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Abstract

Semiconductor colloidal nanoplatelets (NPLs) are emerging as promising materials for optoelectronics and various
other applications due to their interesting electronic structure. The electronic properties of such systems depend on
size, shape and composition of the nanocrystals. The electronic structure can be investigated using scanning tunneling
microscopy/spectroscopy (STM/STS), which has already been performed on other nanocrystal systems such as quan-
tum dots. In this project, the performance of the JPK Nanowizard II ambient atomic force microscope (AFM) and
the Fermi scanning probe microscope (SPM) is characterized and optimized. Using the ambient AFM, the coverage of
CdSe and CdSe/CdS core/crown nanoplatelets on highly oriented pyrolytic graphite (HOPG) is studied. By varying
the sample preparation, the NPL coverage is optimised to make STM measurements possible using the Fermi SPM.
By using different types of NPLs, varying the concentration of the NPLs, varying the amount of added ligands to the
concentration and heating the sample, the NPL coverage on the sample is characterized. The results show that large ag-
glomerations of NPLs are formed on the HOPG. When the sample is heated under vacuum conditions, contaminations
on the surface are removed, improving the coverage of the sample.
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Chapter 1

General Introduction

Semiconductor colloidal nanocrystals have unique electronic and optical properties which depend on the size
and shape of the crystal [1]. Various sizes and shapes of nanocrystals can be prepared, such as spheri-
cally shaped nanocrystals, nanorods/nanowires [2] and nanoplatelets [1]. Among the different shapes, two-
dimensional nanoplatelets (NPLs) are of particular interest since the lateral and vertical dimensions can
be controlled with high precision. Therefore nanoplatelets serve as a model system to better understand
the effect of surface chemistry and the effect of quantum confinement [3]. Several synthesis processes have
already been developed for various types of nanoplatelets [4–7], and the interesting optical properties have
been studied intensively [8–11]. NPLs have a high fluorescent quantum yield [12], interesting decay dynamics
of the photo-excited states [13] and short recombination times of the band edge excitons [3].

The final goal of this project is to investigate the electronic structure of core/crown CdSe/CdS nanoplatelets
by performing scanning tunneling microscopy (STM) on the core/crown nanoplatelets using the newly in-
stalled Fermi SPM. To reach this goal, this project is divided into two part: The first part of this project
is an instrumentation part, where the performance of the newly installed JPK Nanowizard II ambient AFM
and Fermi SPM are tested and optimized. The second part of this project is the experimental part, where
the coverage of colloidal NPLs on HOPG is investigated using the ambient AFM. By changing the sample
preparation, the NPL coverage on the sample can be varied to optimize the sample for STM measurements.

First, we start off with the theory behind the atomic and electronic structure of nanoplatelets. Nanoplatelets
with various crystalline structures and compositions are shortly explained, and the effect of adding ligands
during the synthesis is described. The electronic structure in bulk nanocrystals is shortly elaborated, which
gives a better understanding of the theory when discussing the electronic structure in nanoplatelets, where
quantum confinement is added due to the finite size of the nanocrystals. This is performed using two different
approaches. The results from both approaches are important for the understanding of the electronic structure
of NPLs.

In the third chapter, the theory behind atomic force microscopy and scanning tunneling microscopy is
shortly discussed, which will give a better understanding on how these microscopes work. This chapter
will finish with a short explanation of scanning tunneling spectroscopy, and how it is able to measure the
electronic structure of a semiconductor.

Chapter four describes the different setups and microscopes used in this experiment. We start with a
large and thoroughly guide of the JPK Nanowizard II ambient atomic force microscope. The general setup is
shown, including the vibration isolation table and the home-built acoustic box. It is shown using spectrum
measurements and AFM measurements that the acoustic box and isolation table have a large contribution
in reducing external vibrations. Tip properties and artefacts are discussed, together with a guide on how to
use the software properly for obtaining high quality AFM images. Tip artefacts and wrong feedback settings
have a drastic impact on the quality of an AFM image, which will be shown and solved. Image processing is
shown, together with performance measurements on various systems, to show the achieved resolution of the
microscope.

