as lateral manipulation, the
lateral shifting of the particles, are both well-developed. However the manipulation
process is in these cases essentially a two-stage operation. The initial state is the
atom or molecule at a certain surface adsorption site and the final state is either
at a certain tip adsorption site or another surface site, with no control over the
intermediate state. This manipulation scheme has proved successful for point-like
particles without internal, spatial degrees of freedom, however it is clear that with
a more complex object, the probability of controlling each of its degrees of freedom
during such a manipulation process is minimal.

In this chapter a method for atomically precise single molecule manipulation is
presented, with which complex molecules can be controllably and reversibly manip-
ulated between various geometric configurations. A commercial three-dimensional
motion tracking device is combined with the standard SPM electronics, such that
the tracked coordinates of an object in the lab are translated in real time to move-
ments of the SPM tip. This apparatus is applied to the problem of patterning a
PTCDA monolayer by removing molecules, where the molecules are tightly bound
by their mutual hydrogen bonds. The overall intermolecular potential is a complex
function of many contributions, including van der Waals interactions. There exists
a path, or trajectory, along which the intermolecular forces are minimized, however
the computation of this path is prohibitively costly, especially since the exact tip
structure is unknown. For this reason the motion tracking approach is taken, where
custom trajectories can be dynamically tested and selectively varied. This trial-and-
error approach led to the successful manipulation of 47 PTCDA molecules from a

monolayer, whereby the word ‘JULICH’ was patterned into the monolayer. We be-
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Introduction

lieve that this transferable method could help significantly on the way to functional
molecular design, as a learning procedure as well as a training set for an automated

process.
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2. Patterning a hydrogen-bonded molecular monolayer with a hand-controlled SPM

2.1. Patterning a hydrogen-bonded molecular monolayer

with a hand-controlled scanning probe microscope

The journal article in this section was published in the Beilstein Journal of Nan-
otechnology [52]. The author contributions were as follows: M.F.B.G., C.W., R.T.
and F.S.T. conceived the experiments. M.F.B.G. and P.L. performed the experi-
ments. M.F.B.G. and A.G. installed the motion tracking system. M.F.B.G., T E.
and P.L. wrote the software to incorporate the motion tracking system. M.F.B.G.
and R.T. analyzed the data. M.F.B.G., R.T. and F.S.T. wrote the paper and all

authors discussed the manuscript throughout.
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One of the paramount goals in nanotechnology is molecular-scale functional design, which includes arranging molecules into com-

plex structures at will. The first steps towards this goal were made through the invention of the scanning probe microscope (SPM),

which put single-atom and single-molecule manipulation into practice for the first time. Extending the controlled manipulation to
larger molecules is expected to multiply the potential of engineered nanostructures. Here we report an enhancement of the SPM

technique that makes the manipulation of large molecular adsorbates much more effective. By using a commercial motion tracking

system, we couple the movements of an operator's hand to the sub-angstrom precise positioning of an SPM tip. Literally moving the

tip by hand we write a nanoscale structure in a monolayer of large molecules, thereby showing that our method allows for the

successful execution of complex manipulation protocols even when the potential energy surface that governs the interaction behav-

iour of the manipulated nanoscale object(s) is largely unknown.

Introduction

The scanning probe microscope (SPM) is an excellent tool for
the manipulation of atoms and molecules on surfaces due to its
high spatial imaging resolution and atomic-scale precision

[1-7]. Today, controlled SPM manipulation of individual atoms

and small molecules is a routine operation [6-8]. It has been

recognised that the outcome of such manipulations is fully
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defined by the microscopic interactions between the manipu-
lated atom or molecule, the surface and the tip [5].

If the manipulated object is an individual atom or a small mole-
cule its internal degrees of freedom can be neglected (as for a
point-like particle) such that the state of the particle is fully
described by its three spatial coordinates. Since the position of
the tip apex is also defined by a set of three coordinates, the full
state space of an SPM junction that contains one point-like
particle essentially has at least six independent dimensions [9].
Therefore in order to perform a successful SPM manipulation
one ideally needs to know the junction potential function
defined over the whole 6-D state space. Because most of the
detailed studies of SPM manipulation have been performed on
individual atoms or small molecules adsorbed on surfaces with
a highly symmetric structure, their success can be explained to a
large extent by the fact that the high symmetry of the surface
considerably simplifies the potential of the junction in multi-
functional state space [5,8]. At the same time it is clear that the
realisation of more advanced nanoscale functions will eventu-
ally rely on highly controlled manipulations with molecular
objects of larger size, possessing numerous internal degrees of
freedom and adsorbed on surfaces with a more complex and
thus less symmetric structure.

Unfortunately, the behaviour of large molecules on surfaces is
generally not well understood. Despite the fact that studies of
complex molecular adsorption are progressing quickly, even in
the best-studied model cases a full and quantitatively precise
picture of the molecular adsorption potential (even in the
absence of the SPM tip) is not yet available. For systems that
contain a larger number of molecules that may simultaneously
interact with the surface, the SPM tip and each other, recon-
struction of the potential does not seem realistic in the nearest
future.

How can we nevertheless manipulate large molecules success-
fully, despite lacking full knowledge of their complex inter-
action potential? Generally, the manipulation act is defined as a
trajectory that connects the initial and the final states of the
junction in its multidimensional state space. In SPM such trajec-
tories can only be executed by controlled changes of the spatial
coordinates of the tip. The other degrees of freedom of the junc-
tion, namely the centre of mass and the internal degrees of
freedom of the manipulated molecule, cannot be directly
controlled; instead they relax spontaneously as the tip is moved
along its 3-D trajectory. Their relaxations are always directed
such that they minimize (locally) the total potential of the junc-
tion. For a manipulation to be "successful" the sequence of
spontaneous relaxations of molecular degrees of freedom must
steer the junction into the final state of the manipulation. If the
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potential of the system were known at each point of its state
space, the identification of the desired tip trajectory would
become a mathematical problem. In reality, since the potential
is not known “successful” trajectories can only be determined
with the help of an experiment in which the relevant regions of
the potential landscape are explored in a “trial and error”
fashion and the obtained information is finally used for
learning. In future one could envision a computer-driven SPM
that automatically learns successful manipulation protocols
through performing specific experiments on single molecules
and analysing their outcomes. Here we demonstrate the prin-
cipal possibility of such learning by substituting a computer-
driven system with a human operator controlling the position of
the SPM tip with their hand. Our experiments directly show that
the operator efficiently finds trajectories for the intentional
manipulation of large organic adsorbates without prior knowl-
edge of the potential to which the manipulated system is
subjected.

Experimental

For the demonstration of our manipulation technique we chose
one of the best-studied cases of the adsorption of complex
organic molecules: the well-ordered interface formed by the
archetypal organic semiconductor 3,4,9,10-perylene tetracar-
boxylic acid dianhydride (PTCDA) on a single-crystalline
Ag(111) surface [10] (see Figure la). An Ag(111) single crystal
was cleaned by repeated Ar-sputtering and annealing cycles. A
small coverage of PTCDA molecules (less than 10% of a mono-
layer) was subsequently deposited from a custom-built
Knudsen-cell onto the freshly prepared Ag(111) surface kept at
room temperature. Immediately after deposition the sample was
moved into the microscope and cooled to 5 K. Prior to the
imaging and manipulation experiments the SPM tips were
prepared by voltage pulses of 3—6 V (applied to the sample) and
by crashing 10-30 A deep into the clean Ag(111) surface whilst
simultaneously applying a voltage of 0.1-1 V. The cleanness of
the tip was validated by STM imaging of the former lowest
unoccupied molecular orbital (LUMO) of PTCDA [10] and
spectroscopy of the Ag(111) surface state. All PTCDA images
shown were made with STM at 7 = 0.1 nA and with an applied
bias voltage of V"= —0.34 V that facilitates the intramolecular
resolution corresponding to the LUMO. All of the reported
experiments were performed in situ under ultra high vacuum
conditions.

The adsorption mechanics of PTCDA on Ag(111) is well under-
stood: a PTCDA molecule binds to the metal surface through an
extended bond that involves charge transfer into its LUMO and
also locally with its four carboxylic oxygen atoms [10,11]
(marked by white circles in Figure 1a). The same atoms enable
SPM manipulation with the molecule, since an individual
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Figure 1: (a) 13 x 8 nm? STM image of a PTCDA island grown on an
Ag(111) surface and of an isolated PTCDA molecule detached from it.
The white rectangle marks the unit cell of the monolayer. The struc-
ture of the PTCDA/Ag(111) layer is displayed on the right. The posi-
tions of the carboxylic oxygen atoms of PTCDA are marked by white
circles. All of the STM images were post-processed with WSxM soft-
ware [14]. (b) /(z) curves measured upon tip approach and subse-
quent retraction executed over one of the carboxylic oxygen atoms of
PTCDA with the applied bias voltage of V = -5 mV. Black arrows
superimposed on the red and green curves show the direction of the
tip movement. The contact event is observed as a sharp increase of
/(z). The isolated PTCDA molecule can be pulled away from the
surface simply by retracting the tip vertically (green curve). PTCDA
molecules that reside inside monolayer islands resist pulling, which
breaks their contact to the tip prematurely (red curve). The relative
tip—surface distance scale (z) was aligned such that the contact point
defined its zero value.

carboxylic oxygen atom can bind the molecule to the SPM tip
[12]. For a molecule residing within a compactly ordered mono-
layer, the same carboxylic groups are involved in hydrogen-
bonds with the C—H side groups of neighbouring PTCDA mole-
cules [10,11]. These intermolecular interactions bind the mole-
cules to each other, holding them tightly within the molecular
islands [13].

An attempt to manipulate PTCDA thus faces a conspicuous
practical problem: while an isolated molecule that has no neigh-
bours can be contacted and lifted from the surface with the SPM
tip in a straightforward manner, the interactions between the
molecules foil most of the attempts to remove a molecule
residing inside the compact molecular monolayer [15,16] (see
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Figure 1b). Although the nature of the forces that hold the layer
together is qualitatively understood, due to the lack of quantitat-
ive information it is not clear a priori how to remove a mole-
cule from the layer with the SPM tip; because of the prohibi-
tively large state space it would also be impossible to calculate
this with reasonable effort. As will be shown here, hand-
controlled manipulation (HCM) using the SPM tip allows us to
find a manipulation protocol that removes single PTCDA mole-
cules from the molecular monolayer very reliably.

We performed the molecular manipulation with a commercially
available SPM. Our instrument, the low-temperature combined
non-contact atomic force/scanning tunnelling microscope (NC-
AFM/STM) from CREATEC, allows for a stable and precise
positioning of the tip, while simultaneously measuring the
current flowing through the junction (/) and the frequency shift
of the oscillating tip (Af). Measuring Af provides additional
information about the microscopic junction structure [15,16].
For the AFM functionality we used a qPlus sensor [17] manu-
factured by CREATEC. The AFM/STM tip was made from a
0.3 mm long and 15 um thick PtIr wire glued to the tuning fork
of the qPlus sensor, and sharpened with a gallium focused ion
beam (FIB). The resulting resonance frequency of the qPlus
sensor was fo = 30,300 Hz with a quality factor of QO =~ 70,000.
Contacting and manipulation were performed with the qPlus
sensor oscillating with an amplitude of 4y = 0.2-0.3 A. Interac-
tions in the junction were monitored by measuring the
frequency shift Af(z) = —(fo/2ko)dF./dz, where ky = 1800 N/m is
the stiffness of the quartz tuning fork used.

The essence of our approach lies in the coupling of the sub-
angstrom precise positioning of the tip of our instrument to the
motion of the operator's hand [18]. This is achieved with the
help of a commercial motion tracking system from VICON (see
Figure 2). The VICON software was used to obtain Cartesian
coordinates of a marker attached to the hand of the operator and
feed them into a high precision power supply from STAHL
ELECTRONICS that generated three voltages, vy, vy, and v,
which were added to the voltages uy, uy, u, used by the scan-
ning probe software to control the position of the SPM tip. The
system was calibrated such that 5 cm of hand motion corre-
sponded to 1 A of tip movement, and calibration constants were
chosen to be the same for x, y, and z directions. The tip manipu-
lation speed did not exceed 0.2 A/s. This limitation was
imposed by the latency time of the communication channel
between the tracking software and the power supply generating
the voltages vy, vy, v, (see Figure 2). The spatial uncertainty
introduced by the motion tracking software was equal to 0.01 A
along each of the axes (x, y, z). The uncertainty introduced by
the electrical noise in the low- and high-voltage amplifiers was
about 0.01 A along z and 0.05 A along x and y directions. The
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coupling latency time was 50 ms. The contacting and molec-
ular manipulation was performed at /', = =5 mV. In total
48 molecules were extracted from the monolayer. Each HCM
was preceded by an attempt to lift the molecule by moving the
tip straight up from the surface; only five molecules were
removed in this manner.
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Figure 2: Scheme of the set-up for manual control of the SPM tip.
Lamps mounted on the front of the two cameras emit infrared light that
is reflected by a single marker fixed rigidly to the hand of the operator.
The reflected light is captured by the cameras; with two cameras full
three-dimensional triangulation is achieved. At the system output the
real-time x(f), y(t), z(t)-coordinates of the marker are extracted. These
coordinates are converted into a set of three voltages vy, vy, v, that are
further added to the uy, uy, u; voltages of the SPM software used to
control the scanning piezo-elements of the microscope. In this way
when the feedback loop is closed the position of the SPM tip is
controlled by the SPM software, but when the feedback loop is open
the tip is controlled by the hand of the operator. During the manipula-
tion vy + uy, vy, + Uy and v; + u; voltages are sampled at a frequency of
1 kHz.

Each individual HCM started by acquiring a constant current
STM image of the molecule to be manipulated. The tip was then
parked over the carboxylic oxygen atom of PTCDA that had
been selected for contacting and the current feedback loop of
the SPM software was opened. The contact to the molecule was
established by approaching the tip vertically towards the
surface; this approach was effected by downward movement of
the hand of the operator. Over the course of HCM the current /
flowing through the junction and the frequency shift Af were
displayed on the screen of an oscilloscope and served as feed-
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back signals for the operator. Formation (loss) of the contact
was monitored in real time by a sharp increase (decrease) of /
(cf. Figure 1b) or a kink in Af[15,16]. After establishing the
contact between the tip and the molecule, the operator retracted
the tip along an arbitrary three-dimensional trajectory. If the
contact to the molecule was lost prematurely, the tip was moved
back to the initial parking position by zeroing the vy, vy, and v,
voltages and the manipulation was re-initiated. If contact was
maintained up to retraction distances of 10-15 A, the tip was
moved, with the help of the SPM software, laterally at constant
height to a clean silver surface area. There an attempt to
re-deposit the molecule from the tip back to the surface was
made. Re-deposition was performed by approaching the tip with
the removed PTCDA molecule hanging on its apex towards the
Ag(111) surface and applying a voltage pulse of 0.6—1 V. After-
wards the current feedback loop was closed and the manipula-
tion area was scanned in constant current STM mode (a movie
that was made of the scanned STM images can be found in the
Supporting Information). If the state of the tip apex was
changed during HCM it was reshaped by gentle dipping into the
surface.

With this approach and without any prior experience it took
about 40 minutes to remove the first molecule from the layer.
Repeating the experiment, we observed that the average time
necessary to remove one molecule decreased to 13 minutes after
about 10 successful attempts. We stress here that this learning
was based entirely on rather sparse information about the junc-
tion, namely the conductance at a fixed bias voltage and the
frequency shift Af related to the z-gradient of the vertical force
[15,16].

Results and Discussion

Inspecting Figure 3a, which displays the 3-D trajectories that
successfully extracted the PTCDA molecules from the layer, we
note several interesting observations. First we see that all of the
successful trajectories tend to “bunch” in a relatively narrow
solid angle. The correct determination of that angle thus largely
defines the success of the manipulation. Here the operator deter-
mines the required solid angle by using the fact that unsuc-
cessful trajectories terminate prematurely with the tip-molecule
bond rupture. As Figure 3b shows, many of the trajectories
“survive” the first 3 A of pulling, although the ones that are
going to become successful start to concentrate in the upper
right quadrant. As the tip moves further away from the surface
many unsuccessful traces get terminated due to the premature
breaking of the tip-molecule contact. Indeed Figure 3¢ shows
that at a distance of 7 A most of the successful trajectories lie
within the solid angle Q (cf. Figure 3c), the direction of which
suggests that the molecule is peeled off the surface starting from
the corner at which the contact to the tip was established [19].
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Cc

Figure 3: a) A perspective view on a set of 34 3-D manipulation trajectories that resulted in the removal of PTCDA molecules from the monolayer. In
order to facilitate plotting, the density of recorded data was reduced by a factor of 100 to a sampling frequency of 10 Hz. Each point of the trajectory is
plotted as a sphere with a radius of 0.2 A, corresponding to the amplitude of the oscillations of the AFM/STM tip. The colour of the sphere reflects the
value of /(x, y, z) measured at the given point of the manipulation trajectory. The black circle shows the boundary of the sphere from Figure 3c. For a
more detailed view of the displayed 3D trajectories download the 3D animation or the interactive 3D model from Supporting Information. b,c) Full
statistics of manipulation trajectories (including unsuccessful ones) (top view). The circle marks the boundary of a sphere with the radius 3 A (b) and
7 A (c) the center of which was placed at the position of the carboxylic oxygen atom through which the molecule was contacted by the tip. Red (black)
points mark locations where the successful (unsuccessful) trajectories penetrate the sphere. Bunching of the successful trajectories in a narrow solid

angle is visible at larger tip—surface distances.

We remarked previously that the effectiveness of peeling stems
from the fact that it promotes gradual (vs simultaneous)
cleavage of the existing molecule—surface bonds [12,16]. In
contrast to the case of an isolated molecule, when the molecule
is peeled out of the compact layer the intermolecular bonds also
need to be cleaved. Therefore extraction of the molecule from
the layer needs a much more carefully chosen trajectory which
“schedules” the cleavage of the molecule—surface bonds as well
as the bonds between molecules in such a manner that the total
force acting on the tip—molecule bond is kept under a critical
threshold. The identification of such trajectories is performed
here by the operator carrying out HCM and we find that the
success of the peeling is largely defined by the direction along
which the tip is moved for the first 7 A.

Notably, after reaching a retraction distance of about 7 A the

trajectories shown in Figure 3a start to diverge from each other.

This suggests that the majority of the bonds that hold the mole-
cule within the monolayer have been cleaved by that point, thus
reducing the importance of the shape of the trajectory substan-
tially. Interestingly, the process of gradual bond cleavage is also

reflected by the initial increase in the current I(x, y, z) flowing
through the junction (cf. the red sections of the successful
trajectories in Figure 3a). This observation is in agreement with
previously published data that relate the increase of conduc-
tance through the tip~-PTCDA-Ag(111) junction with the
effects of de-population and de-hybridization of the LUMO of
PTCDA, which occur upon the gradual breaking of the
PTCDA-Ag(111) bonds [12,20,21].

Finally, to illustrate the reliability of the HCM, we present a
structure “stencilled” into PTCDA/Ag(111) by sequentially
removing single molecules from the layer (Figure 4). Impor-
tantly, the images report the very first attempt, with no previous
experience and without training. A movie, assembled from
constant current STM images scanned after each removal step,
can be downloaded as Supporting Information. It shows that
48 molecules were extracted from the layer in a sequence
defined by the will of the operator. Remarkably, it was possible
to re-deposit 40 of the removed molecules onto the clean
Ag(111) surface nearby, showing that the molecules are not
damaged during their extraction [22]. Therefore, as Figure 4
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shows, manual manipulation can also be used to “correct” errors
by filling a created vacancy with a molecule that has been
extracted from a different location.

Figure 4: Constant current STM image of a structure consisting of

47 vacancies that were created by removing individual PTCDA mole-
cules from the PTCDA/Ag(111) monolayer. The sequence of inter-
mediate steps recorded during writing can be downloaded from the
supplement. The three insets show the “repair” of a vacancy created
by mistake. The black arrow marks the position of the error vacancy.
The white arrow marks the position of the molecule at the edge of the
molecular monolayer island that was used to fill the error vacancy. The
molecule from the edge was removed by using the same manipulation
protocol as for all other vacancies and was then placed into the error
vacancy by approaching the tip to the vacancy and increasing the
voltage steadily to 0.6 V.

Conclusion

In summary, HCM allows for the straightforward manipulation
of single molecules of large organic adsorbates in bound assem-
blies. The strength of the method derives from the direct manual
control of the AFM/STM tip. This allows the operator to
explore the unknown potential in the state space of the manipu-
lated system, quickly determining the manipulation trajectories
that steer the system into the desired final state(s). By using
HCM we were able to find the trajectories of the AFM/STM tip
that break the intermolecular bonds in the molecular monolayer
of PTCDA/Ag(111) and write the first ever complex structure

with large molecules.

The HCM method reported here brings us a step closer to the
possibility of building functional nanoscale molecular struc-
tures. In particular, it shows that in spite of the limited informa-
tion about the junction that is accessible in real time, it is never-
theless possible to efficiently learn along which paths through
the multidimensional state space with its highly complex poten-
tial molecules can be manipulated successfully. In future
applications of the method, this learning could be delegated

Beilstein J. Nanotechnol. 2014, 5, 1926—1932.

to a suitable computer algorithm. At the same time, the data
collected with this method may promote a deeper under-
standing of interactions in complex adsorption systems and thus
eventually help us to make another step towards machine-
controlled molecular-scale functional design.

Supporting Information

The paper is accompanied by a ZIP archive containing the
following files: The file “Manipulation-sequence.avi”
contains the sequence of intermediate images recorded
during the manipulation, the final result of which is shown
in Figure 4. The file “3Dmovie.avi” contains an animation
exhibiting the 3-D model of the recorded manipulation
trajectories shown in Figure 3 (for details cf. the caption of
Figure 3). The file “3Dmodel.html” contains an interactive
3-D model of the recorded manipulation trajectories. To be
viewed it must be placed in the same directory as the file
“CanvasMatrix.js” (included in the ZIP archive) and
opened with a browser. Use the mouse to rotate or zoom
the field of view of the 3-D model.