In the next part of this chapter the Fermi SPM is presented. An overview of the setup will be presented,
together with the new sample holder design, which is used to measure the nanocrystal samples in the Fermi
more conveniently. The mechanism of the newly installed tip preparation tool is explained, which will be able
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CHAPTER 1. GENERAL INTRODUCTION

to produce high-quality STM tips. Noise measurements and Fourier spectra are presented, together with the
STM measurements on various systems.

In the last part of this chapter, the self-built heating setup is elaborated, on which is used for heating
samples under vacuum conditions.

In chapter five, the obtained results of this project will be presented. It will start with a short description
of the NPL synthesis, the sample preparation is presented and a new sample treatment technique is introduced
to reduce organic contaminations on the surface of the sample. The NPLs on the highly oriented pyrolytic
graphite (HOPG) are visualised using the ambient AFM. The NPL coverage on the HOPG is characterized
using different synthesized NPLs, varying the concentration of the NPLs, varying the added amount of ligands
to the NPL concentration and heating the NPL samples.

In the last chapter, a conclusion will be formulated and an outlook will be presented.
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Chapter 2

Two-Dimensional Nanocrystals -
Nanoplatelets

Semiconductor nanocrystals have very interesting electronic properties, which change when the electron and
holes of the material are squeezed into a dimension that approaches the exciton Bohr radius. This phenomenon
is called quantum confinement, which will be further explained in this chapter. First the atomic structure
of the nanoplatelets will be shortly discussed in general, such as the size, shape, different compositions of
the nanoplatelets and the effect of ligands on nanoplatelets. For a better understanding, the electronic
structure in bulk nanocrystals will be shortly discussed. Then the size dependent electronic structure in
two dimensional nanocrystals will be described, using two different quantum confinement approaches: the
bottom-up and top-down approach. Furthermore, the effect on the electronic properties of semiconductor
NPLs will be described when a shell with a different band gap is grown around the nanocrystal.
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CHAPTER 2. TWO-DIMENSIONAL NANOCRYSTALS - NANOPLATELETS

2.1 Nanoplatelets

Nanoplatelets are two-dimensional (2D) nanocrystals with common lateral dimensions range from several
nanometres (Fig. 2.1a) to hundreds of nanometres (figure 2.1c), but the thickness of these NPLs comprises
only a few atom monolayers (ML). In this project the focus will be on metal monochalcogenide NPLs with
the chalcogen anions Se2− or S2− and the metal cations Cd2+. Information about non chalcogenide NPLs,
for example perovskite NPLs, can be viewed in [14,15].

Figure 2.1: Transmission electron microscope (TEM) images of NPLs with various dimensions and compositions. Zinc blende CdSe
NPLs (A), CdS NPLs (B) and CdTe NPLs (C) [16].

Recently the synthesis of nanoplatelets which consist of multiple components have been reported [4]. There
are two ways to grow a second composition around a core nanoplatelet: so-called core/shell nanoplatelets
and core/crown nanoplatelets. Core/shell nanoplatelets are nanocrystals where the second composition is
grown on top and bottom of the core only NPL, like a sandwich (figure 2.2(B)). Core/crown NPLs are
nanocrystals where the second composition is grown around the lateral dimensions of the nanoplatelet (figure
2.2(C) [1, 4, 17].

(A) Core only NPLs (B) Core/shell NPLs (C) Core/crown NPLs

Figure 2.2: Schematic view and TEM images of NPLs with two compositions grown in different ways [16].

Many core/shell or core/crown NPLs can be synthesized using this growth mechanism. Examples are
CdSe/CdS core/shell [18], CdSe/CdS core/crown [1], ZnSe/CdSe core/shell [19], CdSe/CdTe core/crown [6,7]
and many more. By varying the compositions of the shell or crown of the NPL, different optical and electronic
properties can be obtained.

The core/crown CdSe/CdS NPLs described in this project have a reported zinc blende crystal structure
[20], meaning that the neighbouring atoms of every atom are of the opposite type, and are positioned exactly
on the lattice of a normal tetrahedron. Other crystal structure types in mono chalcogenide NPLs are wurtzite
crystal structure [21,22] and rocksalt [23].