Supporting Information File 1

Additional experimental data
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-5-203-S1.zip]
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3. Scanning Quantum Dot Microscopy

Introduction

In the last decade the advantages of functionalizing the SPM tip have been es-
tablished: by attaching a single, well-defined object to the tip, resolution can be
improved and new physical effects can become accessible [53—-60]. These benefits
stem from the additional degrees of freedom (DoF) that the functionalizing object
introduces [61]. For example, it was shown that the contrast enhancement in SPM
images with a tip functionalized by a small probe particle came from the additional
spatial DoF of the probe particle [62-64]. The principle can however be extended
to different types of DoF, for example spin (spin-polarized STM [65]) or electronic
DoF. These DoF of a different nature can be influenced by the microscope junction
and induce previously unobservable effects, expanding the quantity of information
that can be drawn from experiment.

Here we augment the SPM tip with the electronic degrees of freedom of a gateable
QD, attached to the tip by controlled single molecule manipulation. The electronic
coupling between the tip and QD is sufficiently weak such that discrete electronic
states can exist on the QD, which can be populated and depopulated by gating.
These charging events change the charge distribution in the microscope junction,
leading to a change in the electrostatic force acting between tip and sample, which
in turn can be detected in the AFM frequency shift signal. We go on to show how
the gating is affected by local electrostatic potentials, leading to the invention of
the new microscopy method, SQDM, where the charging events of a QD are used
to map electrostatic potentials near surfaces. The method is demonstrated by the
measurement of the potential of a single PTCDA molecule adsorbed on Ag(111),
with quadrupolar (from the partial charges) and dipolar (from the charge transfer)
contributions. This measurement compares favourably to a microelectrostatic simu-
lation of the potential, which suggests that the potential is detected at a well-defined
point below the apex of the metal tip. The quantitative nature of the technique is
thereafter displayed by the measurement of the Smoluchowski dipole of a single sil-
ver adatom, which follows a 272 decay law as expected. Finally, the detection of
the Smoluchowski potential at ~7 nm from the atom demonstrates the outstanding
sensitivity of SQDM. Since the active element of the SQDM sensor is the molecular

QD, it can be described as a single molecule device.
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3.1 Scanning Quantum Dot Microscopy

3.1. Scanning Quantum Dot Microscopy

The journal article in this section was published in Physical Review Letters [66]. The
author contributions are as follows: C.W., M.F.B.G., R.T. and F.S.T. conceived the
experiments. M.F.B.G. and P.L. performed the experiments. C.W., M.F.B.G. and
R.T. analyzed the data. T.D., P.K. and M.R. performed the DFT calculations.
C.W., M.F.B.G., R.T. and F.S.T. wrote the paper and all authors discussed the
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We introduce a scanning probe technique that enables three-dimensional imaging of local electrostatic
potential fields with subnanometer resolution. Registering single electron charging events of a molecular
quantum dot attached to the tip of an atomic force microscope operated at 5 K, equipped with a qPlus
tuning fork, we image the quadrupole field of a single molecule. To demonstrate quantitative
measurements, we investigate the dipole field of a single metal adatom adsorbed on a metal surface.
We show that because of its high sensitivity the technique can probe electrostatic potentials at large
distances from their sources, which should allow for the imaging of samples with increased surface

roughness.

DOI: 10.1103/PhysRevLett.115.026101

The atomic structure of matter inevitably leads to local
electrostatic fields in the vicinity of nanoscale objects even
if they are neutral [1]. Hence, electrostatic forces often
dominate the interactions between nanostructures, but
experimental access to such local electrostatic fields is a
challenge, Kelvin probe force microscopy (KPFM) being
the most promising attempt to address it so far [2-4].
However, since KPFM measures the contact potential
difference between surfaces, which by definition are
extended objects, it inevitably involves lateral averaging,
especially for larger probe-to-surface distances. True three-
dimensional imaging of local electrostatic fields in a broad
distance range is therefore difficult with KPFM [5].

Here we introduce a scanning probe technique, scanning
quantum dot microscopy (SQDM), that provides a contact-
free measurement of the electrostatic potential in all three
spatial dimensions, without the drawback of distance-
dependent averaging. This is possible because SQDM,
unlike KPFM, directly probes the local electrostatic poten-
tial at a well-defined subnanometer-sized spot in the
junction. SQDM also shows a remarkable sensitivity that
allows, e.g., the detection of the electrostatic potential
~6 nm above a single adatom on a metal surface.

We start by describing the general working principle of
SQDM, independent of the specific nature of the employed
quantum dot (QD). We image the electrostatic potential
using a nanometer-sized QD attached to the apex of a
scanning probe tip [Fig. 1(a)]. In the experiment, the
electronic levels of the QD are gated with respect to the
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Fermi level Ef of the tip by applying a bias voltage to the
tip-surface junction [Fig. 1(b)] [6-10]. In this way, the
charge state of the QD can be changed, e.g., if the bias
voltage V applied to the junction reaches a critical value V-~
that aligns one of the QD’s occupied electronic levels with
Ey, this level is depopulated [Fig. 1(b)]. With this device,
the measurement of a local electrostatic potential field

(a)

mmm

sample

-3.2 Hz

-2.3

FIG. 1 (color). Working principle of SQDM. (a)—(c) Energy
diagrams showing the QD attached to a scanning probe tip. (a) In
the absence of a sample bias, a given level of the QD is occupied
(QD charge state N). (b) When a critical sample bias V™ is
reached, one electron tunnels from the QD into the tip (QD charge
state N —1). (c) If a local charge at the surface modifies the
potential in the junction, the QD level shifts and becomes
reoccupied (QD charge state N). (d) STM image of monolayer
PTCDA islands on Ag(111). Here, and on all further images, a
5 nm scale bar is shown. (e) Const. height A f image of the area in
(d) recorded at zz, = 3 nm [for definition, see Fig. 2(a)] and
V = —990 mV. Prominently visible in red are lines where the
QD changes its occupation between N and N — 1. The charge
states of the QD in the different regions are labeled. (f) Same as
(e), but recorded at V = —910 mV.

Published by the American Physical Society
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®(x,y.z), caused for example by a surface adsorbate, is
possible because the electronic levels of the QD shift in
response to any perturbation of the potential at the position
(x,y,z) of the QD. These shifts can be detected by their
effect on the charge state [Fig. 1(c)]. Detecting charging
events of the QD while scanning the three-dimensional
half-space above the surface is the working principle of our
method.

Figures 1(e) and 1(f), recorded 3 nm above islands of
perylene tetracarboxylic dianhydride (PTCDA) on the
Ag(111) surface, provide an initial illustration of SQDM
imaging. The red contours in Figs. 1(e) and 1(f) mark
locations where the QD changes its charge state. Note that
these contours follow the shape of the standing wave
pattern [Fig. 1(d)], which is formed by the surface state
as it is scattered by the perturbed electrostatic potential in
the surface [11]. This is an indication that the QD is indeed
sensitive to the electrostatic potential created by the sample.
In the remainder of the Letter, we present experimental
results that unambiguously confirm this conjecture.

We now turn to a description of the QD used in the
present work. Since the spatial resolution of SQDM is
related to the size of the QD, we chose a single molecule as
the QD to optimize it. Two questions then arise: is it
possible to controllably attach a single molecule to the tip
of the scanning probe microscope, and does this molecule
indeed exhibit the properties of a QD?

Regarding the first question, we were able to attach both
single PTCDA and naphthalene tetracarboxylic dianhy-
dride (NTCDA) molecules [Figs. 2(a) and 2(b)] to the apex
of the tip of a CREATEC qPlus tuning fork [12] noncontact
atomic force/scanning tunneling microscope (NC-AFM/
STM), operated at 5 K and in ultrahigh vacuum. This is
achieved with a well-documented manipulation routine
[13—16]: an isolated PTCDA or NTCDA molecule, adsorbed
on Ag(l11), is approached by the silver-terminated
AFM/STM tip directly above one of its corner oxygen
atoms. At a tip-surface distance of ~6.5 A, the chosen
oxygen atom flips up by ~1.4 A to establish a chemical
bond to the apex of the metal tip [13]. By this oxygen-silver
bond, the entire molecule can be lifted off the surface
[13,14]. As the final bond between the molecule and the
surface is broken, the attractive interaction with the surface
aligns the molecule perpendicularly to the surface [15,16] in
a configuration in which the molecule is hanging from the tip
by its oxygen-silver bond [Fig. 2(a)] [17].

The tip-suspended PTCDA and NTCDA molecules
behave as QDs because their frontier orbitals have =
character and a weak amplitude at the corner oxygen
atoms. Moreover, in the given configuration, the lobes
point in a direction that minimizes overlap with the tip;
hence, the bond to the tip acts as an insulating spacer, which
prevents their hybridization with the tip. This results in very
sharp line widths [13,18] and, equally importantly, in the
possibility to gate these levels because a sizeable fraction of
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FIG. 2 (color). SQDM with a molecular QD and a NC-AFM.
(a) Schematic view of the QD sensor: A single PTCDA molecule
is chemically bonded to the AFM tip via a corner oxygen atom.
The definitions of Ztip- Z» and d are indicated. The calibration of
Zip Was performed as described in Ref. [16]. (b) Schematics of the
energy level alignment of the PTCDA and NTCDA QD tips.
(c) Af(V) spectra taken with the PTCDA QD tip at z4, = 3 nm
above the clean Ag(111) surface (blue) or above a PTCDA island
(orange). The center of each dip determines V™. The voltages
used for scanning Figs. 1(e) and 1(f) are indicated at the top.
(d) Af(V) spectra, recorded with PTCDA (red) and NTCDA
(blue) QD tips above the bare Ag(111) surface. The NTCDA
spectrum is multiplied by 4. For the PTCDA spectrum, recorded
at zg, = 26 A, the QD charge states N — 1, N, and N + 1 are
indicated.

the applied bias voltage drops over the insulating oxygen-
tip bond. It should be noted, however, that in some respects
the properties of our molecular QDs differ from those of
more conventional QDs: first, due to large (and size-
dependent) intramolecular Coulomb repulsion, the charg-
ing energies are in the eV rather than the meV range, and
second, particle-hole symmetry is broken [19]. In fact,
while both NTCDA and PTCDA show the same function-
ality, the actual level alignment and smaller level spacing in
PTCDA [Fig. 2(b)] make it more convenient to work with.
Therefore, we focus on experiments with the PTCDA QD
tip. The data obtained with NTCDA can be found in the
Supplemental Material [18].

Since electrostatic potential measurements in SQDM are
based on changes of the QD’s electron occupation, a
sensitive detection of charging events is crucial. Here this
is accomplished by registering abrupt steps in the tip-
sample force that accompany the change of the QD’s
charge state [6-8,10]. In the qPlus NC-AFM, these steps
show up as sharp dips in the frequency shift curve Af(V)
[Fig. 2(c)] [12,20,21].

Based on our detection method, SQDM images can be
recorded either by mapping Af [Figs. 1(e) and 1(f)] or by
plotting constant-height maps of charging voltages V~
[Fig. 2(c)]. If only one Af feature is used, the resulting
SQDM contrast contains a combination of electrostatic and
topography effects. Fortunately, we are able to detect two

026101-2
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Af(V) features (at V™~ and V), corresponding to the N —
N —1 and N - N + 1 transitions of the QD [Fig. 2(d)]
[22]. The simultaneous analysis of both Af(V) features
allows for a straightforward disentanglement of topography
and electrostatics.

The fact that topographic signatures in the surface can
change the charge state of the QD if it is scanned at constant
height (i.e., fixed z) across the surface is naturally explained
by changes of the junction capacitance with the distance
between tip and sample [7]. The effect is illustrated in
Fig. 2(d) by the observation that the absolute values |V |
and |V~ increase with z;,. We describe this behavior in
terms of a “gating efficiency” a. A smaller value of o
implies that a larger bias is needed to align any given
QD level with Eg. In contrast to the topography, a
local electrostatic potential ®* at the position of the QD
shifts V= and V' rigidly on the voltage axis
(AV =V* — V=~ = const). For a fixed z, the separation
of ®* from topography can be achieved straightforwardly
by writing down the charging conditions E}q. + aeV™ +
e®* =0and E, —aeV" — ed* =0 (E, and E,. are the
electron and hole charging energies of the QD) for
transitions N - N — 1 and N — N + 1, respectively, and
solving for @ and ®*. The result is a = C/AV and
O* = —CV~/AV + &;, where C and @ are constants that
can be determined by a calibration experiment where ®* =
0 (see below). Details can be found in the Supplemental
Material [18]. The fact that AV is inversely proportional to
a shows that it primarily carries information about the
topography [23].

We now demonstrate the power of SQDM by mapping
out the local electrostatic potential field of a nanostructure.
As the latter, we choose a single PTCDA molecule on
Ag(111). Its field is expected to contain two major
contributions, a quadrupolar field, produced by the internal
charge distribution of the molecule [Fig. 3(a)], and a dipolar
field due to the electron transfer from Ag(111) to PTCDA
upon adsorption [24].

Using the PTCDA QD, we measure V- and V* on a
grid above the adsorbed PTCDA molecule and plot in
Figs. 3(a)-3(f) the experimental quantities AV(x,y),
related to the topography, and V~/AV(x,y), proportional
to the electrostatic potential (up to a constant offset).
Figures 3(d)-3(f) bear a close resemblance to the expected
molecular quadrupole field. This is reinforced by a com-
parison to the results of a microelectrostatic simulation,
in which the internal charge distribution of a gas-phase
PTCDA, as calculated by density functional theory (DFT),
its screening by the metal, and a homogeneous charge
transfer from the metal to the molecule have been taken
into account. The simulated images in Figs. 3(g)-3(i) were
obtained by fitting the experimental data from Figs. 3(d)-3(f)
with a two-parameter model, the first parameter being the
charge transfer from Ag(111) to PTCDA (¢ = —0.09 ¢), and
the second parameter the distance z from the surface at

() \’x o)
\\ o

v /av

Simulated potential

FIG. 3 (color). PTCDA on Ag(111): separation of topographic
and electrostatic contrasts in SQDM. (a)-(c) Experimental
AV(x,y) maps (related to topography, cf. text) recorded with
the PTCDA QD tip above an isolated PTCDA molecule adsorbed
on the Ag(111) surface. (a) A white rectangle outlines the size of
the PTCDA molecule. In the upper right corner, an enlarged
structure formula, on which the quadrupolar charge distribution is
indicated, is displayed. The inset in the bottom left corner shows
an STM image [scale as in (a)]. (d)—(f) Experimental
V=/AV(x,y) maps (related to electrostatic potential, cf. text)
of the same area as in (a)—(c). Maps (a) and (d) were recorded at
Zip = 24 A, (b) and (e) at 28 A, and (c) and (f) at 36 A. (g
(i) Simulated electrostatic potential of adsorbed PTCDA at
z=16 A (g), 22 A (h), and 28 A (i). The color scales in
(d)—(i) were adjusted to optimize the contrast of each figure.

which the simulated potential is plotted [16 A, 22 A, and
28 Ain Figs. 3(g), 3(h), and 3(i), respectively]. Remarkably,
comparing the obtained distances z with the experimental z,
[24 A, 28 A, and 36 A in Figs. 3(d), 3(e), and 3(f)], we obtain
an estimate of = (74 1) A in Fig. 2(a). This shows that
the electrostatic potential is probed at a point approximately
7 A below the tip apex, hence at the position of the PTCDA
QD, as expected from the proposed junction geometry
[Fig. 2(a)].

We now choose the Smoluchowski dipole [1], created
here by a single Ag atom adsorbed on Ag(l11)
[Figs. 4(a)-4(c)], to demonstrate that SQDM can deliver
quantitative three-dimensional electrostatic potential imag-
ing. To this end, reference measurements V; (z) and V (z)
(for a fixed set of heights z) at locations where the local
electrostatic potential ®* is taken to be zero, e.g., above bare
Ag(111), can be used to eliminate the z-dependent constants
C and ®;. In this way, ®* can be evaluated from
*(x, y. 2) = —ap(){[V=(x. . 2)/AV(x. y. 2)]AV(2)—
V5(2)} [18], where ay(z) is the z-dependent gating effi-
ciency when the QD tip is above bare Ag(111). In the
simplest case, ag(z) =d/(z+d), if a plate capacitor
geometry is assumed. Figure 4(d) shows the experimental
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FIG. 4 (color). Smoluchowski dipole of an adatom: quantitative
electrostatic potential measurements with SQDM. (a)—(c)
Electrostatic potential maps ®(x,y) measured above a silver
adatom on Ag(111) at z = 21 A (a), 29 A (b), and 37 A (c). The
scale bars show the absolute values of the electrostatic potential
®, obtained as described in the text. Line profiles through the
adatom are shown in white. (d) Comparison of the experimental
®* (blue), ¢ (red), and DFT-calculated (black) potentials verti-
cally above the adatom. The red line shows a 1/(z — z,)? fit of the
experimental data, where z, was obtained by fitting the DFT
dataset. For the experimental data, z is the distance between the
point inside the QD, at which the electrostatic potential is
measured, and the surface. For DFT, z is the distance from the
surface at which the potential of the adatom was calculated.
(Inset) Constant height raw Af image recorded at z = 6.3 nm
with an applied bias of V = 9.6 V, close to V* for this z. (Bottom
left corner) STM image of the adatom.

electrostatic potential vertically above the adatom, evaluated
by the above formula, in comparison to the result of a
DFT calculation [25].

Before making the comparison, one should note that DFT
yields the electrostatic potential ® in the absence of the tip. It
is clear that the grounded tip screens the local electrostatic
potential ¢ to a smaller value ®*. Taking into the account
this screening [28], we obtain an experimental ¢ that is
~70% of the DFT values. We consider this agreement a
remarkable verification of quantitative electrostatic potential
mapping in SQDM. The remaining discrepancy between
theory and experiment can be explained by an increase of a
(in comparison to the plate capacitor model), caused by the
curvature of the metal tip used in the experiment. We note
that this influence can be quantified by measuring a structure
whose electrostatic potential is known and then transferred
to any other experiment with the same tip.

Finally, we comment on the sensitivity of our electro-
static potential field measurement. An accuracy of ~1 mV
in measuring V=, V' translates into ®*(z) from the adatom
being detectable at z up to ~4 nm. The inset in Fig. 4(d)
shows that, imaging A f directly, the Smoluchowski dipole
field of the adatom is observed even at a distance of 6.3 nm
from the surface.

In conclusion, we have reported a scanning probe
technique that is able to provide truly three-dimensional,

so far elusive, maps of the electrostatic potential field with
nanometer resolution. Since the QD serves as a sensor of
the electrostatic potential that at the same time transduces
this signal to a charging event, the technique is a particu-
larly interesting variant of the general sensor-transducer
concept for scanning probe microscopy introduced earlier
[29-31]. Here, however, the transduction involves elec-
tronic rather than the mechanical degrees of freedom that
were utilized in previous work.

As a consequence of its high sensitivity, SQDM may in
the future be applied to the characterization of rough and
high-aspect-ratio samples such as semiconductor devices or
large biomolecular structures [18]. Moreover, the combi-
nation of high sensitivity and spatial resolution suggests the
possibility of reading nanoscale electric memory cells
entirely contact and current free. Finally, we stress that
the molecular QD realization of SQDM reported here,
although particularly attractive, does not exhaust all pos-
sibilities [32]. SQDM probes with nano-fabricated QDs on
standard silicon AFM cantilevers may in the future extend
the applicability beyond ultrahigh vacuum and cryogenic
temperatures.
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The supplemental information to the journal article ‘Scanning Quantum Dot Mi-

croscopy’ is presented in this section.
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Figure S1: Interaction between the PTCDA quantum dot and the tip electrode, as de-
termined from charge transport between the tip and the Ag(111) surface through the PTCDA
quantum dot. The black data points show a sharp increase of the tunneling current / that occurs
when the occupied level of the quantum dot crosses E'r of the tip at the bias voltage V'~ and thus
moves inside the bias window, becoming a channel for charge transport. The red curve shows
the corresponding peak in the differential conductance dI/dV, the width of which is directly
related to the width of the PTCDA level. Taking into account a thermal broadening of 5.4 kT,

the Figure reveals that the broadening of the occupied PTCDA level through the interaction with
the tip is smaller than 3.5 mV.
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Figure S2: SQDM imaging (with a PTCDA QD tip) of a PTCDA/NaCl/Ag(111) surface.
Size of the images 60 x 50 nm?2. Left panel: constant current STM image taken at V = 2 V
and I = 12 pA with a clean metal tip. Right panel: constant height A f image taken with
the PTCDA QD tip, scanning the surface at 2y, ~ 4 nm and V' = —2.07 V. The sharp black
boundaries mark the areas where the PTCDA QD changes its charge state. In the STM image,
the lower part of the frame was not scanned, because in this area a large number of unstable
islands, which are prone to be disturbed by the tip in conventional STM scanning conditions, is
located. Note that, because of the large distance to the surface, imaging such unstable areas is
no problem in SQDM. This illustrates the potential of SQDM to provide images of rough and
delicate samples, as mentioned in the paper.



STM SQDM

Figure S3: SQDM imaging (with a NTCDA QD tip) of disordered NTCDA islands grown
on the Ag(111) surface at 110 K. Size of the images 60 x 60 nm?. Left panel: const. current
STM image taken at V' = 50 mV and I = 50 pA. The black arrow points to an isolated NTCDA
molecule that was used as the QD to acquire the image shown in the right panel. After imaging,
the molecule was deposited back to the shown location by applying a 0.6 V pulse to the tip in
the close vicinity of the surface. Right panel: const. height A f image taken with the NTCDA
QD tip scanning the surface at z;, ~ 3nm and V' = —1.32 V. The sharp black boundaries mark
the areas where the NTCDA QD changes its charge state.
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Figure S4: Schematic diagram of the SQDM junction. In a, the dot is positively charged with
one hole (total number of electrons N — 1), while in b the dot is negatively charged with one
electron (total number of electrons N + 1). V' is the bias applied to the tip-surface junction. In
both figures the bias V' is positive. The thick dotted lines shows the energy of a hole (panel a,
charge +e) or the energy of an electron (panel b, charge —e) as a function of z. The positive
bias V' tends to stabilize the electron in the dot (panel b), but to destabilize the hole in the dot
(panel a). The stabilization and destabilization energies are shown in blue and red, respectively.

1 Extraction of constant height *(x, y) and «(z, y) images

Considering the diagrams shown in Figs. S4a-b, the energies of the states of the junction can be
written as follows:

E(N = 1) = Epge + aeV + e®* (S1)

and

E(N+1) = Ey — aeV — ed*, (S2)

where o1 (Ee) is the energy needed to create a hole (electron) in the quantum dot when no
bias voltage V' is applied to the junction. +aeV is the energy associated with the position of
the hole or electron in the electrostatic potential created by the bias voltage V. « is the gating
efficiency which determines which fraction of the bias voltage V' drops between the tip and
the quantum dot. Finally, ®* is an additional electrostatic potential present at the position of
the quantum dot, created, e.g., by a nanostructure in the vicinity. In our experiment ®* is the
measured quantity.