Notice that NPLs of the same composition can have different crystal structures, for example CdSe or
CdS. This is achieved by using different synthesis processes. When investigating different crystal structures,
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2.2. ELECTRONIC STRUCTURE OF NANOPLATELETS

different properties are obtained, for example between zinc blende and wurtzite [24–26].
The lateral and vertical dimensions of the nanoplatelets are controlled by adding oleic acid during the

synthesis. When adding oleic acid to the nanoplatelet solution, an exchange reactions takes place where
free oleic acid replaces bound oleate. The carboxyl group of the oleate bounds with the Cd of the NPL 2.3,
providing steric stabilization of the nanoparticles against van der Waals interactions and thereby prevents
clustering of the NPLs in the solution, which improves the optical properties of the NPLs [27–30]. The non
polar part of the oleic acid points away from the nanocrystal surface, which makes them soluble in a nonpolar
solvent such as hexane.
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Figure 2.3: Schematic representation of CdSe/CdS core/crown NPLs. The NPL is capped by oleate ligands.

2.2 Electronic Structure of Nanoplatelets

In this section the effect of quantum confinement on the electronic states in the NPLs will be reviewed.
This will be discussed using two different approaches: the top-down and bottom-up approach. For a better
understanding of the theory, the electronic states in a bulk semiconductor are briefly discussed first, before
switching to the electronic structure in finite size nanoplatelets.

2.2.1 Electronic states in a Bulk Nanocrystal

The electrons moving through the bulk semiconductor cannot be described using the free electron model,
as they feel a periodic potential which comes from the lattice of the three-dimensional bulk crystal with
primitive lattice vectors ~ax, ~ay and ~az. However, the electrons have to satisfy the Schrödinger equation [31]:

−~2

2m
∇2ψ(~r) + V (~r)ψ(~r) = Eψ(~r) (2.1)

where ψ(~r) is the wavefunction of the electrons, V (~r) is a three-dimensional periodic potential in the bulk

semiconductor and ∇2 is the Laplacian operator: ∇2 = ∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2 .

Since V (~r) is a periodic potential (V (~r) = V (~r + ~ai)), where ~ai is the lattice distance in the x, y or z
direction, the Schrödinger equation can be translated:

−~2

2m
∇2ψ(~r) + V (~r)ψ(~r + ~ai) = Eψ(~r + ~ai) (2.2)

The new Schrödinger equation should have the same eigenvalue, so ψ(~r) and ψ(~r+ ~ai) can only differ by
a phase factor. This is known as Bloch criterium and the wavefunction following from this theorem is called
a Bloch wave [32]:

ψbloch,k~r = ei
~k·~ruk(~r) (2.3)

~k is defined as the wave vector of the wave and uk(~r) is a periodic function. ei
~k·~r represents the phase of

the wave function, and uk(~r) describes the response of the electrons to the periodic potential. The periodic
potential of the crystal has a large impact on the dispersion relation of the electron. When the potential
distance and wavelength of the electrons are different, the electrons are only slightly disturbed and behave
almost like free electrons. When half of the wavelength is close to the potential lattice ~a (ki = π/ai),
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CHAPTER 2. TWO-DIMENSIONAL NANOCRYSTALS - NANOPLATELETS

the electrons are scattered by the ions in the crystal, which is called Bragg reflection. The resulting wave
can be written in two running waves with opposite momentum, ψ+

bloch and ψ−bloch. The energy difference
between these waves causes a gap in the energy of the dispersion relation, which is called the band gap of
the semiconductor. This is shown in figure 2.4A for a one-dimensional crystal.

Wave functions with a wave vector which differ by ki = ni2π/ai, where ni ∈ Z, are identical. When
considering the minimum energy at ki = 0, the relevant region of the dispersion relation lies between −ki/ai
and ki/ai. This region is called the first Brillouin zone (BZ). The bands outside the BZ can be translated
back into the BZ by subtracting the wave vector by ki = ni2π/ai. This is illustrated in Fig. 2.4B for a
one-dimensional lattice.

(A) (B)

Figure 2.4: (A) Dispersion relation for electrons in a one-dimensional bulk semiconductor. At nk/a with n = 0, 1, 2, ..., a discontinuity
in the band diagram is shown, resulting in a band gap. (B) Dispersion relation when the bands outside the first BZ are translated

between k/a and −k/a [33].