The charging conditions can be written as E(N — 1) = 0 and E(N + 1) = 0. This leads to
a pair of equations

Ehole + eV~ +ed* =0 (S3)

Eq—aeVt —ed* =0, (S4)

in which V' and V'~ are the charging voltages measured in the experiment (cf. main text). From
egs. S3 and S4 we obtain

Ehole + Eel _ Ehole + Eel

= = S5

T v v eAV 85)
* V7 Ehole

o = _CAV(Ehole + Eel) e (S6)

Assuming that neither F},,), nor E, changes when the tip is scanned at constant height (i.e. fixed
z) across the surface, egs. S5 and S6 show that from the measured V' (z, y), V~(z,y) at a given
z we can obtain maps of the gating efficiency a(x,y) and the potential ®*(x,y) at this z, up
to a scaling factor and an offset. In Figs. 3a-c of the main paper we plot the measured AV,
related to o~ !, and in Figs. 3d-f of the main paper we plot the measured dimensionless quantity
V~/AV, related to ®*.

2 Reference Measurement at constant 2

The unknown scaling factor ( Eyo1e + Fel) /€ (appearing in the main text as C') and offset E,o1e /€
(appearing in the main text as ®f) in eqs. S5 and S6 can be eliminated by a reference measure-
ment at a point (g, yo) at which the local electrostatic potential ®* is zero, e.g. above the bare
Ag(111) surface. It is important that this reference measurement is carried out at the same z at
which a(z, y) and ®*(z,y) are evaluated. If the local electrostatic potential ®* is zero, eqs. S3
and S4 become

Ehole = _0/06‘/07 (S7)

Eel = ozoeV0+ (SS)

where ag = a(xg, ), Vo = V™ (x0, o) and V" = VT (z, yo) determined at the chosen fixed
z.
Using eqs. S7 and S8, egs. S5 and S6 become

AV,
a(z,y) = a (W;y)) (89)



and V- (2.9)
Yy -
o =— — AV, =V, S10
(z,y) Qg <AV(z,y) o~V ) (S10)
where AV = Vi — V. According to egs. S9 and S10, both the gating efficiency « and the
potential ®* can be fully expressed in terms of measurable quantities, up to a common scaling

factor «.

3 Measurement of O*(x,y, 2)

Eq. S10 can be directly applied to the measurement of ®* at an arbitrary location (z,y, z) if
the reference data Vj; (2) and V;"(2) are available. Since the scaling factor o in eq. S10 is
generally z-dependent, we obtain

. V= (2,y,2) -
*(z,y,2) = —ap(2) (WAVO(Z) - Vi (2)]. (S11)
If we assume the junction geometry to be that of a plate capacitor, where the potential drops

linearly between the electrodes and therefore ao(2) = d/(d + z) (for definitions of d, z and 2,
see Fig. 2a of the supplement), we finally obtain

_d (V(zy2)
d+ 2z \AV(x,y,z)

O (z,y,2) = AVy(z) — V(f(z)) (S12)
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The review article in this section was published in the Japanese Journal of Applied
Physics [67]. The author contributions are as follows: C.W., M.F.B.G., R.T. and
F.S.T. conceived the experiments. M.F.B.G. and P.L. performed the experiments.
C.W., M.F.B.G. and R.T. analyzed the data. T.D., P.K. and M.R. performed the
DFT calculations. M.F.B.G. and R.T. wrote the paper and all authors discussed

the manuscript.
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In this paper we review a recently introduced microscopy technique, scanning quantum dot microscopy (SQDM), which delivers quantitative maps
of local electrostatic potential near surfaces in three dimensions. The key to achieving SQDM imaging is the functionalization of a scanning probe
microscope tip with a 7-conjugated molecule that acts as a gateable QD. Mapping of electrostatic potential with SQDM is performed by gating the
QD by the bias voltage applied to the scanning probe microscope junction and registering changes of the QD charge state with frequency-
modulated atomic force microscopy. © 2016 The Japan Society of Applied Physics

1. Introduction

Scanning probe microscopy (SPM) has established itself as
the premier tool for real-space, nanoscale surface analysis.
The early success of scanning tunnelling microscopy
(STM)!? was quickly followed by the development of
atomic force microscopy, including frequency-modulated
AFM (FM-AFM),** and since then the field has burgeoned,
not only in scope of application but also into many different
technical variations.’'? The beautiful simplicity of the SPM
principle makes this possible: as the tip is brought within the
close vicinity of the surface, a physical interaction is driven
and observed, where the interaction itself determines what
information can be extracted from the data. With STM, the
best known realization of SPM, the tunnelling current that
flows through the sub-nanometre gap between the tip and the
surface is used to probe the surface properties. The spatial
degrees of freedom introduced by the piezoelectric tip-
positioning system of the STM are used to scan the tip
over the surface. This then enables the STM to detect the sur-
face topography and electronic structure with sub—Angstrijm
lateral resolution.

Recent years have seen the emergence of new SPM
approaches exploiting controlled tip functionalization, where
an atom or small molecule is attached to the tip.'>'® Placing
a point-like particle at the apex of the tip introduces
additional spatial degrees of freedom into the SPM junction,
due to which previously unobservable effects may become
accessible.!”?® Here we review a new SPM-based measure-
ment technique that makes a further step and employs a tip
functionalized with a complex, z-conjugated molecule (see
Fig. 1). Remarkably, the large molecule attached to the tip in
a particular, well-defined configuration displays properties of
a gateable quantum dot (QD), thus introducing additional
electronic degrees of freedom into the SPM junction. This
gives birth to a new imaging method —scanning quantum
dot microscopy (SQDM)— that can be used to characterize
electrostatic potentials of various surface structures. The
capabilities of SQDM have been demonstrated by mapping
the electrostatic potential of a perylene tetracarboxylic
dianhydride (PTCDA) molecule, and a quantitative measure-
ment of the dipole potential of a single silver adatom, both
adsorbed on a Ag(111) surface.?”)

08NA04-1

Fig. 1. (Color online) Schematic diagram of the SQDM junction
geometry with a large, z-conjugated molecule attached to the SPM tip. With
the tuning fork oscillating at an amplitude A at its resonant frequency f;, bias
voltage applied to the sample can induce electron tunnelling events between
tip and molecular QD, which can be detected by changes in the resonant
frequency Af. The definitions of d, z, and z;, are displayed.

2. Tip functionalization

Functionalization of the SPM tip with a large organic
molecule that facilitates SQDM measurements is achieved by
controlled manipulation, in which the molecule is contacted
and lifted from the surface with the SPM tip. Until now, three
members of the tetracarboxylic dianhydride family: naph-
thalene-, perylene-, and tetrylene tetracarboxylic dianhydride
(N-, P-, and TTCDA) [see Fig. 2(a)] have been shown to
provide SQDM functionality when attached to a silver-
covered SPM tip. To achieve the silver termination of the tip,
the experiments were performed on the Ag(111) surface.
Adsorption of PTCDA and NTCDA on Ag(111) has been
studied extensively in the past (see Refs. 30-32 and refer-
ences within). The single-molecule manipulation scheme
used to prepare the SQDM tip is also based on previously
reported data.¥ 3 It proceeds as follows: a qPlus tuning
fork atomic force/scanning tunnelling microscope (AFM/
STM),*? operated at 5K and in ultrahigh vacuum is used to
contact a single, isolated molecule. The molecule, adsorbed
flat on Ag(111), is approached by the silver-terminated
AFM/STM tip directly above one of its corner oxygen atoms
[see Figs. 2(a) and 2(b)]. At a tip—oxygen distance of ~3.8 /DX,
the chosen oxygen atom flips up by ~1.4A to establish a
chemical bond to the apex of the metal tip.>¥ By this
oxygen-silver bond, the entire molecule can be lifted from

© 2016 The Japan Society of Applied Physics
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Fig. 2. (Color online) (a) Proposed qualitative level alignment of N-, P-,
and TTCDA molecules hanging vertically from the SPM tip. (b) Schematic
depiction of the functionalization of the SPM tip with a z-conjugated
molecule. The three molecules described adsorb in a buckled geometry due
to the interaction between the corner carboxylic oxygen atoms and the silver
substrate.*! By approaching one of these oxygen atoms with a silver-
terminated tip, a chemical bond is formed that can then be used to lift the
molecule from the surface.

the surface into an upstanding configuration, bound via a
single Ag—O bond to the tip on one side and the surface on
the other side.***> Experiments show that in the majority of
cases the tip Ag—O bond has a higher mechanical stability
than the Ag—O bond to the surface, which can thus be cleaved
by further retraction of the tip from the surface. As the bond
between the molecule and the surface is ruptured, the
attractive interaction with the surface aligns the molecule
into a configuration perpendicular to the surface,’”* in
which the molecule hangs from the tip by its oxygen—silver
bond as shown in Fig. 1. This configuration has been
supported by experiments and force-field simulations,’’-?
together with, as will be seen later, the QD behaviour of the
molecule attached to the tip, since any overlap of the
molecular 7 electron system with the metal tip’s electronic
states would destroy these properties.

In order to keep the molecule stable on the SPM tip the
current feedback loop is kept open over the whole course of
SQDM experiments. By manually applying voltage to the
piezo-actuators with an external power supply [see Fig. 3(a)],
the molecule suspended from the tip can be stabilized at any
chosen tip-sample separation,*” where SQDM measure-
ments can subsequently be performed. This then demands a
careful z-axis calibration, which is performed according to
Ref. 39: a frequency shift Af(z) approach curve measured
above the silver substrate with the molecule suspended from
the tip [see Fig. 3(b)] is compared with a Af(z) curve
obtained from a force-field simulation. The point where Af(z)
crosses zero, corresponding to the maximum attractive force
between tip and sample, is attributed to the cleavage of the
last bond between the molecule and the surface. Simulations
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Fig. 3. (Color online) Scheme of SPM electronics, extended by an
external power supply, and z-axis calibration method. (a) The voltage output
of standard AFM/STM electronics for z-axis control u, is combined with an
externally generated voltage v,, which are then amplified and applied to the
piezo-actuator of the AFM/STM tip. This allows for manual positioning and
stabilization of the tip, even when the feedback loop is open. (b) Black
curve — fragment of a Af(z) approach curve, recorded on Ag(111) with a
PTCDA molecule hanging vertically from the silver-covered SPM tip. The
green curve is the result of a force-field simulation obtained for the case of
the Au(111) surface and PTCDA attached to a gold-covered SPM tip. The
curve is vertically scaled by a factor of 2.5. Differences in the absolute values
of Af(z) are explained by the different strength of interaction between the
molecule and gold and silver surfaces. The highlighted region indicates the
Ziip Values where stable measurements of the transport feature described in the
main text are possible.

show that the cleavage of this bond occurs in a geometry
where the diagonal of the molecule is perpendicular to the
surface. Since the size of the molecule is well known, the
tip—surface distance z;, can be deduced according to the
following expre@slon Ztip = Ztip-0 + Zdiagonal + Z0-surf; Where
Ziip-0 = 2. 2A is the length of the oxygen—metal bond that
binds the molecule to the tip and Zgiagona = 12. 4A is the
diagonal length of the molecule [see the inset of
Fig. 3(b)].3"*” By aligning the simulation to the experimen-
tal curve, it is found that zo_g.=2.9 + 0.5A at the point
of cleavage, with the estimated uncertainty stemming from
the fact that the simulation was performed on a Au(111)
substrate.

3. Single molecule as a QD

QD properties of the molecule hanging from the silver-
covered tip were revealed with transport measurements. This
was done by bringing the molecule into tunnelling contact a
few angstroms above the surface, as shown in the inset of
Fig. 3(b). The tip—surface distance was set such that the
maximum current flowing through the tip—molecule-surface
junction during the transport measurement never exceeded
~20pA, as it was found that the molecule’s adsorption
geometry on the tip was unstable to larger currents. The
necessary junction geometry was recognized by a negative
frequency shift of several Hertz in the absence of a
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Fig. 4. (Color online) Transport spectrum taken with a PTCDA QD Fig. 5. (Color online) SQDM with a molecular QD and an AFM. Af

without tuning fork oscillation. The differential conductance is obtained by
smoothing and numerically differentiating the tunnelling current spectrum.
Taking the thermal broadening of the tip’s Fermi energy and the voltage drop
in the junction into account, the upper limit of the energy level linewidth I" is
0.9meV. V™ refers to the bias voltage at which the QD loses a single electron
into the tip.

measurable tunnelling current at low bias (~10-20mV).
Inspection of Fig. 3(b) suggests that the transport was
measured in an asymmetric configuration with the coupling
to the tip stronger than the coupling to the surface since
Zip-o=2.2A and zo gt ~ 5-10A.

The transport measurement was performed with tuning
fork oscillation deactivated by sweeping the bias voltage
applied to the sample. The measurement revealed a feature
displayed in Fig. 4: a sharp, sudden step in current, i.e., a
narrow peak in the differential conductance. This feature is
reminiscent of transport through QDs, which occurs when the
applied bias window spans over one of the QD’s electronic
levels.**% Since in this case negative bias corresponds to the
tip being at a positive potential with respect to the surface, the
transport feature is interpreted as tunnelling of an electron
from the QD into the tip, followed by the tunnelling of an
electron from the surface into the QD. The width of the
transport feature is thus defined by the hybridization I" of the
QD state with the states of the tip and the thermal broadening
of the tip’s Fermi energy, equal to 3.52kgT at 5K. More
precisely, a convolution of a Cauchy—Lorentz distribution,
with full width at half maximum (FWHM) = 2I', with the
derivative of the Fermi—Dirac distribution f(E), describes the

experimental lineshape:*>

dl < df r ,

g7 (B /_w dE(E)ﬂ[(E’—E)Z T dE'. (1)
Since zo_guf is significantly larger than zg, o, the hybrid-
ization of the QD state with the states in the sample surface is
negligible. Additionally, the voltage drop in the junction
needs to be taken into account. We introduce «, the “lever
arm”, as the ratio between the voltage that drops over the tip—
molecule bond and the total bias applied to the sample, and
in the limiting case of a symmetric junction, a =0.5. To
account for a, Eq. (1) is modified to

dl < df al’

—(E a——(E)——————5————dE. (2

GO [ el )i — a4 @
By comparing the expected FWHM from Eq. (2) in the limit
of @ = 0.5 with the experimental FWHM, an upper limit for I
is obtained: I',—o 5 = 0.9 meV. Note that in reality a < 0.5 and
therefore I < 0.9 meV. This narrow energy linewidth despite
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spectra recorded with three different QDs, all at z;, = 38 A. The sharp dips in
resonant frequency shift where the charge state of the molecular QD is
changed are referred to as V™~ and V*. The effect of orbital size and therefore
on-site Coulomb repulsion on energy level spacing is reflected in the
different AV = V* — V= values for the different molecules. The level
occupation diagrams are shown for the case of a TTCDA QD.

the strong chemical bond between molecule and tip is
unexpected. More studies are needed to understand this effect
in detail. At this moment it might be rationalized by the
following arguments: the molecular frontier orbitals have z
character with small amplitude at the corner oxygen atoms,
and furthermore the orbital lobes extend perpendicularly to
the tip—molecule bond, minimizing the overlap with the tip.

The transport-based detection of QD charging discussed
above is impractical, mainly since the distance range where
detection is possible is very narrow, defined both by the
limited stability of the QD’s adsorption geometry on the tip
and the short distance scale of the tunnelling regime. An FM-
AFM-based detection mode proves to be more convenient.*®
There the distance between QD and surface can be far larger
than a typical tunnelling gap, so electrons can only enter and
leave the molecular QD tunnelling through the tip—QD bond
[see Fig. 1(a)]. In the following this detection mode is
explained. With tuning fork oscillation activated, the bias
voltage is swept and the shift in the tuning fork’s resonant
frequency Afis monitored, recording a Af(V) curve with the
familiar parabolic shape (see Fig. 5), where the parabolic
nature of the curve stems from the electrostatic interaction
between the two macroscopic electrodes —the tip and the
sample. 4%

Charging the molecular QD results in sudden changes of
the tip-sample force that are detected by the FM-AFM as
sharp dips in the parabolic Af(V) curve.*>*¢4) Denoting the
QD charge state at V=0V as N, two dips observed at
positive and negative bias in Fig. 5 are attributed to the
transitions between QD states N, N — 1 and N + 1, effected
by the gating of the QD energy levels through the Fermi level
of the tip (see Refs. 50, 51 and references within).

In comparison to a conventional QD the charging features
of this molecular QD demonstrate two interesting differences.
First of all it is apparent that particle-hole symmetry is
broken since |V7| < |V*|, where V™ (V7) is the voltage at
which the transition from N to N—1 (N to N+ 1) state
occurs. This asymmetry points towards the existence of a
dipolar potential at the tip—molecule bond. The orientation of
this dipole is such that its negative end points towards the
molecule, thus creating an additional energy barrier for an
electron moving from the tip to the QD, while providing an

© 2016 The Japan Society of Applied Physics
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groups. (b) Side view: dipole moment due to the net charge transfer to
PTCDA from the Ag(111) surface and the consequently formed image
charge distribution in the surface.
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Fig. 6. (Color online) Above: schematic display of the SQDM junction.
Below: the electrostatic potential energy for a positive test charge in the
junction at an applied bias voltage V. If the tip and surface electrodes are
assumed to form a parallel plate capacitor, the voltage drops linearly in the
junction. The potential of any local charge distribution decays with distance
away from the surface and is detected at the position of the QD (®*). Here the
QD is assumed to be a point particle at a distance d from the tip.

energy gain for a hole moving in the same direction. Another
interesting feature of the molecular QD is its on-site Coulomb
repulsion energy U, which is expected to be significantly
larger than that of a larger (e.g., semiconductor) QD.*®
Figure 5 shows that AV=V* — V™ ~ a7 !U scales inversely
with the size of the molecular QD, as to be expected
[see Fig. 2(a)].

4. Qualitative mapping of electrostatic potential with
SQDM

In order to explain how electric potential is mapped with
SQDM, a simple model can be considered. First, the energies
of the QD in its different charge states are written down:

E(N) =0, 3)
E(N — 1) = Epole + aeV + e®@", “)
E(N+1)=Egq— aeV — ed", 35)

where Epge (Ee) is the energy required to add a hole
(electron) to the QD in charge state N at zero bias voltage. As
has been discussed above Ejqje and E; are defined by the size
of QD and the properties of the tip—molecule bond. +aeV
(—aeV) is the energy of a hole (electron) in the QD due to
the bias voltage applied to the junction (see Fig. 6). Finally,
+ed* (—ed*) is the energy of a hole (electron) in the QD due
to the electrostatic potential of a charged structure located
on the surface. ®* is simply the electrostatic potential of that
structure evaluated at the position of the QD in the presence
of the SPM tip. Note that the true electrostatic potential of
the structure @ in the absence of the SPM tip will be higher
due to the screening properties of the bulk metal tip. Thus
for a qualitative picture of the electrostatic potential of a
nanostructure it is enough to map the variations of ®* along
the surface, but for quantitative measurements the potential @
must be evaluated.
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linear equations is obtained:
Epole + eV~ + e®* =0, (6)
Eyq— aeVt —e®* = 0. (7
Solving Eqgs. (6) and (7) with respect to ®*, the following
expression is obtained:

V- Ehnle
@* = — —— (Epoe + Eep) — —2, 8
eAV( hole + cl) ¢ ( )

where AV=V*—V~. The expression shows that ®* is
proportional to the measurable quantity V~/AV. Extracting
V~/AV from experimental spectra like those shown in Fig. 5
measured at different locations over the surface therefore
reveals a qualitative map of electrostatic potential.

The ability of SQDM to deliver qualitative maps of ®* was
demonstrated by imaging the potential of a single PTCDA
molecule. Note that the single PTCDA molecule adsorbed flat
on the Ag(111) surface was imaged by using another PTCDA
molecule hanging on the tip, acting as the QD. The meas-
urement was performed in the form of grid spectroscopy
where at every (x,y) coordinate in a grid, at a certain z;p, a
single Af(V) spectrum was acquired. From each Af(V) spec-
trum the values of V* and V™~ were obtained and consequently
the quantity V~/AV was plotted on the same (x,y) grid.

The electrostatic potential of PTCDA on Ag(l11) is
expected to have two major components shown in Fig. 7:
a quadrupole due to the negatively polarized oxygen atoms
and a positively polarized perylene backbone as well as a
dipolar contribution stemming from a weak net charge
transfer between Ag(111) and PTCDA.*® The quantity
V~/AV plotted in Figs. 8(a)-8(c) is dominated by the
quadrupole potential at zg, = 24 A and the dipole potential
at z, = 36 A;tobe expected since the quadrupole component
decays faster with distance from the surface.

The images of experimentally mapped potentials are
corroborated by a comparison to the results of a micro-
electrostatic simulation [shown in Figs. 8(d)-8(f)], in which
the internal charge distribution of a gas-phase PTCDA
molecule, as calculated by density functional theory (DFT),
its screening by the image charges located inside the metal
surface, and a homogeneous charge transfer from the surface
into the molecule were taken into account. The simulated
images in Figs. 8(d)-8(f) were obtained by fitting the charge

© 2016 The Japan Society of Applied Physics
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Simulated potential

Fig. 8.

(Color online) Potential of a single, surface-adsorbed molecule (adapted from Ref. 29). (a—c) The quantity V~/AV, proportional to electric potential,

is plotted above a single PTCDA molecule. A 5nm scale bar is shown; this applies to all images. Image (a) was measured at z, = 24 A, (b) at 28 A, and (c) at
36 A. (d—f) Results of electrostatic simulations as described in the text with z =16 A (d), 22 A (e), and 28 A (f).

transfer from Ag(111) to PTCDA (g~ —0.le) and the
distance z from the surface at which the simulated potential
is plotted.” Remarkably, comparing the obtained distances
z=16,22, and 28 Aof Figs. 8(d)-8(f) with the experimental
Zip = 24, 28, and 36 A of Figs. 8(a)-8(c), an estimate for d
was obtained: d =Zzgp — 2= (7% 1)1&. This shows that the
electrostatic potential is probed at a point approximately
7 A below the tip apex, hence at the position of the PTCDA
QD, as expected from the proposed junction geometry shown
in Fig. 1(a).

5. Quantitative measurements of electrostatic
potential with SQDM

Returning to the expression given for ®* [Eq. (8)], one notes
that it contains constants Ej,. and Eg that are however
unknown. For quantitative determination of the potential
these constants must be eliminated from the formula. This is
done by performing a calibration measurement at a position
above the clean Ag(111) surface where ®* = 0. According to
Egs. (6) and (7) obtained above, Epge = —ageV; and Eq =
ageVy, where ag, Vi, Vi are the values of a, V=, V* above
clean Ag(111). This results in a quantitative expression for
o™

Vo (x.y.2)

D*(x,y,2) = —ap(z) [m

AVo(2) = Vy (z)]. ©
Note that to obtain ®* at a particular distance from the
surface z the calibration values V{, Vi have to be measured
at the same z, while a(z) can be crudely approximated by the
expression d/(z + d), valid for the case of a parallel plate
capacitor.

To demonstrate a quantitative SQDM measurement the
Smoluchowski dipole potential of a single silver adatom on
Ag(111) was characterized. The effect stems from the
incomplete screening of the atomic nucleus by the delocal-
ized surface electrons, leading to the formation of a charge
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dipole, with its positive pole pointing away from the
surface.’ The adatom was produced by gently indenting
the clean Ag-terminated tip into the surface.’ Grid Af(V)
spectroscopy was performed above an Ag adatom on the
Ag(111) surface at three different tip—surface distances
Zijp = 28, 36, and 44 A. Calibration measurements of Vo
and V{ were performed at the same set of three z, values
over clean Ag(111) at a lateral distance of ~100 A away from
the adatom. ®* was then obtained from Eq. (9). Finally, the
value of the Smoluchowski dipole potential in the absence of
the tip @ was determined by approximating the screening
effect of the tip by the presence of an image potential ®;pgc,
with its origin in the bulk of the tip electrode. The measured
@* is thus a sum of ® and ®jp,e.. The screening ratio ©*/®
was determined for the model of a single point charge as well
as for a single point dipole in front of an infinite metal
surface, an approximation for the tip. The two values of ®
determined in this way, ®point charge and Dgipole TESPECively,
are plotted in Fig. 9(d). Although for the precise treatment of
the tip influence an infinite series of image potentials from
the tip and the sample needs to be taken into account, the
correction to the potential that this provides is significantly
smaller than the uncertainty in @ itself.

The obtained maps of @iyl are shown in Figs. 9(a)-9(c).
Evaluating the maximum of @gjyle at every measured z =
Zip — d [see Fig. 1(a)], the distance dependence ®gipore(2) is
obtained [see Fig. 9(d)]. @gipole(z) shows excellent agreement
to the expected 1/z> decay rate for a dipole potential.
Quantitatively, values of ®gpoc come at about 60% of the
result of a DFT calculation. This degree of correspondence
is outstanding, taking into account the crudeness of the plate
capacitor approximation used in determining ay(z) (see
above). Note that the good agreement between ®@poin charge
and the DFT values is most likely a cancellation of errors,
since the dipole model provides a more realistic picture of the
actual screening strength.

© 2016 The Japan Society of Applied Physics
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(Color online) Smoluchowski dipole of a single adatom (reproduced from Ref. 29). (a—c) Potential @iy 0f Ag adatom on the Ag(111) surface,

with the screening effect of the tip accounted for (cf. text), recorded with grid spectroscopy using a PTCDA QD. 5nm scale bars are again shown and line
profiles through the atom are shown in white. Maps recorded at z = 21, 29, and 37 A, respectively. (d) Comparison of the experimental ®* (blue), @yipolc (red),

Doint charge (green) and DFT-calculated (black) potentials vertically above the adatom (for definitions of ®, ®* see text). The red line shows a 1/(z — zo)? fit of
the experimental data, where zo = 1.68 A was obtained by fitting the DFT dataset. For the definition of the z scale see the main text. For the DFT results, z is the
distance from the surface at which the potential of the adatom was calculated; for details on the DFT calculations see Ref. 29. (Inset) Constant height raw Af
image recorded at z = 6.3nm with an applied bias of V=9.6V (close to V*). (Bottom left corner) STM image of the adatom.

6. Constant height SQDM imaging

The high sensitivity of SQDM, originating in the fact that
it uses sharp charging transitions of the QD to measure
electrostatic potential, helps in locating small surface features
quickly and without bringing the tip, functionalized with a
molecular QD, too close to the surface. Fast SQDM imaging
is done by recording Af while scanning the surface at
constant height with the sample bias set close to either V* or
V~. As was explained above, every topographic feature or a
perturbation of the surface electrostatic potential shifts V*
and V™ and therefore creates a contrast in the Af constant
height scan.”® In the inset of Fig. 9(d), the presence of an
adatom is detected by a constant height Af scan recorded at
z=63nmand V=9.6V.

7. Summary and outlook

In conclusion, we have reviewed the recently developed
microscopy technique SQDM which delivers quantitative
maps of electrostatic potential in 3D with sub-nanometre
resolution. SQDM functionality stems from the introduction
of additional electronic and spatial degrees of freedom into
the junction, which appear as a result of functionalizing the
tip with a nanometre-sized molecular QD.?>” The combina-
tion of quantitative, 3D measurement capability and high
sensitivity for electrostatic potential measurements makes
SQDM a promising new technique for surface analysis. The
properties of SQDM could make it suitable for the character-
ization of samples with larger surface roughness, thus
possibly expanding the scope of application beyond that
of conventional scanning probe techniques. Importantly, the
concept of SQDM is not limited to the molecular realization
of a QD discussed here. One could envision SQDM sensors
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with other types of QDs (e.g., small metal clusters or silicon
micro-fabricated QDs), possibly on standard silicon AFM
cantilevers. Compared with a molecular SQDM sensor,
sensors of this kind could bring the technique beyond the
confines of ultrahigh vacuum and cryogenic temperatures.
They could also prove to be more robust and help to bring
new insights to the studies of chemically complex surfaces
and interfaces in chemistry, biology and nanoelectronics.
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4. Quantitative modelling of single electron charging events

Introduction

Single electron charging is a fundamental physical phenomenon involving by defini-
tion the transfer of the smallest possible quantity of electronic information. Har-
nessing control over individual electrons is of great importance for next-generation
electronics, where quantum dots [68-70], single molecules [13, 14, 71-73] or single
atoms [74-77] may form the building blocks for functional design. While it seems
natural to employ tunnelling methods for the detection of single electron charging
events, force microscopy has in fact emerged as the most versatile and sensitive
method for this purpose [78-82], where the force, frequency shift or energy dissipa-
tion can make up the output signal. With respect to this thesis, as seen in previous
chapters, single electron charging events also form the basis of SQDM.

A prerequisite for the observation of single electron charging of an object is the
Coulomb blockade, the regime that constrains electronic charging events to occur
sequentially, separated by an energy barrier. This occurs due to the Coulombic
repulsion of individual electrons when a single electron enters the object, the
next electron has to overcome this repulsion energy before it can enter. In this
chapter we introduce the single electron box model, an example of the orthodox
theory of the Coulomb blockade [70, 83, 84], and apply this to our experimental
system. The realization of the Coulomb blockade discussed here is the SQDM tip,
introduced in the previous chapters. The single electron box model is then applied
to the experimental data and discussed.

Next, the point charge model, introduced in the previous chapters, is developed
further and used to extract the energy level positions and intramolecular Coulomb
repulsion energy of the QD from experimental data. The accuracy of this simple
and intuitive model is proved by a comparison to the single electron box model,
where the two models are shown to be equivalent in their predictions of the charging
features. Moreover, the breakdown of the models as applied to our experiments is
revealed and discussed. This result is of significant interest for future investigations

of single electron charging, especially for objects with small spatial dimensions.



4.1 Single electron box model

4.1. Single electron box model

In order to model the single electron charging features in our system, we begin this
chapter by explaining the principle of the single electron box (SEB). Due to the
Coulomb blockade the SEB is populated by an integer multiple of electronic charge,
and the charge state of the SEB can be modified by gating. There is an extensive
body of literature on this topic (see Refs. [26, 70, 79, 83-88], references within and
citing articles), however we will provide a comprehensive introduction such that the
reader grasps the key concepts from this text alone.

An example of a single electron box is a QD situated between two electrodes,
with a tunnelling barrier on one side and a vacuum gap on the other side between
the QD and the so-called gate electrode. This geometry is depicted in Fig. 4.1(a),
where in this case the AFM tip forms the tunnelling electrode and the sample surface

the gate electrode. The capacitance between the QD and the tip is referred to as

a b
4{ I
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electrode
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: tunnel
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Figure 4.1: (a) Schematic diagram of the tip-QD-sample junction. The QD is attached

sample electrode

to the tip via a tunnel barrier with a capacitance C}, across which electrons can tunnel
to and from the QD. The QD interacts (no electronic tunnelling) with the sample via
the gate capacitor with capacitance Cg. (b) Circuit diagram of (a). Bias voltage V4 is
applied to the sample and polarization charges Q¢ build up on the capacitors due to

the rearrangement of charge carriers in the electrodes.
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4. Quantitative modelling of single electron charging events

C; and between the QD and the surface as C,. There is a residual capacitance
between the macroscopic tip and sample electrodes, however this is not relevant to
the results in this chapter and we will not discuss it. Note that in this chapter, unless
otherwise explicitly stated, we will exclusively discuss the regime where the distance
between the gate capacitor plates is large enough such that quantum tunnelling is

only possible between the QD and the tip electrode.

Observing the Coulomb blockade

In order to observe Coulomb blockade phenomena in experiment, several conditions
must be fulfilled. For the following description we will utilize three representative
quantities: (1) a total capacitance Cyx, between the QD and its environment, and the
energy required to charge the QD with an electron, ¢*/Cx, where e = 1.602-107'° C is
the electronic charge; (2) the difference in energy between two neighbouring quantum
states of the QD, AFE; (3) the thermal energy of the system in equilibrium, kgT.

There are in general three possible energy regimes:

1. kgT > €*/cy. In this case thermal fluctuations are large enough to
charge or discharge the QD and no Coulomb blockade phenomena
will be observed. Since all experiments were conducted at 5 K the
condition can be written as Cyx; > 1070 F, while for our QD, ~1 nm
in size, the total capacitance is expected to be significantly smaller
[89].

2. /oy > kgT > AE. This is known as the classical limit of the
Coulomb blockade: single electron charging events can be controllably
induced, however AE is negligible and thermal fluctuations cause

many energy levels to be excited.

3. €/os, AE > kgT. In the quantum limit of the Coulomb blockade
the QD’s single particle energy levels are sequentially populated.

The spacing of our molecular QD’s energy levels means that we are certainly in the
quantum limit where only one energy level is accessible for the tunnelling electron.
In addition, to be able to consider the charge on the QD as an integer multiple

of e, the tunnelling resistance between tip and QD must be much greater than the
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resistance quantum, i.e. Ry, > P/e2 ~ 25.8 kQ. This ensures that electrons from the
tip electrode have vanishing probability of being on the QD. A very large resistance
is equivalent to a very small wave function overlap between the levels of the QD
and electronic states in the tip and so the condition can also be expressed as a weak

electronic coupling I' between tip and QD.

4.1.1. Experimental data

Before we apply the SEB model to our QD attached to the AFM tip, we present
experimental data in order to gain qualitative understanding of several key points.
From simple electrostatics it follows that a change in the charge state of the QD will
lead to a modified electrostatic interaction between tip and sample. The interaction
of a single electron with the electric field in the tip-sample junction is minimal
(fN—pN [78, 79]) compared to the long range forces in the experiment, of which
the main contributions at nanometre tip height are the electrostatic and van der
Waals interactions between the macroscopic tip and sample electrodes (>nN [34]).
However the change in force upon charging occurs over a distance on the order of
~ 0.1 nm, while the electrostatic background forces vary much more slowly. Since
FM-AFM is sensitive to the spatial gradient of the force between tip and sample, it is
an excellent technique for detecting the charging events. The change in electrostatic
force between tip and sample when the QD’s charge state is changed therefore forms

the basis of our signal.

We have access to two independent parameters that can shift the energy levels
of the QD with respect to the electrodes: the bias voltage V4, and the tip-sample
distance z (defined in the inset of Fig. 4.2(b) and denoted as zp in the previous
chapter). Applying bias voltage to the surface results in a voltage drop between the
tip and QD, shifting the QD’s levels with respect to the Fermi level of the tip (see
Chap. 3). By varying V4, while holding z constant, the charging events of the QD
can be detected in the frequency shift output, i.e. in a Af(Vy, z = ¢) spectrum,

where c is a constant.
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4. Quantitative modelling of single electron charging events

Figure 4.2: Single electron charging events measured by Af(V,, z = ¢) spectroscopy.
(a) and (b) display two separate datasets, spectra close to the surface (a) and far from
the surface (b).
Af(W, z = c), corresponding to a sharp step in the tip-sample force. The QD loses an
electron to the tip at V'~ and gains a further electron at V. Increasing 2 decreases the
fraction of bias that drops across the tip-QD bond o — this has the effect of pushing
the charging features to higher absolute bias voltages. The inset of (b) displays the
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The change in the QD’s charge state is signalled by a sharp dip in

definition of z. The oscillation amplitudes were 0.04 nm (a) and 0.08 nm (b).

curves are vertically shifted for clarity.
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4.1 Single electron box model

Displayed in Fig. 4.2 are Af(V4, z = ¢) curves from two datasets’ at a range of
different z values, (a) close to the surface and (b) far from the surface. In the absence
of the QD, the Af(V4, z = ¢) curve has a parabolic shape due to the electrostatic
interaction between the tip and sample [90, 91]. The position of the maximum of this
parabola corresponds to the contact potential difference (Vgpq) between the tip and
sample electrodes, stemming from their different work functions. Vpq is displayed in
green in Fig. 4.2 and is seen to depend on z as observed many times before [92-94]¢.
As seen in Chap. 3, when the electron occupation of the QD N is suddenly changed,
the additional charge on the QD leads to a sudden change in the electrostatic force
between tip and sample. This leads to sharp ‘dips’ in Af(V4, z = ¢). We do not
observe any considerable dissipation of the tuning fork oscillation energy during the
charge state transitions. This is likely since the tunnelling rate between tip and
QD is far higher than the oscillation frequency of the tuning fork, leading to a
non-hysteretic force-distance relationship [95]. In our experiments we observe two
charging features close to zero bias, one at negative bias voltage (V) and one at
positive bias voltage (V), marked in Fig. 4.2. At V'~ the electron occupation of
the QD N is decreased by one and at V™ N is increased by one. Here, and in all
following experimental data, the z axis was calibrated in the same way as described
in Sec. 3.3.

When a bias voltage is applied to the surface, only a certain fraction of it drops
across the tip-QD bond, determined by the tip-sample distance z. It follows that by
modifying z, this fraction can be altered and the energy levels of the QD gated in
this way. To isolate the effect of changing z on the measured frequency shift, we hold
V}, constant and therefore acquire Af(V;, = ¢, z) spectra. This detection scheme
will in fact be preferred in this chapter: since the nc-AFM frequency shift signal is
proportional to the spatial force gradient (see Eq. 4.1), measuring Af(V}, = ¢, 2)
spectra is essential when the reconstruction of absolute forces is desired.

Fig. 4.3(a-b) show examples of data collected in this detection mode at V* and

V'~ respectively. Each trace represents a single spectrum with a different bias volt-

f The different datasets were recorded several months apart, with many tip preparations sepa-
rating them. For this reason the shape of the mesoscopic tip apex was likely very different in

both cases.
¥ This effect stems from the distance dependence of the relative contribution of the macroscopic

tip to the signal and will be discussed in more detail in Chap. 5.
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Figure 4.3: Distance dependence of Af(V}, = ¢, z) spectra. Dips very similar to those
in Fig. 4.2 are observed, since instead of bias voltage, z is now the gating parameter.
A step in Af(Vi, = ¢, z) after the dip can be seen, especially in spectra measured close
to the surface. The shifting of the curves comes from the effect that further away from
the surface, more bias voltage must be applied to gate the QD and this increases the
electrostatic background force in the junction. In (b), the four curves measured closest
to the surface are displayed in differing colours in order to distinguish them more easily

from another.

age — the ranges are displayed for the VT spectra (a) and the V™ spectra (b).
The inclination of the individual spectra comes from the increasing van der Waals
attraction between tip and surface as z is decreased. The displacement of the curves
relative to each other on the Af axis is due to the fact that further away from the
surface more bias voltage must be applied to gate the QD’s levels through the Fermi

level of the tip, which increases the electrostatic background force in the junction.

The sudden dip in tip-sample force gradient with respect to distance indicates a
change in tip-sample force. Indeed, the area under a Af(V}, = ¢, z) dip is directly
proportional to the associated change in force, as we will show here. We call this force
AFZE, where AFT, is the change in tip-sample force at V* and AF,, corresponds
to V. Zoomed in examples of Af(W;, = ¢, z) spectra are exhibited in Fig. 4.4, the
charging feature at V' in (a) and the feature at V'~ in (b). Giessibl [96] showed that
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Figure 4.4: Af(Vi, = ¢, z) spectroscopy for extraction of the charging force. Solid black
lines: typical Af(Vi, = ¢, z) dips at V' (a) and V~ (b) respectively. The shaded area
under the dip represents the change in tip-sample force AFSS. AFfs are defined to be
negative since the change in force going from charge state N to N &+ 1 is negative, i.e.
it becomes more attractive. The background frequency shift contributions from longer
range electrostatic and van der Waals forces have been subtracted from the spectra.
Both spectra were measured with an oscillation amplitude of ~0.08 nm. The differing
shapes in the Af(V;, = ¢, z) curves can be explained by the fact that a small change in
tip-sample separation, provided by the oscillating tuning fork, alters the voltage drop
across the tip-molecule bond by an amount proportional to the applied bias voltage.
At a higher absolute bias voltage (i.e. at VT as opposed to V™), the lineshape is then
much closer to the semi-circular weight function that the tuning fork oscillation imposes
(see Eq. 4.60).

in the limit of small oscillation amplitude, where the tip-sample interaction does not
vary during the oscillation cycle, a simple expression for Af results:

Fis
Af ~ ﬂkt—s ﬁd t

2%k 5T 2%y dz

(4.1)

If the oscillation amplitude of the tuning fork is small enough such that ks does
not appreciably change during the oscillation cycle, Af and k¢ have the same line

profile and are simply scaled by fo/2k,. However in our case the oscillation amplitude
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Figure 4.5: Oscillation amplitude dependence of Af(Vi, = ¢, z) dip shape. While the
dip shape changes with amplitude, the area underneath it remains constant, i.e. the

step in force remains constant. The spectra were all recorded at V;, = 4.2 V.

is not necessarily this small: Fig. 4.5 shows how oscillation amplitude affects the dip
shape and at large oscillation amplitudes the dip shape is close to the semi-circular
weight function imposed by the oscillation (see Eq. 4.60). Nevertheless, the area
under the dip remains constant regardless of amplitude, since the amplitude cannot
affect the size of the force. It is then clear that while the lineshapes of frequency
shift and stiffness differ, integrating over the area of the dip leads to the same force
independent of the oscillation amplitude, with the inclusion of the scaling factor
fo/2ky to translate between frequency shift and force.

Af(V, = ¢, z) spectra therefore provide us with the means to analyze both V+
and AFfS as functions of z. In the coming sections this will help us gain considerable

insight into the system.

4.1.2. Free energy of the system

We now turn to a theoretical description of the system, based on the SEB model.
The starting point for this is the free energy of the system. The definition of free
energy is the available energy in the system to do work, and as such it consists of
the total energy in the system F4(IN) subtracted by the work done by the voltage
source in charging the QD with N electrons W(N):

A(N) = E((N) = W(N) (4.2)
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4.1 Single electron box model

Referring to Fig. 4.1(b), the electrostatic contribution to Es(N), Eq(N), is

QO

Ea(N) = oo + 500

20y 2Cq

where Q) are the polarization charges on the plates of the capacitors due to the

applied bias voltage V4. In the case that the QD is neutral, it is clear that Q; = @,

(4.3)

since otherwise an electric field would exist between the inside plates of the two
capacitors, i.e. where the QD is situated. However if confined, integer charge Ne is
located on the QD, this is expelled to its surface, i.e. the inner capacitor plates in
Fig. 4.1(b), where it adds to the polarization charges induced by the control charge
Qg that is located on the sample surface, i.e. the outer plate of the gate capacitor.
For the total charges on the inner (and consequently outer) capacitor plates we

therefore have

Qi — Qg = —Ne. (44)

Qg on the outer plate of the gate capacitor acts as the control charge of the quantum
dot, because by moving this charge from ground, i.e. the tip electrode, through the
voltage source to this plate all other charges are controlled, either by gating the
QD (Ne) or by polarization (Q:). The voltage drop in the SEB can be written as
follows':

Qr | Qg

=t g _ 4.
Cy + C, \%N (4.5)

With this, we now express Eq. 4.3 in a more useful form. Starting at Eq. 4.5:

_Qg—Ne Qg
W= C, + Cg
_ NeCy  CiCW,
Qg = o T o (4.6)
_ e GGV
= Eq(N) = 30, + 5Cs, (4.7)
where Cy = Ci+ Cg (4.8)

T The right-hand side of Eq.4.5 should include Vepa, however it is irrelevant to the results pre-

sented in this chapter and thus we exclude it for simplicity.

65



4. Quantitative modelling of single electron charging events

C's; represents the total capacitance of the QD with its environment. The work done
in charging the QD is the integral of the power output of the source over time, i.e.
the time integral of the current drawn multiplied by the voltage supplied. Because

in the present case Q4 acts as the control charge, W (V) can also be written as

W(N) = QW
NoCeyr , GOWE
4.
NegEW+ = c8 (4.9)

If the system were classical, combining Egs. 4.7 and 4.9 would provide us with A(N).
However since we are in the quantum limit of the Coulomb blockade, a further term
enters Es to account for the QD’s discrete energy levels. This takes the form of
a sum of single particle energies Ey of all occupied quantum levels relative to the

Fermi level of the tip, resulting in a final expression for A(N):

(Ne)* Cq.,  CiCgW}
ZE + 2Cs NeCZVb 305 (4.10)

This expression forms the basis of the derivations in the following sections, where

we will discuss the individual terms in Eq. 4.10 in further detail.