For three-dimensional nanocrystals the same theory can be applied. Bragg reflections occurs in all three
directions, but the periodicity differs in each direction, since the lattice distance in every direction varies.
Band gaps can occur at various k-points, which makes the band structure more complex. The centre of the
BZ is given by the Γ-point (kx = ky = kz = 0). Other high symmetry points are given by Greek letters
(inside the BZ) or Roman letter (On a vertex of the BZ) (figure 2.5A).

Figure 2.5B shows the total band structure of bulk CdSe. The minimum of the valence band and the
maximum of the conduction band are at the same k-point, namely the Γ-point. This means that the fun-
damental band gap of CdSe lies at this point and the band gap is direct i.e. an electron can be excited by
absorption of a photon. The calculated band gap of bulk CdSe is 1.74 eV [19]. Bulk CdS also has a direct
band gap [26] with a value of 2.49 eV [19].

2.2.2 Quantum Confinement via a Top-Down Approach

The theory described in the previous section was based on an infinitely large crystal. However, the electrons
and the holes of a nanoplatelet are confined inside a finite crystal size. Quantum confinement is observed once
the crystal size in one direction is of the same magnitude as the exciton Bohr radius. This will change the
optical and electronic properties of the crystal. Quantum confinement can be explained using two different
approaches. In the top-down approach of quantum confinement, the Bloch wave is multiplied with an envelope
function [35]. Using this for one-dimensional confinement (z-direction), the following equation is obtained:

Ψtotal(~r) = ψbloch(~r)φenv(~r) (2.4)

The total wave function Ψtotal(~r) is a product of two wave functions: the Bloch wave which has already
been derived and some function which is dependent on the dimensionality of the crystal that describes the
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2.2. ELECTRONIC STRUCTURE OF NANOPLATELETS

Figure 2.5: (A) The first Brillouin zone of cubic zinc blende crystal structure [34]. (B) Bandstructure of bulk cubic zinc blende
CdSe [25] calculated using generalised gradient approximation (GGA), local density approximation (LDA) and the modified Becke-

Johnson functional (MBJ).

confinement effects in the nanocrystal. For a nanoplatelet the appropriate way to describe this φenv(~r)
function is to consider a 1D quantum well, since the electrons and holes are trapped in the z-direction: for
−Lz/2 < z < Lz/2, V = 0, and for |z| > Lz/2, V =∞. This can be solved analytically [36]:

φenv(z) =

√
2

Lz
sin

(
nzπz

Lz

)
(2.5)

Here Lz is the dimension of the NPL in the z-direction and nz is the wave number of the wave function in
the z-direction, which is a positive integer. This equation can be inserted in the Schrödinger equation ((2.1))
to obtain the eigenvalues of the envelope wave function:

Econfnz
=

~2π2

2m∗e,h

(
nz
Lz

)2

(2.6)

Here m∗e is the reduced mass of the electron and m∗h is the reduced mass of the hole. The lowest energy
of the electron and hole states are for nz = 0 (Γ-point) and for higher order n we get other symmetries. To
calculate the total band gap of the NPLs, the confinement energies of the electrons and holes have to be
added to the original band gap energy [9]:

Etotalg (Lz) = E0
g +

~2π2

2m∗e

(
nz
Lz

)2

+
~2π2

2m∗h

(
nz
Lz

)2

(2.7)

In words, the band gap decreases with increasing vertical dimension Lz of the nanoplatelets, scaling as
L−2
z . This is comparable to quantum dots (0-dimensional nanocrystals), where the band gap scales with the

diameter of the quantum dots as d−2 [37]. Equation 2.7 shows that NPLs with the same composition with
various dimensions have different band gaps. This is also shown in figure 2.6. Due to the different band gaps
of the NPLs, they emit different wavelengths when excited by an UV lamp. Discrete energy states are present
as well at the edges of the band gap, which is also an effect of the quantum confinement. As indication,
for NPLs with a thickness of 4 monolayers (ML), corresponding to 1.3 nm, the band gap decreases with
0.22 eV according to this theorem. Since the thickness of the crystal can be tuned during the synthesis [1],
constructing NPLs with a certain desired band gap is possible. This is key for designing new electronic
semiconductor materials.
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CHAPTER 2. TWO-DIMENSIONAL NANOCRYSTALS - NANOPLATELETS

(A)

(B)

Figure 2.6: (A) Presentation of the quantum confinement effect on quantum dots, which shows that the band gap increases with
decreasing size. This effect holds as well for NPLs. (B) Visual fluorescence of 5 CdTe QDs solutions with various sizes. These solutions

are excited by an UV-lamp in a dark surrounding. Both images are taken from [35].