4.1.3. Charging events of the QD
Voltage drop

As mentioned in Sec. 4.1.1, only a certain fraction of the applied bias voltage drops
across the tip-QD bond, while the rest drops in the vacuum between the QD and the
sample. Without charging effects this fraction would simply depend on the junction

capacitances, but here it also depends on V. Utilizing Eqgs. 4.5-4.6:

t There is in principle a contribution to the total capacitance of the QD with its environment
Cs; from the self-capacitance of the QD, i.e. the capacitance between the QD and ground at
infinity, which scales with the size of the QD [97]. The close presence of the electrodes however
reduces this contribution significantly [89]. Furthermore, the QDs discussed here are ~1 nm
in length, thus we expect the self-capacitance to be negligibly small as seen in similar systems
[89].
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=aWy — = (4.11a)

=1-a)Vp+ — (4.11b)

Here we have defined

a=_-E. (4.12)

According to Egs. 4.11(a—b), « represents the voltage drop fraction across the tip-QD
bond in the absence of charging effects. « is a parameter of great importance and
will be discussed at length later in the chapter. Fig. 4.6(c) displays Eqgs. 4.11(a-b)

as functions of Vi, where the sharp jumps in V;/, upon changes in N are apparent.

Electrochemical potential

The Fermi level of the tip, i.e. the electrochemical potential of the electrons in
the tip, is the quantity that determines at which energies the QD charging events
occur. As the electrochemical potential of the QD crosses that of the tip, it becomes
energetically favourable for an electron to hop either on or off the QD. By analyzing
the QD’s electrochemical potential we can therefore gain further insight into the
charging events.

From thermodynamics, the electrochemical potential of a QD with N electrons
w1(N) is defined as the partial derivative of the free energy A with respect to particle
number N, evaluated at constant volume V and temperature 7. Due to its first
term, Eq. 4.10 is however discontinuous in N, taken as an element of R, so instead

we use a finite difference approximation:
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AA
N(N) = AN N

~A(N) — AN —1)

 N—(N-1)

_ (N -3 Gy

= BN+ O — Cs. eVp
N —1)e?

gy R (4.13)

Cxy

Fig. 4.6(b) shows pu(N) for N =0, N =1, N =2 and N = 3 as a function of V}, as
in Eq. 4.13. p(0), p(1), u(2) and p(3) are seen to continually decrease with positive
bias voltage, where the slope is described by oo — the fraction of bias voltage that
drops between the tip and the QD at N = 0 is naturally responsible for shifting the
QD’s electrochemical potential. At V™) the chemical potential of the QD charged
with N electrons drops below the chemical potential pp of the tip. At this point,
an additional electron hops onto the quantum dot, raising its charge from N — 1 to
N. V*t and V™ as defined in Sec. 4.1.1 correspond to V' = V@ and V- =V as
shown in the figure. As Fig. 4.6(b) shows, for any bias voltage V4, the actual chemical
potential of the QD is the one given by the largest p(N) for which p(N) < pyip.
This yields the sawtooth variation of the QD’s chemical potential as a function of
the bias voltage [bold line in Fig. 4.6(b)]. The size of the jump in u(N) at VN can

be determined as follows:

2

p(N +1) = (N) = BExy1 — Ex + g: (4.14)

The third RHS term in Eq. 4.14 is known as the charging energy E. = €°/cs, as
asserted in Sec. 4.1, and represents the minimum quantity of energy required to add
an additional electron to the QD. Since for a molecule, single-particle energies Ex are
pairwise equal, i.e. By = Fa, E3 = E4 etc., the jump in p(N) will alternate between
the minimum and a larger value (note that the larger values are not unique) as the
QD’s energy levels are sequentially filled, with a respective maximum population of
two electrons; this is exhibited in Fig. 4.6(b). Similarly, the bias voltage difference
between successive charging events will alternate; for example, the difference v _
V(O will be larger than V& — V() since in this example E; — Ey # 0. Similarly, the
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Figure 4.6: (a) The electron occupation of the QD as a function of V4, is shown schemat-
ically. (b) The QD’s corresponding electrochemical potential p. The step in u(N) at
the charging features consists of the difference in single particle energies as well as the
charging energy E.. Since every second electron to occupy the QD fills an orbital, the
following electron must enter a new orbital and the step in p(N) will alternate between
the minimum and a non-unique larger value. For example if N = 1 at V}, = 0, there
would be a large step in u(N) at V1) and V) and the minimum step at V?). (c) The
voltage across the tunnel and gate capacitors as functions of V;, [see Egs. 4.11(a-b)]. As
V4, is increased the voltage across Vg increases faster than V; since a larger fraction of
Vi, drops across the gate capacitor. At V* the voltage across the capacitors jumps by

an equal and opposite value, ¢/Cy.
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Figure 4.7: Schematic of molecular energy levels and charging energies close to the Fermi

level of the tip.

bias voltage difference between successive charging events will alternate. A schematic

of the molecular energy levels and charging energies is shown in Fig. 4.7.

Voltage and free energy at charge transitions

We now determine analytical expressions for the bias voltages at which the charge
transitions occur, i.e. V*. Fig. 4.8(a) shows example free energy curves: Eq. 4.10
plotted as a function of W}, for N = 0,1,2. The reason for these values of N is our
assertion that N =1 at W, = 0. We will qualify this assertion later in the chapter.
The points at which the curves cross are the points at which the charge transitions
occur. Since they represent the lowest energy states, the bold curves portray the
states in which the system is in at any given bias voltage. The fourth term in
Eq. 4.10, quadratic in V4, is responsible for the parabolic shape of the curves in
Fig. 4.8(a). However it is not dependent on N, and omitting this term should result
in the ‘linearized’ free energy curves crossing at the same V;, values. Fig. 4.8(b)
demonstrates that this is indeed true; the relevance of this aside will become clear
later in the chapter.

We can find expressions for V* by comparing A(1) to A(1 =+ 1) using Eq. 4.10:
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Figure 4.8: Free energy of the QD. (a) A(0), A(1) and A(2) according to Eq. 4.10. Since
the QD always remains in the lowest energy state, electrons tunnel to and from the QD
at VE: bold lines represent the favoured charge state at that particular bias voltage.
The parabolic shape of A comes from the fourth term in Eq. 4.10. (b) Eq. 4.10 plotted
without its fourth term, i.e. ‘linearized’ free energy Aj,. The plotting parameters,
chosen to approximately match our experimental data, were: Cy = 0.2 aF, Cy = 0.02 aF,
Eog=—-04¢eV, E; =—-0.6 eV and F; = —0.6 eV.
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4. Quantitative modelling of single electron charging events

A0, V7)) =A(1, V)

CiCy (V)2 ey
Ey— 2" ) _E+E -
e ot Bt oes T e
_ GiGy(V)?
2C;
_ 1 e2
1% __a1<E1+2C§> (4.15a)
Performing the same analysis for V+:
AL, V) = A2, V)
Fot it~ Cepy- GG p g 205G
0T H T acy T Oy 2cy, 0T ooy T ey
~ GCg(VH)?
2Cs,
1 3e?
+o =
v __a1<E2+ZC§> (4.15b)

At this point we can in fact prove that £y = Fjs is by far the most likely scenario. As
discussed above in Sec. 4.1, we are in the quantum limit of the Coulomb blockade.
This can be seen from the characteristic energy level spacings of the QD, in the eV
range, and the charging energy for a QD of this size, also in the eV range [98-101].
For this reason there are two options as to the value of AE = Fy — Ej: ~1 €V or
0. We now argue that the case AE = 0 is highly probable. We can construct the
difference between the charging features, AV = V*+ — V= using Egs. 4.15(a-b):

avet(aps & (4.16)
 ea Cs; ’

If the tip and sample electrodes formed a parallel plate capacitor, then the voltage
would drop linearly between them. Although this is certainly an over-simplification,
we do not expect our situation to deviate too far from this. We can also assume that
to first order, our QD does not affect this potential distribution. In this case the
voltage drop fraction « can be described geometrically as 4/z, where d is the effective
distance between the point charge QD and the tip. In Sec. 3.1, d was shown to be
equal to ~0.7 nm for a PTCDA QD. The innermost curve in Fig. 4.2 was measured
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4.1 Single electron box model

at z = 4.2 nm and displayed a value for AV of ~ 6 V. From our simple geometric

expression we see that a ~ 0.15, meaning that

2
AE+ S ~015-6eV~1eV (4.17)
Cs

Since ¢*/Cx, must be on the order of 1 eV, the only possible conclusion is that AE = 0,

i.e. that the charging features at V'~ and V' correspond to the first and second

electrons entering the same molecular orbital. In this case we see that V* are
1 e
ea Cy?

We also observe from Egs. 4.15(a-b) that V* are offset on the bias voltage axis by

separated by corresponding to the charging energy of the QD scaled by ea.
E; = E5. If the charging energy were to dwarf the single particle energy levels, the
charging events would be symmetric around zero bias voltage, as demonstrated in

other systems [79]. We can simplify Eq. 4.16 further:

- (4.18)

This illustrates the interesting situation that if 4 = F», the gate capacitance alone
determines the bias voltage spacing of the charging features, regardless of the ca-

pacitance between the tip and the QD.

4.1.4. Charging force

As Stomp et al. [79] stated, the force acting between the single electron box and
the sample is —9A/dz. Before the differentiation is performed, we must determine
which quantities are dependent on z. Since the QD is several nanometres above
the surface, we assume that the nature of its bond to the tip is not dependent on
distance and therefore Cj is constant. It is however clear that Cy = Cg(z), since
the interaction between the QD and the surface does depend on the tip-sample

separation. Computing the derivative and recalling Eq. 4.11(b):
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Figure 4.9: Schematic diagram of the total force between tip and sample as a function of
Vi, and NV and at constant z. The solid line represents the charge state that the QD is in
and therefore the force that acts between tip and sample in experiment. It is important
to note that the charge transitions are of course not infinitely sharp in experiment; see

Sec. 4.A.2 for more details.

DA

Ft-s(N, W, Z) = —5
o[ (Ne)? C CyC, V2
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10C,
=5 2 (4.19)

We note that because of the steps in Vj at the charging events [see Fig. 4.6(c)], Fi-s
also has steps, as indicated schematically in Fig. 4.9. Eq. 4.19 provides us with the

entire force acting between the QD and the sample, but as shown in Sec. 4.1.1, the
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4.1 Single electron box model

quantity accessible in experiment is Athfs, i.e. the change in tip-sample force when
the QD’s charge state is changed. However we can use Eq. 4.19, Egs. 4.15(a~b) and
Eq. 4.11(b) to obtain expressions for AFZ:

AFth :Ft—s(07 V77 Z) 7Ft»s(17 ij7 Z)

_10G | e 72_{_ - ir
=375, {(1 a)*(V7) (1-a)V +CE

_ e 0Cg _ e

~ G 0 g

_ 1 0C; e?

= = ol 02 {(1 —a)E; + QCE} (4.20a)
& AFN = Fs(2, V', 2) = Fs(1, VT, 2)

S (UeE RO

_ €0 [ _ gyt BE }
~ s 02 [(1 VT 56y
1 090G 3¢?

We can obtain two independent expressions for 0Cg/0z in terms of AV*/9z, which

are experimentally accessible:

avi—gi E+i
8z 0z |ea ! 2Cy

1acgct< 62> 1C0se? 1 9C,
1+2

e 0z C2 20s ) eCy 2 C% 02
9Cg _ eaCy _ ov— (4.21a)
0z (1—a)Br + 55 02
ovt o |1 3e?
— | =+ 2
& 0z 0z La ( 2+ 202)}
__10G,C (33 1053 1 0G,
e 0z C’g 2 2Cs, eCq 2 C% 0z
+
0C, _ eaCy _ ov (4.21b)
0z (1-a)By+ 55 02
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4. Quantitative modelling of single electron charging events

We then substitute Eqs. 4.21(a-b) into Eqs. 4.20(a—b) respectively and arrive at the

following system of equations:

v-- L <E1 L > (4.22a)
eq 2C;

V= i ( s+ 2322 ) (4.22b)

AF, = ex 8;2_ (4.22¢)

AFE = eaa(;/: (4.22d)

This system of four equations connects the four independent model parameters E,
Es, Cg and C; to the measurable quantities V', V=, AF%, AFZ, 0Vt /0z and
0V~ /0z. In principle, this system is sufficient to determine E;, E, Cy and Cj.
However, since we know from experiment that £y = Es, the system is overdeter-
mined. Furthermore, Egs. 4.22(c—d) provide us with two independent results for
a:

AFE

a=Fok (4.23)
€ oz

If our assumptions so far are correct, the two expressions for « in Eq. 4.23 will be
equivalent’. The testing of this prediction using experimental data will be carried

out in the following section.

4.1.5. Applying the theory to experimental data

In Sec. 4.1.1 we showed how Af(Vi, = ¢, z) spectroscopy can provide us with V+
as well as AFZE, as functions of z. In this section we therefore employ this detec-
tion mode in order to extract the two quantities required to determine oz AFZL
and OV*/0z (see Eq. 4.23). Fig. 4.10 displays the result of four Af(Vj, = ¢, 2)

datasets, represented by different colours. Three of the datasets were measured

t Note the sign in Eq. 4.23: in experiment, AFZ, is always negative, whereas 8V " /92 is always

positive and 9V~ /9z always negative. As a result « is positive in both cases, as it must be.
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Figure 4.10: Dip positions and forces from four separate Af(Vi, = ¢, z) spectroscopy
datasets. (a-b) V* and V™ respectively, which in Af(V}, = ¢, 2) spectra correspond
to the value of 14, held constant while z is swept. As shown, the absolute values of V*
can vary strongly between datasets due to differences in the adsorption characteristics
of the QD on the tip. (c-d) AF, and AF,, respectively, determined by integrating
Af(Vh, = ¢, z) spectra as demonstrated in Fig. 4.4. The colours represent the same

datasets in the remainder of this section.

above clean Ag(111), while the dataset represented by light blue symbols was mea-
sured above PTCDA /Ag(111). The light and dark red datasets were measured with
the same QD, however the light red dataset was recorded four days after the dark
red dataset. The liquid nitrogen and helium cryostats were in fact refilled between
the two datasets, i.e. the QD remained attached to the tip during this procedure
and afterwards the sample surface was re-approached and the z-axis re-calibrated
according to the procedure described in Sec. 3.3. Nevertheless the two datasets are
non-identical, suggesting that the adsorption characteristics of the QD on the tip
were modified in the time between the recording of the datasets. The light and dark
blue datasets were also measured with the same QD (although different from the
QD used in the red datasets); the difference between these two datasets is discussed
further later in the section. In each case, the bias voltage was set to a specific value
and the tip-sample distance set to a certain value such that a distance sweep of a

few angstroms would be sufficient to detect the dip. In (a) and (c) the filled circles
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4. Quantitative modelling of single electron charging events
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Figure 4.11: 9V* /02 computed numerically from the V* data in Fig. 4.10(a—b). Nearest
neighbours on each side were used to compute the derivatives except for the dataset
represented by light red symbols — in dense graph regions all points within 1 nm on
either side of each point were used to determine the derivative and in sparse graph

regions the nearest neighbour method was employed.

represent the VT values and the size of the corresponding force step AF,:S respec-
tively. In (b) and (d) the unfilled triangles represent the V'~ values and the size of
the corresponding force step AF . In the rest of this section the colours represent
the same datasets and the filled circles and unfilled triangles represent data derived
from spectra at VT and V™ respectively. AFQTFS were determined by integrating
over the measured Af(V4, = ¢, z) spectra as in Fig. 4.4. The size of the force step
increases monotonically as the surface is approached, since the interaction between
the QD and the polarization charge in the surface as well as the attractive image
force between QD and surface increases. We observe variation between datasets in
both dip position and force due to differing tip-QD bonding characteristics between
experiments as mentioned in Sec. 4.1.1, however the distance dependence for both

quantities remains similar in both cases.
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Figure 4.12: The fraction of bias voltage drop without charging effects, «, determined
according to Eq. 4.23. Since the interaction between the surface and the QD decreases
as z increases, « decreases. The same z trend is observed for all datasets with small
variations in absolute values. The discrepancy between the two branches, consistent
across the datasets, may be due to a different value of « for different charge states. The
values of a in the dataset displayed by red symbols differ strongly from those in the
other three datasets; this again points to differing tip-QD adsorption characteristics.
Note that the QD in the light blue dataset, measured above PTCDA /Ag(111), displays
a slightly larger o than the same QD above plain silver (dark blue). This can be
understood by recalling Eq. 4.12 — the presence of the dielectric PTCDA layer increases

the gate capacitance Cy, leading to an increase in a.

Besides AF;, the second piece of experimental information that is required to
determine « is the derivatives of V* with respect to distance. These derivatives
can be computed numerically from Fig. 4.10(a-b) and are shown in Fig. 4.11(a-b).
The data were determined using the method of finite differences. In graph regions
where the data were dense with respect to z, using only nearest neighbour differences
results in large noise. For the dataset represented by light red symbols, we therefore
used all points within 1 nm on either side of each point to determine the derivative,
while assuming that the curve is linear in that region. 1 nm was found empirically to
be the best compromise between noise reduction and oversmoothing, i.e. distortion
of the true shape of the derivative. In sparse graph regions and all other datasets
the nearest neighbour on each side was used to compute the derivatives.

Since AFE and 9V*/dz have been determined, it is now possible to evaluate a.
Fig. 4.12 shows a with both branches displayed. We observe a systematic discrep-

ancy: a computed from AF and 0V~ /Jz is always smaller than from the branch
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4. Quantitative modelling of single electron charging events

derived from AFY, and 9V+/dz. To the best of our knowledge, this is the first
time that a discrepancy in o has been observed in such a system. This could point
towards a breakdown in the SEB model and the systematic discrepancy suggests
that there is a physical effect responsible, especially since the size of the discrepancy
is very similar for all datasets.

More precisely, the data suggest that the bias voltage fraction o depends on the
electron population of the QD, contradicting the assumptions of the SEB model,
where Cg/Cs is assumed to be uniform regardless of the number of electrons on the
QD. Within the framework of the SEB model this corresponds to capacitances that
are dependent on N, i.e. Cyg = Cyg(N). In fact the problem of nanoscale capaci-
tance in small systems has been treated both quantum mechanically, considering the
electrochemical potential of the system as above [102-104] and classically, by con-
sidering direct Coulomb and polarization interactions in few-electron systems [105].
Both approaches can be shown to produce an equivalent result, that the difference
in electrochemical potential between the state with N + 1 electrons and that with

N electrons determines the capacitance of state N, Cx(N):

62

G "

The constant interaction model then goes on to assume that Cy (V) is constant as a

(N +1) — u(N) (4.24)

function of NV, leading to Eq. 4.14, i.e. that the electrochemical potential changes by
the same amount every time an electron is added to the system. However numerical
simulations have shown this not to be a good assumption for systems with only a few
electrons [102, 105], which when considered on the level of interelectronic Coulombic
interactions is intuitively expected. It is therefore worthwhile to investigate the
consequences of deriving the results in this section with Cy, = Cx(N), i.e. a = a(N).
As will be seen in the next section, this is best carried out with the point charge

model.
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4.2 Point charge model

4.2. Point charge model

In this section we describe how the model introduced in Chap. 3 can also be used
to understand the tip-QD-sample junction. The single electron box model in the
previous section can be applied without modification to a system in the classical
limit of the Coulomb blockade; including the single particle energies allowed it to
be applicable in the quantum limit as well (Eq. 4.10). However we saw at the
end of the previous section that in our case the SEB model seems to break down.
The model described in this section on the other hand is empirically inspired by
the SQDM experiments described in this thesis. The degree of control we exercise
over the junction allows us to construct the model based on a very well defined
geometry: the QD is modelled as a point at a certain location beneath the tip. For
this reason we refer to this model from here on as the point charge (PC) model.
As we will see, experimental information is combined in the PC model such that
the electronic properties of the QD can be obtained directly. More precisely, the
energy level positions and interelectronic Coulomb repulsion of the QD are the free
parameters in the model and applying the model to experimental data helps us
reconstruct these fundamentally important quantities. However most importantly,
in the present section the model is extended to deal with the case that o = «(NV),

and the results of this presented and discussed.
4.2.1. Predictions of the point charge model

Energy of the system

The system energy with N electrons in the PC model requires an expression for
every single charge state of interest of the QD. The energy equations expressed in

general terms are then as follows:

E(N-1)= Nil E,+ E(N—1)—a(z)(N —1)el} (4.25a)
n=0

E(N)= i Ey+ E.(N) — a(z)NeW, (4.25b)
Nl

E(N+1)= Y Ey+E(N+1)—a(z)(N + 1)l (4.25¢)
n=0
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4. Quantitative modelling of single electron charging events

The first term in each equation is the sum of single particle energies as seen earlier in
the chapter. Fy(N) is the total intramolecular, Coulombic repulsion energy due to
the presence of N electrons. a(z) is the fraction of V4, that drops across the tip-QD
bond as in Eq. 4.12. a(z)NeV;, is then the electrostatic energy of a QD occupied by

N electrons in the electric field between tip and sample at bias voltage V4,.

We can further simplify Eqs. 4.25(a—c) by considering which molecular orbital(s)
are involved in the charging features. In the following we argue that the LUMO
of the molecular QD is the orbital involved in both charging features. The LUMO
of PTCDA adsorbed flat on Ag(111) has an occupation of ~ 1.8 e~, and loses one
electron as the QD is lifted from the surface, which is signalled by a Kondo-like
transport resonance during retraction [106, 107]. This leads us to believe that the
LUMO is singly occupied when the molecular QD is hanging from the tip; this has
also been predicted in a DFT-LDA-based calculation [107]. We cannot categorically
exclude that a second electron leaves the QD when the tunnelling current is already
too small to detect; the absence of any experimental signatures however provides
us with confidence that this does not occur. We therefore assert that the charging
feature at V'~ is the singly occupied LUMO becoming fully depopulated. We define
the position in energy of the LUMO relative to the Fermi level of the tip as g9, where
gp < 0 since the LUMO is below the Fermi level of the tip. In Sec. 4.1.3 we also
argued that the energy level separation between the features at V~ and V* was
zero, i.e. AE = 0. This therefore means that the feature at V* corresponds to the
LUMO of the QD gaining a second electron and thereby becoming fully occupied.
The second electron possesses the same single particle energy as the first, £, but the
intramolecular Coulomb repulsion between the first and second electrons also affects
the energy of this charge state. We describe this repulsion as U. The result of this
is that the LUMO of the QD is singly occupied at zero bias voltage, i.e. that the
QD is neutral when the LUMO is singly occupied. We can disregard the electrons in
lower lying orbitals due to the positive ionic cores of the QD’s atoms and therefore
state that due to the singly occupied LUMO, N = 1, as asserted earlier in the
chapter. Incorporating this information into Egs. 4.25(a—c) and setting E(0) = 0
for simplicity, while recognizing that E; = Es = ¢¢ as explained above and that

E,(0) = E;(1) = 0, we come to our final energy equations
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Figure 4.13: Energy diagram of the QD’s accessible charge states in the PC model.
The electrostatic energy of the QD in the electric field is proportional to V4, and the
proportionality constant changes depending on the electron number N [see Eqs. 4.26(a—
c)]. Again the bold lines represent the favoured charge state at that particular bias
voltage; note the similarity to Fig. 4.8(b). Here, the N-independent constant offset to

the energies, present in Fig. 4.8(b), has been set to zero for simplicity.

E0)=0 (4.26a)
E(1) =g — aelj, (4.26b)
E(2) = 250 + U — 2aeV}, (4.26¢)

where the z dependence of « is implicit.

Voltage at the charging features

Egs. 4.26(a—c) are visualized in Fig. 4.13 as functions of V},; note the similarity to
Fig. 4.8(b). As discussed, the lowest energy state at zero bias is E(1). Since the

system will always be in the state of least energy, at the intersections between E(1)
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and E(0) and E(2) the charge state will be changed — the bold lines indicate which
state the QD is in, dependent on V},. The voltages at which these changes in charge
state occur are simply V=, the voltage values at which the frequency shift dips are
observed. g and U are also graphically defined in the y-intercepts of the QD’s
energies. As in Sec. 4.1.3 we can deduce the voltages at which the charge transitions

occur by equating the respective equations from Eqs. 4.26(a—c):

E@1, V7)=EQ©, V")
eg—aeV™ =0
yv-=% (4.27a)

ex

Again performing the same analysis for V' *:

E(1, VHy=E(2, V1)
o —aeVT =20+ U — 2aeVT

_60+U
T e

vt (4.27b)

Egs. 4.27(a—b) show us that if we can access «, we can utilize the experimental

values of V* to obtain ey and U.

Force in the point charge model

The PC model can also provide us with expressions for the change in tip-sample force
at a charge state transition AFtiq(z) Although the overall force acting between
tip and sample has several contributions, AFti(z) stem solely from the modified
electrostatic interaction due to the change in charge state of the QD. For this reason
we can use the energies described in Egs. 4.26(a—c) to predict AFZ(z). To this end
we assert that

[ 0B(L£1), . 0B(1)
arde) = -5 0+ 2P )

(4.28)

Vv
The only ostensible z-dependence in Eqs. 4.26(a—c) is a(z). However in principle the

binding energy ¢¢ and Coulomb repulsion U can also change with z, due to the change
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in image charge interactions with the surface. For this reason the differentiation is

performed allowing g and U to be functions of z:

- OE(0) 0E(1) ”
AFs = [ e O @)
_ 80& _ 850
—O*EGV +E
_Dae | 9%
0z « 0z
0E(2) 0E(1) }
+ _ | A 7
¢ arg= SR e+ 6]
_ 0a Jsg OU  Oa _ .
—2$6V 25 5. EeV

Odaeg+U 0Oeg OU

As before, we compute the derivatives of Eqgs. 4.27(a—b):

0z ea 9z a ' Oz
ovt -1 <8aU+50 Oeg 8U>

ov— 1 ( Jda gg n 85())

0z eq

Comparing these equations to Egs. 4.29(a—b):

ov*E AFZE,
T+ 2t

0z ex
AF

vE
0z

a=T

(4.29a)

(4.29b)

(4.30a)

(4.30Db)

(4.31)

This equation, identical to Eq. 4.23, remarkably shows us that the SEB and PC

models are, in their predictions of the charging features, entirely equivalent. This

equivalence became apparent from the comparison between Fig. 4.8(b) and Fig. 4.13

— the PC model is in fact a ‘linearized’ version of the SEB model. However because

of this, the PC model in this form also fails to account for the discrepancy in « (see

Fig. 4.12). As mentioned in the previous section, it is likely that the discrepancy

stems from an N-dependence in «a. In the following section we therefore investigate

an extension of the point charge model to account for this.
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4.2.2. Discrepancy in o

We begin by modifying Eqgs. 4.26(a—c) for the general case, where @ = «(N) and
By # By, ie. go(1) # £0(2):

E'(0)=0 (4.32a)
E'(1) = e0(1) — a(1)eW, (4.32Db)
E'(2) = go(1) + £0(2) + U — 2a(2)eV4, (4.32¢)

Determining V* from these equations:

E'(1, V7)=FE'(0, V)
eo(1) —a(l)eV™ =0

- eo(1) a
Vo= co() (4.33a)
& E'(Q, VY =F(2, V"
eo(1) — a(D)eVT =eo(1) + £0(2) + U — 2a(2)eV
vt c(2) +U (4.33b)

~ e2a(2) — a(1)]

Utilizing Eq. 4.28 we can again determine expressions for the change in tip-sample

force at the charging features:

- OFE'(0) OFE'(1)
Ab= {_ 9. 02 ”v—
_o— 8(;(21)6‘/, n 86521)
_ 0Oa(l)eo(1) n Oeo(1)
B 0z «a(1) 0z
OF'(2) OFE'(1)
- [_ 0z + dz }
da(2) deo(1)  0e0(2) 09U  da(l) dep(1)
0z v - 9z 0z 0z 0z VT 0z
_ [,0a(2)  0a(l) eo(2)+U deo(2) U
- {2 0z 0z } e2a(2) —a(l)] 0z 09z (4.34b)

(4.34a)
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Figure 4.14: (a) «(2) and «(1), determined with Eqgs. 4.36(a~b). Interestingly, compared
with (b) (taken from Fig. 4.12), the two sets of points for each dataset are closer together,
meaning that the discrepancy in o may not be as large as Fig. 4.12 suggests. However

a systematic difference between the two branches [a(2) > «(1)] still remains.

As before we can calculate the spatial derivatives of Egs. 4.33(a—b):

oV~ 1 da(1) gp(1 Oep(1

9z ea(l) {_ 82 : a((l)) + 8,5 )} (4.352)

v+ _ 1 {{28a(2) B 801(1)} g0(2)+U  0e0(2) aﬂ}

0z e[2a(2) — a(1)] 0z 0z | e2a(2) — a(1)] 0z 0z
(4.35b)

Finally, we again notice a correspondence between Eqs. 4.34(a-b) and Egs. 4.35(a—
b):

- ov-
AF = ea(l) 52 (4.36a)
oV oV
+ -
AF, = —2a(2)e 52 +a(l)e 5 (4.36Db)

Hence we again arrive at a system of 4 equations:
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__ eo()
Vo= ea(l)
+ 80(2) +U
" ) )]
AF~ = ea(l)agz
AFt = — 2a(2)68;/2+ + a(l)e%

This system of equations can be solved for the model parameters a(1), a(2), €(1)
and €y(2) + U:

a(l) = -7, (4.37)
€ 0z
1 [AFL  AFS
a2) = o { e~ Bt (4.38)
0z 0z
AF7
(1) = Vo= (4.39)
0z
AF
@02 +U =V 55 (4.40)
Jz

Fig. 4.14(a) shows Eqs. 4.37-4.38 plotted as functions of z. Note that for all datasets
a(2) > a(1) by a constant factor of approximately 0.01. Intriguingly, «(2) is closer
to a(1) than the two branches of « in Fig. 4.12. The physical significance of this
observation can be seen in the framework of the SEB model. In Fig. 4.15(a) we
have plotted the total charges on the capacitor plates according to Eqgs. 4.4 and 4.6
for the cases N = 0, N = 1, and N = 2, and in Fig. 4.15(b) the corresponding
voltages Vi and V; [Egs. 4.11(a-b)] are shown. For N = 0, only the polarization

charges +V4, Cgeries are present, where Cgeries = Cctfc%g is the total capacitance of the

gate and tip capacitor in series. As soon as charge is present on the QD [shown in
orange in Fig. 4.15(a)], it moves to the surfaces of the QD (the inner plates), from
where it induces screening charges on tip and the substrate surface [shown in teal in
Fig. 4.15(a)]. Note that the sum of the surfaces charges on the QD is —Ne, as it must
be according to Egs. 4.6. Comparing the cases N = 1 and N = 2, Fig. 4.15(a) shows

that if two electrons are present on the QD, the per-electron screening charge in the
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4.2 Point charge model

substrate surface is larger than when only one electron is present [ (2) > a(1)]. In
other words, for the doubly charged QD the charges move away from the tip. While
such a movement is intuitively clear from the strong confinement of the charges in the
nanoscale quantum dot, formally this is a consequence of a decreased tip capacitance
relative to the gate capacitance when N = 2. As Fig. 4.15(b) shows, this corresponds
to a larger voltage drop over the tip-QD bond, since less screening takes place there.
In the following section we present an explanation for this possible N-dependence
based on the breakdown of Koopmans’ approximation, where the geometry of the

QD is no longer fixed.

Non-rigid QD

So far in this chapter we have considered a ‘rigid’ QD, i.e. the confinement potential
of the QD is independent of its electron population. However it is conceivable that
when interelectronic repulsion is strong, e.g. in few electron structures, this potential
could be affected. This modification was discussed as a ‘contraction correction’ to
orbital energies by Koopmans in his seminal work [108], and later mentioned in
several investigations of small QDs [70, 81, 102, 109, 110]. In this section we show
how a modification of this kind could explain the N-dependence of o we may be

observing in experiment.

Fig. 4.16(a) illustrates the situation. The repulsion between the first and second
electrons on the QD causes the confinement potential, or orbital shape, to change, as
discussed in connection with Fig. 4.15. Assuming for simplicity a spherical orbital,
the mean positions of the electrons move away from the tip as the size of the orbital
increases, leading to an increased value of a. Note that since the orbital size has

increased U is also lower than it otherwise would be and that €y(2) > eo(1).

Egs. 4.32(a—c) are the applicable energy equations here, and Eqs. 4.36(a—b) de-
scribe the difference in o depending on the electron population of the QD. However
by applying several simplifying approximations, we can relate a(l) and «(2) to
each other and gain further physical insight. We define a(1) = a(z, ), where x
is the mean distance between the electrons on the QD and the tip, as shown in
Fig. 4.16(a). If x is changed by a small amount Az as in Fig. 4.16(a), o becomes

a(2) = az, ¢+ Az). We perform a Taylor expansion:
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tip
E +Q= +V,C.. [1-a(1)]e 2[1-a(2)]e
‘ap|
c—— .= -YC.. .. -a(1)e ... -2a(2)e
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b = N=0 N=1 N=2
t':-p-E--: V.= a(0)V, a(1)V, - elC, a(2)V, - 2e/C,
QD
iy = [-a)Ve [-a(DIV, + 6/C; [1-a(2)]V, + 26/C;
surface

Figure 4.15: The charges and voltage drops in the junction as functions of N. In (a)
the polarization charges of the two capacitors are shown; the additional charge on the
surface of the QD when N =1 or N = 2 is shown in orange and the induced charge
on the tip and surface when N =1 or N = 2 in teal. In (b) the voltage drops in the
tip and gate capacitors are displayed. Since a(2) > a(1) [see Fig. 4.14(a)], the figure
shows that the induced screening charge per electron is larger for N = 2 than that when

N =1

Oa
alz, v+ Az) ~ a(z, )+ <%>Z Ax

Ap ~ 22 =) (4.41)

- (&)
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Figure 4.16: An explanation for the measured discrepancy in a. (a) Sketch of how
a breakdown in Koopmans’ approximation can explain the discrepancy. Adding the
second electron to the QD alters the confinement potential of the QD, leading to a
modified mean distance between the electrons and the tip. (b) Az as determined from
Eq. 4.41. Its value is seen to be essentially constant across the experimental distance

range in all datasets.

We can therefore determine Az using «(2) and «(1) from experiment. Performing
a straight line fit on the logarithm of the data shown in Fig. 4.14, one sees that
a(l) x z7¥, where y = 0.5 £ 0.1 for the four datasets. As an approximation, we
thus assume that a o< 1/yz. However « is also dependent on . When it comes to
the form of «, we have three boundary conditions: (1) & — 0 as z — o0, (2) @ = 0

as x — 0 and (3) o — 1 as z — x. Considering these conditions, we come to

alz, ) = \/g (4.42)

o 1
a(z, x) = ENG (4.43)

Naturally we have no experimental access to x, however for the set of experiments in

Sec. 3.1 z was determined to be 0.7 nm. Fig. 4.16(b) displays the result of Eq. 4.41,
plotted using Egs. 4.36(a-b) and Eq. 4.43 with z = 0.7 nm. Az is seen to take on

&

a similar value across the datasets between 0.05 and 0.15 nm. This value is a small
fraction of the size of the QD and could be a realistic approximation for the change
in electronic structure of the QD upon a change in charge state. The detection of a
possible breakdown in Koopmans’ approximation is highly interesting and certainly

merits future investigation.
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4.2.3. Energy level position and Coulomb repulsion

As mentioned in Sec. 4.2.1, with knowledge of o we can reconstruct ¢y and U.
Utilizing Eqgs. 4.33(a-b) and Egs. 4.36(a-b):

AF
eo(1) = =V~ (4.44)
dz
AFY
U= - =55V —e(2) (4.45)
dz

Although an explanation where & = a(N) has been shown to be more viable than
«a = const., it can be seen from Eqs. 4.44-4.45 that £¢(2) and U are in this case
not uniquely determinable. Fig. 4.17(a) displays £9(2) + U as according to Eq. 4.45
and Fig. 4.17(b) displays £o(1) from Eq. 4.44, which represents the energy of the
LUMO of the molecular QD relative to the Fermi level of the tip. For all four
datasets £9(1) was between —0.15 eV and —0.3 eV. There also appears to be a slight
tendency towards more negative binding energies as the surface is approached, which
can be expected as the surface image charge attraction increases [111]. The trend
is however weak and may simply be experimental noise. However from our data
we cannot distinguish €0(2) and U. Nevertheless, if we assume that £9(1) = £o(2),
Eqs. 4.44-4.45 become identical to those derived in the case of constant ae. While the
use of a uniform &y as opposed to £o(N) may lead to an uncertainty in U of several
hundred millielectronvolts, we nevertheless proceed with this assumption, since from
it we can gain further insights into the behaviour of U.

In Fig. 4.18(a) we see a plot of the intramolecular Coulomb repulsion U between
two electrons on the QD according to Eqgs. 4.44-4.45 with £0(1) = £¢(2). Intriguingly,
U displays a slight increase close to the surface, which is very unlikely since the
screening effect of the surface should lead to a lower value of U. As mentioned
in the previous section, if the Koopmans breakdown were to be implemented, the
resulting single particle energy of the electrons in the doubly filled orbital £¢(2) would
be higher than that in a singly occupied orbital £¢(1). This would have the effect of
reducing U, possibly by several hundred meV [as exemplified in Fig. 4.17(a)]. While
this point of contention increases the uncertainty on the accuracy of the values of
U, the dependence of U on z would be unlikely to change, since €(2) would have a

similar z-dependence to &¢o(1).
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Figure 4.17: €0(1) and ¢¢(2) + U as determined from Eqs. 4.44-4.45. €y(1) appears to
become more negative close to the surface as the orbital is stabilized further by image

forces. We observe variations between experiments of up to ~100 meV in go(1).

The mean value of U from the four datasets is ~ 1.35 eV, which compares
favourably to a value from a DFT calculation by Greuling et al. [98], where U
was calculated during the retraction of the PTCDA molecule from the Ag(111) sur-
face (U > 1.4 eV). Our measured value of U is also significantly smaller than the
gas phase PTCDA value of 3 ¢V quoted in [98], indicating the strong screening
effect of the metal tip. Both g9 and U display scattering of several hundred milli-
electronvolts between datasets, again most likely due to differing tip structures and
therefore screening and adsorption characteristics. This is an interesting finding in
itself, since it reveals the range in which changes of the precise geometry affect the

model parameters g9 and U.

In this section we have exhibited an intuitive approach to modelling the single
electron charging events present in our experiment that does not require any fit
parameters to extract the desired information from the data. We also showed the

remarkable fact that the SEB and PC models are fully equivalent in their predictions
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Figure 4.18: ¢ and U as determined from Egs. 4.44-4.45 with €o(1) = €0(2).

Across

the distance range accessible in experiment, U remains at essentially a constant value.

There is a hint of a slight upturn in U close to the surface, which would be highly

surprising since the renormalization due to surface screening should in fact lower U.

We observe variations in U of several hundred millielectronvolts between experiments.

U is significantly smaller than the gas phase value for PTCDA of 3 eV given by Greuling

et al. [98] due to the screening effect of the metallic tip.

of a. In the following discussion we continue the comparison between the models in

order to gain further insights into the results from both models.
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4.3. Discussion

The most natural starting point for a comparison between the SEB and the PC

models is at their energy equations. The free energy in the SEB is calculated as

al Q| Q9
Esg(N) =) En+ -~ + —W(N).
Here
Qo
4 Y8 _ py(N
2Ct 2Cg el( )

is the electrical energy of the charged tip and gate capacitors and W(N) = V,Q
the work done by the voltage source to charge them. As shown in Eq. 4.10, this is
equivalent to

(Ne)? C, CCy V2

Ne=8V; —
20 e T Tocy

N
Esps(N) =Y Eu+

n=0

(4.46)

This can be compared to the energy expression for the QD in the point charge model

N
Epc(N) =Y Ey+ E(N) — Nealj, (4.47)
n=0

The first terms in Eqs. 4.46-4.47 are clearly equivalent. The second term in Eq. 4.47
represents the electrostatic energy of the QD due to the Coulomb repulsion between
the electrons. We notice that this is precisely what the second term in Eq. 4.46 also

represents, i.e. Ey(N) = (évcf;. This can be seen in the following argument. The

chemical potential specifies the change in internal energy when one particle is added
to the system, keeping entropy and volume constant. According to Eq. 4.13, this is

given by

(N = 3)é?
Cs

D=

uw(N) = Ex+ — eal.

Clearly, only the second term originates from interparticle repulsions. Since each new
electron on the quantum dot is repelled by all existing ones, this term is essentially
linear in N. The total repulsion energy is obtained by integrating this repulsion

term over N:
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"N (n — e2
E(N) = /0 %dn
_ (Ne)? Ne?
=20y 20y (4.48)

In the thermodynamic limit, i.e. for N — oo, we can ignore the second term. We
will do this for now and turn back to it at the end of the chapter. The third terms in
Eqgs. 4.46-4.47 are also equivalent, since as shown in Eq. 4.12, a = Ce/Cs. Hereafter

we refer to these terms as field terms Fgeoq = —Ne g; Vi. Thus the only ostensible

difference between the two models appears in the fourth term of Eq. 4.46, since
Eq. 4.47 only contains three terms. We recognize this term as a subtraction of the

energy stored in the equivalent series capacitor Ceeries 0of Cy and Cy at Vi,

L1t
Cscrics Ct Cg,
. Ct + Cg
ReXeA
CiC,y
series — 4.4
C o (4.49)
1 2
& Eseries = icseriesvb
= Eq(0) (4.50)

where we have referred to Egeries as the electrostatic energy of the uncharged (N = 0)

system FEg(0). The two models therefore differ only by E¢(0):

N
Esgs(N) = Y En+ Ea(N) = W(N)
n=0
N 2.2 2
N-e C C,C,V,

= E,+———-N iv) _ g"b
2 Bt e Neg o Tony
N

= > En+ E(N) + Egela — Ea(0)
n=0

= Epc(N) — Ea(0) (4.51)

We now recast the energy equation of the PC model to illustrate the implications
of this. Recognizing that from Eq. 4.9, W(N) = —Efgelqa + 2FEa(0), we find from
Eq. 4.51:
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Epc(N) = Esgs(N) + Ea(0)

N
- Z En + Eel(N) - W(N) + Eel(o)
n=0
N
- Z En + Eel(N) + Eﬁeld - 2Eel(o) + Eel(o)
n=0
N
=Y Ey+ [Ea(N) = Ea(0)] + Egeia (4.52)
n=0

Comparing Eq. 4.52 to Eq. 4.47, we see, rather intuitively, that the repulsion energy
is Ex(N) = Eq(N) — E¢(0). We can understand these equations as follows: the PC
model does not take the uncharged system energy into account and only includes
the change in energy upon charging, i.e. Ey, the energy of the electrons in the elec-
tric field and the single particle energies. As such, it in fact ignores all polarization
energies in the system, whereas the semi-classical SEB model includes them by con-
struction. However, this importantly does not affect the predictions of the positions
of the charging features as presented in this thesis, since we have seen in Fig. 4.8(b)
that the linearized version of the SEB (which is equivalent to the PC) yields the
same charging voltages as the full SEB. Nevertheless, it must be noted that polar-
ization as such (not the polarization energy) is implicitly contained in the linearized
version of the SEB and the PC model through the parameter a@ = Cg/Cy, because
the capacitances Cg and C are immediate consequences of the polarizability of tip,
QD and sample. This is also the reason we employed the mathematically simpler
PC model to derive the expressions for « = «(N); the PC model offers the possibil-
ity to include the effect of charging on the polarizabilities which affect the charging
voltages, without having to worry about the polarization energies, irrelevant for the

voltages.

There is a further, crucial difference between the models when it comes to the
charging energy of the QD. Returning to Eq. 4.46 and evaluating the expression for
N=0,N=1and N =2:
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CiC,Vi2
Bspp(0) = By — —- &b (4.53a)
2Cx;
62 th V2
Fsps(1) = Eg+ E1 4+ —— — - =5'b 4.53b
ses(1) o+ B+ 2Cs, eal, 20 (4.53b)
462 th VQ
Fspp(2) = Eg+ E1 4+ Ey+ —— — 2 - gh 4.
seB(2) = Eo + E1 + B2 + 20y eaVh 2Cs (4.53¢)
2
If we set Ey — C;%:/b =0, i.e. linearize the SEB model, and F; = F5 as before then
we obtain:
ESEB(O) =0 (4.54&)
2
Bspp(1) = By + —— — ealh, (4.54b)
2C;
Fepn(2) = 251 + < _seani
SEB(2) = 2B, 2Cx ealVy
62 62
=2|F — — — 2ea 4.54
( 1+QCE>+CE eaVh (4.54c)
By identifying
o2
E — = 4.55
1+ 20 €0 (4.55)
¢ 2
—=U 4.56

we see that the SEB energy equations [Eqs. 4.53(a—c)] are fully equivalent to the
PC energy equations [Egs. 4.26(a—c)]. Eq. 4.56 displays the intuitive result that the
Coulombic charging energies of the two models are equal. However in Sec. 4.2.1
we asserted that Fy = €p, which is contradicted by Eq. 4.55. The reason for this
inconsistency can be seen in Tab. 4.1. The values for E,(NN) in the second column
follow when we make the transition from the general expressions for the PC model in
Egs. 4.25(a—c) to the ones for N =0, N =1, and N = 2 [Egs. 4.26(a—c)]. The entries
in the third column follow from Eq. 4.10 for N = 0,1,2. Given that the repulsive
interaction between two electrons is ¢*/Cy, when calculating E,(N) with the formula

2
(év(z every electron interacts with all electrons including itself. The factor 1/2, which
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SEB with ~ SEB with

E; PC (Ne)? N(N-1)e?
2Cs; 2Cs;
E.(0) 0 0 0
E(1) 0 o 0
2 2
E(2) U 25 &)

Table 4.1: Expressions for the electronic repulsion energy in the SEB and PC models as

a function of N.

corrects for double counting, does not correct for this self-interaction. As the fourth
column in Tab. 4.1. shows, there is a formulation of the SEB that avoids the self-

interaction, which becomes particularly severe for small N (in the thermodynamic

limit of infinite IV self-interaction is clearly negligible). The expression %;UCZ was
suggested by Averin et al. [112]. It can be motivated by noticing that N(A;_l) = (g)

is the number of electron pairs if the QD contains IV electrons, or alternatively by
starting at the expression for the chemical potential in Eq. 4.13 and integrating from
zero to N, as was mentioned at the beginning of this section. Referring to Eq. 4.56,

with this formulation the repulsion terms in the two models match exactly.
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Conclusion and outlook

This chapter provided a comprehensive overview of the single electron box model,
the conventional model employed when interpreting single electron charging, i.e.
Coulomb blockade phenomena. We showed that the SEB model within the constant
interaction approximation breaks down when applied to our experimental data. The
alternative, intuitive point charge model was thereafter introduced and shown to be
equivalent to the SEB model in its predictions of the charging features. The PC
model was then extended to facilitate an explanation for the breakdown based on
the premise that & = (). To the best of our knowledge, the experimental evidence
presented here for the breakdown of the SEB and constant interaction models in a
single QD is the first of its kind, and is significant for the understanding of single

electron charging effects in small molecules.

The work presented here opens opportunities for the investigation of N-dependence
in such systems. It may be possible to determine capacitances that are dependent
on N and utilize these in the classical electrostatic theory of the SEB; in order to
do this a full quantum mechanical solution of the system could be required. If the
capacitance between the QD and its environment were dependent on N, the voltage
drop profile in the junction would also be dependent on N, which could help to
explain the discrepancy observed between the two branches of «. This is therefore
an avenue well worth exploring. However as mentioned, there are many unknown
parameters in the SEB model that play a role, leading to an ambiguity which may

be hard to conquer.

For this reason, developing the PC model further to account for dependence on
N may prove to be the more fruitful option. Since the PC model does not express
the problem in terms of capacitance, a new framework must be developed. One
instance of this was introduced in this chapter with the breakdown of Koopmans’
approximation. This approach does not however deal with the lack of polarization
energies in the PC model. Instead, a promising idea is to allow « to be dependent
on the polarizability of the molecular QD in the PC model. By allowing «, itself
a result of the polarizability of the molecule, to be dependent on polarizability,
we would obtain a natural N-dependence in o and would have a framework to

include the polarization energies in the model. This may be the avenue to further
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understanding of this particular application of the Coulomb blockade and ultimately

a stepping stone to optimizing the SQDM technique.
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4.A. Appendix

4.A.1. Interplay of frequency shift and tunnelling current

As we have seen in Secs. 3.2 and 3.3, it is also possible to detect the charging
features with tunnelling spectroscopy. In this case a double barrier tunnel junction
forms and the Coulomb blockade is lifted when the electrochemical potential of
the QD is situated between that of the tip and the sample. An electron can then
tunnel from the sample onto the QD and to the tip or in the opposite direction.
Since the tuning fork oscillation amplitudes used are small, it is possible to acquire
both tunnelling and frequency shift data simultaneously the tunnelling current
spectrum however becomes smeared. Fig. 4.A.1(a) shows Af(V}, z = ¢) data in
black with the charging feature at V'~ displayed. The parabolic backgrounds of
the spectra have been subtracted and the spectra vertically offset for clarity. In
this dataset the data were measured down to the smallest possible z values, within
the regime of tunnelling. It is important to note that measuring the V' charging
feature near the tunnelling regime is impossible without destroying the SQDM tip —
it is likely that the high current flowing through the QD destabilizes its adsorption
geometry on the tip. During the four spectra close to the surface, a tunnelling
current becomes detectable at the moment that the QD’s charge state is changed.
We also notice that as the size of the step in tunnelling current Al increases, the
size of the Af(V}, z = ¢) dip decreases.

This is quantified in Figs. 4.A.1(b—c): (b) shows the size of AI; dependent on z
and (c) shows the area under the frequency shift dip. The current step was fitted by
a cumulative Gaussian distribution function and the area under the frequency shift
dips was determined by numerical integration. A clear trend is observed: the step
in tunnelling grows exponentially with decreasing z as the wave function overlap
between the electronic states of the QD and surface increases. This coincides with
a decrease [highlighted by the red oval in Fig. 4.A.1(c)] in the area under the dip
in frequency shift. The frequency shift is related to spatial force gradient which
means that the integral over voltage does not result directly in the force. For this a
conversion factor between the two gating mechanisms (by changing either z or V4,) is
required, which is unknown. However the area under the dip is related to the change

in tip-sample force upon charging, which decreases as the size of Al increases. The
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Figure 4.A.1: Interplay of frequency shift and tunnelling current. (a) Black: parabolic-
background-subtracted Af(V;,, z = ¢) spectra displaying the charging feature at V'~
The range of z values is displayed. The curves are vertically shifted for clarity. Red:
the step in tunnelling current Al that occurs close to the surface at V' ~. The scale is
arbitrary. (b) Size of A, extracted by a cumulative Gaussian fit to the experimental
data. The expected exponential increase with decreasing z is apparent. (c) The area
under the Af(V,, z = ¢) dip, integrated numerically. A decrease in the area, coinciding
with the tunnelling current onset, is observed. The results of the full dataset is shown
in (c), whereas (a) shows a sample for clarity. (d) Zoom of Al and corresponding

Af(Vh, z=c) curves, with the size of the step closest to the surface displayed.

103



4. Quantitative modelling of single electron charging events

most likely explanation for this is the decrease in time spent by the electron on the
QD. The electronic coupling between the states of the QD and those in the tip and
surface is inversely proportional to the lifetime of electrons on the QD. The lifetime
thus decreases as the surface is approached, however the probability of tunnelling
increases, seen in the rise in Aly. Although close to the surface more electrons hop
onto the QD in unit time, it is apparent that the time integral of the QD’s occupation
is lower than immediately outside the tunnelling regime. This aspect of the data is

intriguing and merits future investigation.

4.A.2. Determining the electronic coupling between tip and QD

In this section we discuss the coupling between the states in the QD and those in
the tip. So far we have treated the charge state transitions of the QD as if they
were infinitely sharp, whereas in reality the transitions are of course broadened. As
discussed by Koci¢ et al. [82] and in Sec. 3.3, the two critical factors in the broadening
are the Fermi-Dirac distribution of electrons in the tip and the lifetime broadening

of the QD energy levels.

Broadening mechanisms

A change in the QD’s charge state becomes possible when an energy level of the QD
aligns with the Fermi level of the tip. Once the energy barrier for charging has been
overcome, tunnelling to and from the QD however still remains a stochastic process.
However as discussed in Sec. 4.1.1, the tunnelling rate is far larger than the time
resolution of our experiment, and as such we always observe the average occupation
of the QD. Fig. 4.A.2 is a schematic diagram of the tip and QD electronic states,
where the i energy level of the QD is aligned with the Fermi level of the tip. The
Fermi level of the tip is broadened according to Fermi-Dirac fermion statistics. The
natural line shape of the QD’s i*!" electronic energy level has a Cauchy-Lorentz form,
where the full width at half maximum (FWHM) is 2T, I being the hybridization
between the QD state i and the states in the tip. The occupation of &; can then be

written as a convolution of these two contributions [82]:
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tunnel
gap | QD

Figure 4.A.2: Energy diagram highlighting the broadening mechanisms present in the
experiment. By changing the tip-sample distance or bias voltage applied to the sample,
the energy level position ¢; with a natural linewidth of 2I'; can be aligned with the
temperature-broadened Fermi-Dirac distribution of electronic states in the tip. The
overlap between the QD’s energy level and the distribution in the tip defines the prob-

ability of the level being occupied or unoccupied.

oo , T
nu(Vh, 2) = /m ) =t g £ 1o

& N2 => ni(V,2) (4.58)

E' (4.57)

K3

Note that since n;(Vh, z) is the probability of occupation, it can take a fractional
value. By substituting Eq. 4.58 into Eq. 4.19 we obtain the full expression for tip-
sample force as a function of tip-sample distance and bias voltage. The expressions
show us that if a QD energy level crosses the tip’s Fermi level during the tuning fork
oscillation at the current (V},z) values, we expect a sudden change in tip-sample

force.

Determining the tip-QD coupling

In order to obtain frequency shift from tip-sample force Fis a weighted average of

the force over the oscillation amplitude A is necessary [42]:

!

Afia) = -0 2 [ e P g (4.59)
DT ok A2 |y A2 _ 2 :
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4. Quantitative modelling of single electron charging events

fo is the resonant frequency of the tuning fork and ko the spring constant of the
tuning fork in the absence of tip-sample interactions. It is informative to express

the equation in terms of the tip-sample stiffness ki g:

A
Af(Ve,2) = 2%% [  halVisz — )VAT= A (4.60)

This approach avoids the singularities present in the force integral. The stiffness ki g

can be obtained by differentiating Eq. 4.19 with respect to distance:

o 1620gv2 0Cq

Vv,
ST 092 Ve T, Ve

€5, (4.61)
The first term is simply the parabolic background of the interaction. The second
term is the one critical to the charging features and has been discussed before [113,
114]: it describes the tip-sample stiffness during the charge state transition. At
constant bias voltage and away from a charge transition, 9V, /9z is close to zero
and only changes minimally due to the z-dependence of Cy. If the mean electron
occupation of the QD however changes during the oscillation cycle of the tuning
fork, OV,/0z is no longer close to zero and the term becomes significant — it is the
origin of the dips in Af observed in experiment.

With knowledge of the relevant parameters, Eq. 4.60 makes it possible to compute
Af, both as a function of V4, and z. In the simplest model of our situation there are
6 free fit parameters: the tip-QD capacitance Ci, the distance between the QD and
the surface dg, the single particle energy FE1, the tip-QD electronic coupling I', and
two parameters for Cy, assuming it can be expressed as a distance-dependent power
law. This is unfortunately too many for an unambiguous fit, however as we saw in
Sec. 4.1.5, the model in this form breaks down in any case. Nevertheless, we can still
use this framework to determine the tip-QD coupling I', by tuning the simulation
such that I" is the only decisive parameter to the fit quality. In order to carry out the
simulation we need an expression for a. For this we take a value from Fig. 4.12 and
assume that o changes linearly with z within the oscillation amplitude of the tuning
fork, which, since in the following example z = 2.8 nm and A = 0.07 nm, is a good
approximation. The result is shown in Fig. 4.A.3 for the example of the feature
at V*, where the black curve is experimental data and red the simulation. The

position of the simulated A f dip and the size of the force step have been artificially
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4.A Appendix

3.8 3.9 4.0 4.1
Vi (V)

Figure 4.A.3: Determination of the tip-QD electronic coupling. Black: experimental
Af(W, z = c) data, measured at z = 2.8 nm. Solid red: simulated Af(V},, z = ¢) curve
with o = 0.2740, where § is linearly dependent on distance and takes a maximum value
of 0.005 at +A. The lineshapes match best when I' = 1 meV (see Eq. 4.58). Dashed
red: same as solid red without the change in the QD’s charge state; this highlights the
shift in the parabolic background due to the charge transition.

adjusted to match the data. Inputting the experimental temperature of 5 K, we
obtain a best lineshape match at I' = 1 meV. Although in Sec. 3.3 an upper limit
on I' of 0.9 meV was determined, the value obtained here is of the same order of
magnitude and could differ from that in Sec. 3.3 due to differing tip-QD bonding
characteristics. This analysis confirms that the electronic coupling of the QD to the

tip is very weak.
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5. Accurate work function changes measured with scanning quantum dot microscopy

Introduction

Einstein’s seminal work on the photoelectric effect [115] was based on the idea that
the energy of light was not only quantized, as Planck had hypothesized [116], but
that the light itself was made up of quantized particles. These were later named
photons and this in fact heralded the beginning of quantum mechanics as we now
know it. Einstein confirmed experimental results of Lenard [117] with the idea that
a photoelectron emitted from a body has a kinetic energy equal to the energy of
the photon subtracted by an amount of work, characteristic of the body: the work
function.

The work function, the minimum energy required to remove an electron from the
material to the vacuum near to the surface at 0 K, is arguably the most influential
property of a metal surface. It determines to a large extent how the surface interacts
with its environment and other objects. The size of the work function influences,
to list a few key examples, catalytic activity [118], energy level alignment [119] and
organic optoelectronic properties [120]. The negative surface dipole, stemming from
the exponential decay of the electronic wavefunction into the vacuum (also known
as electron spillout), and the chemical potential of the electrons within the metal
are the two quantities that determine the work function, therefore e.g. the surface
roughness can strongly affect the work function.

In this chapter we demonstrate how SQDM can be used to measure the change in
work function of a metal surface after being covered by a flat, extended surface struc-
ture. Here we briefly review the most common methods used for measuring either
absolute work functions or changes in work functions and describe their strengths and
weaknesses with respect to various situations. Photoemission spectroscopy (PES)
can be used to directly determine the work function by noticing that the difference
between the Fermi edge, where emission sets in, and the inelastic cutoff energy,
where the photon energy has been exhausted, is hv — ¢, where v is the photon
frequency and ¢ the work function. The advantage of this method is the simple
interpretation of the data, while the disadvantages are the lack of lateral resolution
and possibility to characterize the cleanness of the surface. For example, the work
function of the Ag(111) surface measured by PES has been quoted at many different
values throughout the years [121-123|. Probably the most widely used technique for

work-function-related measurements today is Kelvin probe force microscopy [124],
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based on the contact potential difference (CPD) that exists between two metallic
electrodes. When two electrodes with differing work functions are brought into elec-
trical contact, electrons flow towards the electrode with the higher work function
until equilibrium is reached and their Fermi levels are aligned. This results in sur-
face charges on the electrodes, leading to a constant potential difference between
them, referred to as the CPD. This technique has proved very successful for measur-
ing the work function change induced by extended structures due to its high energy
resolution (usually +20 meV) and ability to gain topographic information simulta-
neously. However when measuring smaller structures the macroscopic tip can affect
the signal by including contributions away from the structure [125-127]. When it
comes to small structures, a further method is photoelectron spectroscopy of ad-
sorbed xenon (PAX), which utilizes the weak physisorption of Xe atoms to directly
link photoemission peaks to surface potential [128]. Multiple peaks reveal different
adsorption sites and corresponding local work functions and the lateral resolution is
on the order of 1 nm, however there is no direct topographical information available.
Another interesting method with high lateral resolution is the use of field emission
resonances (FERs) within a scanning probe microscopy setup to determine local
changes in work function [129-131]. Topographic information can also be used here
to monitor the cleanness of the sample and the lateral resolution is also on the order
of nanometres, however due to the short lifetimes of the FERs the energy resolution
(~0.1 eV) is inferior to that of KPFM for example.

As we shall show, scanning quantum dot microscopy can be used to accurately
determine the change in work function A¢ due to surface structures with an energy
resolution of ~10 meV. Crucially, by considering the voltage drop in the tip-sample
junction we show that the knowledge of the exact shape of the tip is no longer
required for a quantitative result. This leads to an effective lateral resolution of
~ 20 nm, which is weakly dependent on the tip height. This high lateral resolu-
tion is shown to be a consequence of a ‘focusing’ effect present in SQDM, whereby
electrostatic contributions from laterally displaced surface structures are reduced by
the screening effect of the tip. This measurement technique could prove especially
useful for the measurement of small adsorbate islands, particularly important for

nanocatalysis [132, 133] and as templates for organic electronics [134-136].
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5. Accurate work function changes measured with scanning quantum dot microscopy

5.1. Point charge model to obtain change in work function

5.1.1. An expression for local potential

As introduced in previous chapters, an expression for the electrostatic potential of a
surface nanostructure measured with SQDM can be deduced by applying the point

charge model:

N-1
E(N=1)= > Ey+E(N—1)—a(N = 1)e(Vh — Vepa) — (N —1)e®@*  (5.1a)
n=0

N
E(N) =Y Ey+ E(N) — aNe(Vy, = Vipa) — Ned* (5.1b)
n=0
N+1
E(N+1)= > Ey+E(N+1)—aN +1)e(Vp — Vepa) — (N +1)ed*  (5.1c)
n=0

These equations are similar to Eqgs. 4.25(a—c) with two differences: the inclusion of
Vepd and the ®* term. It is important to note that here Vpq refers to the CPD above
the clean silver surface. A change in local potential will of course affect the measured
CPD, however this effect is entirely encapsulated by ®*. Since we again model the
QD as a single point below the tip, occupied by a certain number of electrons IV,
the energy gain is the electronic charge Ne multiplied by the potential ®*. Again

we substitute N = 1 into the equations:

E(0)=0 (5.2a)
E(l) = &0 — Oze(vb - chd) — e®* (5.2b)
E(2) =2e0 + U — 2ae(Vy, — Vepa) — 2e2* (5.2¢)

Note that in this case we assume that (1) = a(2) and €o(1) = €¢(2). As discussed

previously, the QD changes its average electron occupation when the energy for a

t ‘We note here that the following analysis does not depend on the two charging features corre-
sponding to the same molecular orbital. However due to our conviction that the LUMO is the
orbital being (de-)populated at the two features as discussed in Sec. 4.2.1, we continue with

this nomenclature.

112



5.1 Point charge model to obtain change in work function

different charge state drops below the energy of its current state. We can then solve

these equations for the two possible transitions:

—eo+ ae(V™ = Vipa) +e@* =0 (5.3a)
U+eo—ae(VT —Vepa) — e®@* =0 (5.3b)

where V¥ take their usual meanings. We solve Egs. 5.3(a-b) for both a and ®*:

U
a= Ay (5.4)
g = L Vepd <0 (5.5)

eAV e
where AV = VT — V=, Eq. 5.4 describes why the charging features shift with

changing tip-sample separation; the fractional voltage drop across the tip-QD bond
(a) changes while U remains essentially constant. Without performing a set of
measurements to determine €y and U as in the previous chapter, we cannot yet
access ®* directly from Eq. 5.5. In any case, in the following we will in fact see that
the influence of g9 and U is removed entirely. By setting ®* = 0 in Egs. 5.3(a-b),

we retrieve expressions for ¢p and U:

g0 = ape(Vy — Vepa) (5.6)
U = Oz()e(VOJr — chd) — &0 (5.7)

where «p, V0+ and Vj refer to the respective quantities at ®* = 0. This can be
achieved in an experiment by recording a Af(V,, 2z = ¢) spectrum such as in
Fig. 4.2 at a location where the potential at the position of the QD due to any
surface nanostructure is negligible. By substituting these equations into Eq. 5.5 we

reach an expression for ®*:

1%
OF = —ap=E = — — A _ =Y
@o A0 IAY AV

AV,
Vo i+ Vepa (1 0)} (5.8)

For brevity we refer to the quantity in square brackets as = from this point onwards.

The third, CPD-dependent term in = is worth a short discussion. If the surface
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Figure 5.1: Schematic diagram of the electric potential present in the tip-QD-sample
junction with an infinitely extended charge layer parallel to the surface at an adsorption
height h. The QD is again treated as a single point here. The applied bias voltage V4,
drops between tip and sample and the proportion of W, that drops across the tip-QD
bond is a. The potential due to the infinitely extended layer of charge ® must also
decrease to zero at the grounded tip, and we refer to the fraction of ® that is present
between tip and QD as ®*. From the diagram it becomes clear that when z; > h,

a~ /e,

nanostructure does not change AV considerably from AVj, then AV ~ AV}, this
term is close to zero and the CPD does not play a large role. However if the surface
nanostructure protrudes significantly from the surface, and/or appreciably alters
the capacitance in the junction, then the CPD can become an important factor.
In the limit of no topographical change, i.e. AV = AV, Eq. 5.8 condenses to
O* = —q (V‘ — VO_>; the shift of the charging features in bias voltage is solely due
to &*.
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5.1 Point charge model to obtain change in work function

5.1.2. Removing the influence of the tip’s properties

At this point it becomes clear that, assuming knowledge of o, we can reconstruct the
potential ®*. «q is however a priori unknown, and without additional information
its form would have to be estimated, for example by assuming that tip and sample
are both flat and infinitely extended as in Chap. 3. Furthermore, ®* is not the true
potential of the nanostructure, since the grounded metal tip reduces the electric
potential at the position of the QD compared to what it would be in the absence
of the tip. Since the exact screening properties of the tip are also inaccessible, this
affects the nanostructure’s potential in an unknown way and we must remove this
effect to retrieve the absent-tip potential, which we call ®. Fig. 5.1 displays the tip-
QD-sample junction schematically, where a negatively-charged layer is present at a
height h above the sample surface and a bias voltage V4, is applied to the sample.
This diagram exhibits the example that the tip and sample are infinitely extended
planes; the voltage drops linearly between them, shown in red. The fraction of bias
voltage a that drops across the tip-QD bond is displayed graphically. The blue
curve represents the potential due to the layer of negative charge, which in this
example is also infinitely extended in the plane parallel to the surface, meaning that
the potential difference between the layer and the tip is also a linear function of
distance. The fraction of the potential ® that is present at the position of the QD
is simply ®*/#. As long as z; > h we see that ag ~ ®*/o. The significance of this
can be seen by rearranging Eq. 5.8:

— Qp
d=-=

e =5 (5.9)

In the case that oy ~ ®"/#, the change in surface potential due to the infinite
charged layer ® is essentially equal to the experimental quantity =. It follows that by
determining = for a given structure, for which an infinitely extended layer is a good
approximation, one can determine the change in surface potential, i.e. the change
in work function due to the layer A¢, with high accuracy and without knowledge of
the voltage drop profile or exact screening properties of the junction.

Importantly, it is noted that this is true for an infinitely extended charged layer
even if the tip deviates from planar geometry. In the absence of the tip, the change
in surface potential due to the charged layer is constant above the layer, since no

electric field can exist in the half space above the layer. This is an equivalent effect to
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5. Accurate work function changes measured with scanning quantum dot microscopy

applying bias voltage to the sample. The presence of the grounded tip describes the
voltage drop profile in the junction, and this profile is then the same for the applied
bias voltage and the infinite charged layer. It should also be noted that if the
nanostructure cannot be approximated as an infinitely extended planar structure,
this approach breaks down. The tip then affects the measured potential due to the

nanostructure in a different way and the ratio ®*/# deviates from «y.
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5.2 Change in work function of Ag(111) after PTCDA adsorption

5.2. Change in work function of Ag(111) after PTCDA

adsorption

We choose to determine the change in work function of Ag(111) due to PTCDA
adsorption, A¢, as a proof of concept. PTCDA molecules form self-assembled islands
when deposited onto Ag(111) while accepting electronic charge from the substrate.
The negatively charged molecules form a dipole layer oriented in the same direction
as the pre-existing surface dipole of the metal, leading to an increase in the work
function [137, 138]. There is however significant disagreement in the literature on
the precise value of A¢ for this system, with values provided by photoemission
spectroscopy as well as several DFT-based methods between —0.1 and 0.27 eV [123,
139-141]. It is likely that due to differing levels of impurities, the difficulty in
detecting such impurities and the inherent averaging effect present in photoemission
spectroscopy, variations in the measured work functions of the silver substrate have
so far been the cause of this disagreement. In these studies the absolute values
for the work function of PTCDA/Ag(111) were more narrowly spread (4.7-4.9 eV)
than the work function of Ag(111) itself (4.24-4.9 V), suggesting that exactly the
above conjecture is true: surface impurities are either forced away or desorbed when
PTCDA adsorbs, and the only remaining factor in the discrepancy is the flatness
of the substrate. For this reason and the importance of PTCDA/Ag(111) as a
prototypal system for metal-organic adsorption, it is of great interest to precisely

determine Ag.

5.2.1. Constant height KPFM results

Before performing SQDM on the layer to determine = and therefore A¢, we employed
KPFM to provide a reference value. An STM image of a large PTCDA island is
shown in Fig. 5.1(a), where an island border is visible as well as a step edge between
silver terraces. We used a bare metal tip to measure A f(V4, 2¢ = ¢) spectra at many
points and at several tip heights along the white line in Fig. 5.1(a) to determine the
change in Vpq (see Fig. 4.2) going from Ag(111) to PTCDA/Ag(111). The spectra
were measured in constant height mode, where the tip height was set by adding
an additional Az; to the height defined by the tunnelling setpoint of 50 pA and

0.35 V. The results are shown in Fig. 5.1(b). The spectra were measured at four
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Figure 5.1: Constant height KPFM of PTCDA/Ag(111). (a) An STM image of a self-
assembled PTCDA monolayer adsorbed on Ag(111), recorded at 50 pA and 0.35 V. The
white line signifies where the KPFM spectra were measured. (b) The change in Vepq
from KPFM spectra measured along the white line in (a), taken with a clean metal
tip. Az refers to the vertical offset added to z;, which was defined by the tunnelling
parameters in (a). A strong distance dependence is observed and local tip-sample

interactions distort the signal close to the surface.

different distances Az from the tunnelling setpoint, represented by different colours.
We observe a strong distance dependence whereby the signal quickly diminishes
with increasing tip height. This effect is inherent to the KPFM technique; the
decay rate of electrostatic forces means that with increasing distance, an ever larger
portion of the tip plays a role in the CPD [94, 126, 127]. It is however surprising
that changes of only a few angstréms induce such a large effect considering that
the island is several hundred nanometres in width. This in fact suggests that the
section of the tip that determines the CPD is very broad, since parts of the sample
surface away from the PTCDA layer become relevant to the CPD as the tip-sample

separation increases. It is therefore also unclear if the value of A¢ retrieved from
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5.2 Change in work function of Ag(111) after PTCDA adsorption

this measurement corresponds to the true shift induced by the molecular layer. The
effect of coming too close to the surface is also apparent in the data - large local
variations in the measured potential, likely due to tip-sample interactions, reduce
the method’s ability to deliver a reliable result. Nevertheless, the data allow us to

set a lower limit on the value of A¢ of ~80 mV.

5.2.2. SQDM results

The SQDM experiments were set up by functionalizing the tip of the nc-AFM/STM
with a single PTCDA molecule using single molecule manipulation, as described
in Secs. 2.1, 3.1 and 3.3. Af(W, z = c¢) spectra as in Fig. 4.2 were measured
while moving laterally from above Ag(111) to PTCDA/Ag(111). The changes in
position of V* were used to determine = and therefore A¢ (see Eq. 5.8). VOi
values were taken from the first spectrum on the line above clean Ag(111). The
striking result is displayed in Fig. 5.2. Three different datasets are exhibited, wherein
spectra at five different z; values were recorded. These datasets were recorded several
months apart, with many tip forming procedures in between them, possibly leading
to large variations in the mesoscopic tip structure. Remarkably, across the different
datasets and tip heights, the measured value of = was (145 &+ 10) mV. According
to Eq. 5.9, this corresponds directly to a A¢ value of (145 &+ 10) meV. This high
level of precision is astonishing since the adsorption properties of the QD on the
tip that affect ap and ®*/@ can vary strongly between experiments, and the same
value of A¢ is nonetheless reproduced. This is a further vindication of the point
charge model for SQDM developed in this thesis. Note that at the z; values in this
experiment, 3-5 nm, the adsorption height of PTCDA (2.86 A [142]) means that
the approximation that cyp = ®*/@ holds; the small uncertainty is within the random
error of the experiment itself. Although experimental values for A¢ in the literature
disagree with one another, 145 meV corresponds very well to a DFT-based study,
where (150 £ 50) meV was obtained [123]. However there the LDA functional was
used to determine the molecule’s adsorption geometry, and although LDA performs
relatively well for this system [137], its poor treatment of van der Waals interactions

mean that this value is not entirely reliable.
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Figure 5.2: Work function change of PTCDA/Ag(111) measured with SQDM and a
PTCDA QD attached to the tip. Z (see Eq. 5.8) from three different datasets on
different PTCDA islands is displayed. From the three datasets a value for A¢ of
PTCDA/Ag(111) of (145 + 10) meV is obtained. Tip heights are coded by shape and

molecular island size by colour.

5.2.3. Discussion

Looking at Fig. 5.2, a slight distance dependence is noticeable: = in fact increases
as a function of distance. We note that the distance dependence of the green points
in Fig. 5.2 is not monotonic; random error in the SQDM experiment was responsible
for a substantial proportion of the scattering. Although the distance dependence
in general is marginal, it is present in all datasets and so we discuss two possible
reasons for it:

(1) The approximation that z; > h does not hold. By visually inspecting Fig. 5.1,
one can see that the ratio ®/¢ will always be larger than ayp, since h > 0. This means
that close to the surface, = will be larger than ®, overestimating the potential that
is present at the position of the QD. This is opposite to the trend that we observe
in the experiment, so we do not expect it to produce a large effect in the data.

(2) An artefactual distance dependence of the CPD over silver causes a distance
dependence in = (see Eq. 5.8). As discussed in Sec. 5.2.1, although V¢,q in principle

has a constant value, in practice it is most often distance dependent due to the

120



5.2 Change in work function of Ag(111) after PTCDA adsorption

Constant current KPFM

Ag(111) .~ PTCDA/Ag(111)
50 nm
8
3
z e
5‘8' sample :12?] ;E;'.':.
& .

0
1

T T T T
50 100 150 200 250
Lateral displacement (nm)

Figure 5.3: Constant current KPFM of PTCDA/Ag(111) measured with a clean metal
tip. (a) An STM image of a PTCDA monolayer adsorbed on Ag(111) with a width of
~ 150 nm, recorded at 50 pA and 0.35 V. The white line indicates where the KPFM
spectra were measured. (b) Change in Vipq derived from constant current KPFM
spectra. The tip height was defined by the tunnelling setpoint of 50 pA and 0.35 V and
an additional offset Azy by which the tip was retracted. We again obtain a A¢ value
of ~80 meV from KPFM.

contributing tip section changing with distance. To obtain Fig. 5.2 we took this into
account by using the measured Vpq values over silver at each tip height. It is however
unlikely that the real electric field profile in the vicinity of the QD corresponds
exactly to these values, since a much larger tip area corresponds to the measured
Vepd- Assuming that the relevant part of the CPD is more strongly affected by
the tip-sample distance than the measured value would cause the slight distance
dependence of = in Fig. 5.2 to disappear. We therefore believe that the uncertainty
over the exact electric field profile due to the CPD between tip and QD is the most

plausible explanation for the perturbation of our results.
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A further point for discussion is the large discrepancy between the SQDM value for
A¢ of 145 mV and the lower limit set by KPFM of ~80 mV. To understand if island
size and lateral tip position played a role in the determination of A¢ with KPFM,
we measured spectra above the largest molecular islands found on our sample. The
results of constant current KPFM spectra are shown in Fig. 5.3. The spectra closest
to the surface again produce a A¢ value of ~80 meV. The measured island has a
width of ~150 nm and even in this case a marked distance dependence is observed
in AVgpq. Constant current operation was necessary to avoid large changes in tip
height due to sample tilt; this however results in vertical lifting of the tip when
above the PTCDA layer. Nevertheless, this cannot explain the ~70 mV discrepancy
between KPFM and SQDM present here. We are thus led to believe that our tip — a
Ptlr wire with a 15 um radius, cut by focussed ion beam milling — is mesoscopically
very flat, and that a very large section influences the measured CPD value. This
makes our tip unsuitable for KPFM measurements of adsorbed islands where other
KPFM setups perform better [94]. However the key advantage of SQDM is that
it almost completely removes the influence of the mesoscopic tip and automatically

provides a precise and quantitatively correct result.

Finally, we turn to the lateral resolution of the measurement. Interestingly, in the
three datasets the sharpness of the step, when traversing from clean Ag(111) to the
PTCDA-covered substrate, is essentially equal at ~20 nm. Although our modelling
approach views the QD as a point-sized object, the observed lateral resolution is
intrinsically limited by the size of the QD. However since the PTCDA QD is ap-
proximately one nanometre in length, and the subnanometre resolution capability
of SQDM has been demonstrated in Secs. 3.1 and 3.3, it is doubtful that this is the
limiting factor in the measurement. The lateral change in the local potential itself in
fact defines the sharpness of the measured step. While the analysis performed here
treats the molecular monolayer as an infinitely extended plane, away from the layer
in the experiment the electrostatic potential due to the layer must of course decay to
zero and this is what is observed; the unscreened potential, i.e. in the absence of the
tip, simply has a certain profile. However there is a third effect that in fact increases
the lateral resolution: a ‘focusing’ effect stemming from the screening effect of the
metallic tip. To explain this we introduce a model that considers discrete charges,

rather than a layer of charge as has been discussed so far in this chapter. The reason
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Figure 5.4: The focusing effect of SQDM. (a) Schematic diagram of free-standing QD
situated above a series of point charges at a distance h above a metallic surface, induce
oppositely polarized image charges in the surface. (b) Introducing the tip, modelled
as a flat, infinite plane, reduces the total potential at the position of the QD due to
the image potentials from tip and sample. (¢) Red: the contribution to the unscreened
potential at the position of the QD in (a) as a function of lateral dipole displacement.
Green: the contribution to the image potential at the position of the QD in (b). Black:
the sum of all potentials at the position of the QD in (b). (d) Step in potential at the
position of the QD when traversing from an electrostatically neutral area to above a
layer of dipoles as in (b). The screened value displays a sharper transition than the

unscreened value.
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5. Accurate work function changes measured with scanning quantum dot microscopy

for this is to utilize the method of images as shall be seen. Fig. 5.4(a) shows a free-
standing QD above many point charges, located at a distance h from the sample
surface. Image charges arise in the sample, which together with the original charges
form dipoles. The electrostatic potential Uypscreened @t the position of the QD due

to any one dipole at a vertical distance z + h from the QD can be written as follows:

1 1 1
Usnscreened = —— | —
unscreened 47T60 \/zz T 7“2 + \/(Z - 2h)2 - 7‘2

(5.10)

where r is the lateral displacement between the dipole and the sample position
directly below the QD. The electrostatic potential at the position of the QD is
dominated by the dipoles that are directly beneath it, since the contributions from
more distant dipoles quickly fall towards zero as the displacement vector between
QD and dipole approaches the perpendicular asymptote. The unscreened potential
contribution from the dipole at r is displayed in red in Fig. 5.4(c). Fig. 5.4(b)
shows the same QD and series of dipoles, with the addition of a flat, infinitely
extended conductor at a distance d above the QD, representing the tip. In this case
the electrostatic potential at the position of the QD is also affected by the image
potential induced by the tip, as described in Secs. 3.1 and 3.3. Due to the presence
of the two conducting electrodes, an infinite series of image dipoles will arise in
the electrodes. In the schematic diagram of Fig. 5.4(b) we show only one set of
image dipoles, however in computing the potential at the position of the QD we
have considered 300 image charges in both tip and surface, a quantity determined
empirically to allow the potential to converge. The image potential due to any one

dipole can then be expressed as follows:

1 300 1 1
Umage = —— 3 4 — + +
T Amre z { V(z+2iz)2+12 /(2 +2h + 2iz)% + 12

i=1
1 1
+ - 5.11

VIz+2d+ 20 — 1)z]2 + 12 \/[z+2h+2d+2(i—1)zt}2+r2} (5:11)

Fig. 5.4(c) shows in green the additional potential from the 300 image charges,
excluding the dipoles shown in Fig. 5.4(a), again referring to the contribution to
the potential from image dipoles at the particular value of r. In black the sum

of the unscreened potential Uynscreened and the image potential Uimage is displayed;
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5.2 Change in work function of Ag(111) after PTCDA adsorption

Uscreened = Uunscreened + Uimage- The presence of the tip reduces the absolute size
of the potential at the position of the QD, resulting in Uscreened, however Uscreened

2 according to

decays faster with r than Uynsereened- Uunscreened decays roughly as r—
Eq. 5.10. Uscreened 0on the other hand can be shown to decay roughly exponentially
with rf. This surprising effect is due to the contribution of dipole potentials with
opposite signs, which at larger lateral displacements cancel each other out faster
than a single dipole potential would decay to zero. Fig. 5.4(d) is a simulation of
a step in surface potential measured by SQDM that demonstrates this effect. The
unscreened potential at the position of the QD over a step from a neutral area to a
layer of dipoles is shown in red. To simulate an infinitely extended dipole layer after
the step we have considered a grid of 10* nm?, where dipoles with a spacing of 1 nm
are squarely packed. The screened potential, the quantity measured in an SQDM
experiment, is shown in black. Both potentials are normalized to their saturated
value over the dipole layer. The screened potential saturates approximately 5 times
faster than the unscreened potential, meaning that SQDM detects a sharper step
than the unscreened step in potential itself. The simulated sharpness of the step is
at ~ 15 nm approximately equal to the experimental sharpness of ~ 20 nm. The
difference likely comes from the intrinsic SQDM resolution of ~1 nm as well as the
approximation of the tip as a flat, infinite plane not being perfectly accurate and

therefore screening the potential less effectively.

f There is a certain analogy here to electromagnetic radiation in waveguides — at frequencies
below the waveguide’s cut-off frequency, the radiation amplitude decays exponentially and

cannot propagate.
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5. Accurate work function changes measured with scanning quantum dot microscopy

Conclusion and outlook

To summarize, we have demonstrated a precise and accurate measurement of the
change in work function due to a PTCDA island adsorbed on Ag(111) using SQDM.
We hope that the value of A¢ = (145+10) meV obtained in this study goes some way
to clearing up the disagreement that exists in the literature regarding this system.
Although we were unable to reproduce the same value using KPFM, we believe this
was largely due to our tip being suboptimally blunt for that purpose, and with an
experimental setup better suited to the task we expect that the result could be
improved.

Since KPFM is the most widely-used scanning probe method to determine the
work function difference induced by surface structures it is natural to compare it
to SQDM. The advantage of KPFM is that at the current moment it is easier to
implement for most AFM setups, since there is no necessity to create an SQDM tip.
However the high precision of SQDM combined with its superior energy resolution
and tip-independent spatial resolution makes it in our opinion better suited to the
truly quantitative analysis of nanostructures, where below a certain size KPFM is no
longer able to produce quantitative results. Moreover, as shown in Sec. 5.2.3, when
used to measure a step in potential, SQDM achieves a lateral resolution better than
defined by the unscreened potential through the focusing effect of the tip’s screening.
A further crucial point is the fact that SQDM, when used to measure islands for
which an infinitely extended plane is a good approximation, essentially removes
the influence of the tip properties, and due to the focusing effect this condition
is realized even for rather small structures. Achieving an experiment where the
probe tip no longer influences the result is something of a holy grail in the scanning
probe microscopy community, and the results presented here form one of the best
realizations of this so far. It is our hope that this inherent robustness attracts further
attention to the development of the technique.

The most intriguing next step will be to find the point at which the infinite plane
approximation breaks down; how small is too small? What is however possible
is that before this occurs, the surface potential of the small adsorbate island no
longer represents the full value of the extended layer. It remains to be seen if these
two cases can be distinguished from each other, since both would likely lead to

a distance dependent = that is larger close to the surface. Considering that the
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Conclusion and outlook

effective smearing of the surface potential measured here was ~ 20 nm, it could be
that the second case is reached first since at an island width of 40 nm the infinite

plane approximation was still intact.
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Summary

This thesis has presented the creation and characterization of a single molecule
device. A new microscopy method, SQDM, was developed and shown to be capable
of measuring local electrostatic potential in a truly quantitative fashion. The nature
of the single molecule sensor itself was investigated in-depth and unexpected results
were achieved, contradicting the predictions of the highly successful orthodox theory
of the Coulomb blockade.

The single molecule device was constructed with the use of atomically precise
single molecule manipulation detailed in Chap. 2. Approaching the microscope tip
towards a single molecule, a covalent bond was formed between the apex atom of
the tip and one of the double-bonded corner oxygen atoms of the molecule. This
bond was empirically found to be strong enough to remove the molecule not only
from its chemisorbed state on the surface, but from its hydrogen-bonded molecular
layer. The removals were made possible by the augmentation of the SPM setup
with a three-dimensional motion tracking device, which was used to explore custom
removal trajectories by selective variation. Since the molecule’s geometry was con-
trolled throughout the manipulation process, it was thereafter possible to re-deposit
the molecule to the surface by re-approaching and applying a voltage pulse. Using
this protocol, the word ‘JULICH’ was patterned into a PTCDA monolayer by re-
moving molecules one by one. The correction of a mistake in the patterning was also
demonstrated by lowering a molecule into a previously created vacancy. Currently
work is underway to further the understanding of the key parameters involved in
successful removal trajectories.

Next, the functionality of the single molecule device was exhibited in Chap. 3
with the development of SQDM. It was shown that the molecular QD was suffi-
ciently electronically decoupled from the tip’s electronic states that integer charge
could be stabilized on it: the presence of resonant tunnelling features as well as sud-

den changes in the tip-sample force were the signals of single electron charging. The
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Summary

effect of local electrostatic potential on the QD’s charging features was illustrated
with the help of a simple model. The validity of the approach, which modelled the
QD as a single point charge, was proved by comparing the measured potential of a
single, surface adsorbed PTCDA molecule to the result of a microelectrostatic simu-
lation. This also resulted in an estimate of the position of the point charge: (741) A
below the apex of the metal tip, precisely in the middle of the PTCDA QD. A quan-
titative measurement of the Smoluchowski dipole potential of a single adatom was
then presented and shown to follow a z~2 power law as expected. The remarkable
sensitivity of the method was demonstrated by its detection of the Smoluchowski

potential ~7 nm from its source.

The orthodox theory of the Coulomb blockade was applied to the single elec-
tron charging events integral to the SQDM method in Chap. 4. This consisted of
modelling the system as a capacitor network, in conjunction with the constant inter-
action model, which states that the capacitances are independent of the QD electron
occupation N. An expression for the bias drop in the junction based on experimen-
tal data was developed, however the theory was unable to fully explain the data.
Subsequently the point charge model introduced in Chap. 3 was expanded upon.
This model produced expressions based purely on experimental data for the energy
level alignment and interelectronic Coulomb repulsion of the QD. The two models
were then compared, revealing the full equivalence between them. The comparison
helped to show that the models break down for the system presented here, after a
non-negligible dependence on the electron population of the QD was revealed. Fur-
ther studies will be necessary to determine if the predictions made in Chap. 4 are

indeed true.

In Chap. 5 a robust and truly quantitative SQDM experiment was realized, where
the structural properties of the tip were rendered essentially irrelevant. By consid-
ering the point charge model for a flat, extended nanostructure, it was shown that
the remaining proportion of surface potential due to the screening effect of the tip
was approximately equal to the voltage drop fraction a. This meant that the SQDM
signal could be directly interpreted as a change in the surface potential and therefore
a change in the work function of the surface. The change in the work function ¢ of
Ag(111) after PTCDA adsorption was thus determined to be A¢ = (145 4 10) meV.

To our knowledge this was the first work function study of the system including
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real-space confirmation of the cleanliness of the surface, which clears up the existing
disagreement in the literature surrounding the value of A¢. It was also a rare exam-
ple of an SPM experiment where the mesoscopic tip structure plays almost no role in
the measurement, while the active part of the tip has a very well-defined structure.
Here it will be interesting to see what the surface structure size limit is for a A¢
value consistent with that of an extended structure. The focusing effect present in
SQDM is however likely to reduce this limit, making the quantitative measurement

of very small surface islands possible.
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