2.2.3 Quantum Confinement via a Bottom-Up Approach

Another approach to understand quantum confinement is the so-called bottom-up approach. In this approach
the semiconductor nanocrystal is compared with a large molecule. By investigating the molecular orbitals
(MO), the wave functions in the nanocrystals can be constructed. The simplest case is a nanocrystal with
only two atoms. In this case the two atomic orbitals combine to make a bonding and an anti-bonding
molecular orbital. The lowest unoccupied molecular orbital is called the LUMO and the highest occupied
molecular orbital is called HOMO. When the number of atoms is increased, the molecular orbital diagram
gets more complex and the HOMO and LUMO get more closely together, which is illustrated in figure 2.7.
For a large number of atoms, the MO levels are so small that it can be approximated to a continuous band
of MO levels. The spacing between the HOMO and LUMO (the valence and conduction band) is called the
fundamental band gap. This approach can be used to calculate the band gap of small nanocrystals using
a Lineair Combination of Atomic Orbitals approach (LCAO). Tight binding calculations, closely related to
LCAO, have already been performed on core/shell CdSe/CdS nanocrystals [38] and on CdSe NPLs [39].
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2.3. CORE/CROWN NANOPLATELETS - A PROMISING SEMICONDUCTOR

Figure 2.7: Number of molecular orbitals in a system increasing from a few atoms to a bulk nanocrystal [35].

2.3 Core/Crown Nanoplatelets - a Promising Semiconductor

In the previous section the composition of NPLs were discussed, as well as their general electronic properties
predicted from the top-down and bottom-up approach. However, this only holds for a core-only NPL. So
what happens when shells or crowns are grown onto the core-only NPL?

There are three different types of electronic structures in these systems, which are classified as type-I,
reversed type-I and type-II heterostructures.

Type-I In type-I semiconductors, the band gap of the core is smaller than the band gap of the crown. As
a consequence the holes and electrons are confined to the core of the NPL, illustrated in Fig.2.8 (B).
Experiments on type-I CdSe/CdS QDs/nanorods show an almost near-unity quantum yield, which can
be applied to next generation light-emitting diodes and laser experiments [40,41].

Reversed Type-I In reverse type-I systems, or I 1/2 systems, charge carriers are partially delocalized in
the crown since the band gap in the core is larger than the band gap of the crown, see figure 2.8(C).
For reversed type-I systems, like CdS/CdSe core/crown NPLs [42] or CdS/CdSe QDs [43], a significant
red-shift of the band gap with the shell thickness is observed [44].

Type-II In type-II there is a staggered band alignment, which leads to the spatial separation of the carriers
on the different sides of the heterojunction between core and shell semiconductors, illustrated in Fig.
2.8 (D) [45]. Type-II semiconductors, such as Type-II CdSe/CdTe core/crown NPLs [7, 19], are very
promising in the field of light harvesting materials for photovoltaic and photoconduction applications
due to their other favourable optical properties, such as a reduced oscillator strength, increased radiative
lifetime and suppression of Auger recombination [6, 19].

Since the valence band offset between the core and crown is at least 400 meV [1], CdSe/CdS core/crown
NPLs are generally seen as a quasi type-II structures, where one type of charge carrier is confined in the core
and the other one delocalized over core and crown. The offset of the conduction band is not known [46]. Due
to the high exciton binding energy in these NPLs, the electron is dragged to the core by the hole, resulting in
a type-I heterostructure [1]. The recombination of the electron and the hole occurs in the core of the NPL,
which is observed by optical measurements.

Due to the large exciton binding energy, the measured band gap is smaller in optical measurements than
the actual band gap of the core and crown. The electronic structure can be determined by mapping the Local
Density of States (LDOS) of the NPL. This can be measured using scanning tunneling spectroscopy (STS).
Among other, the band gaps and the band offsets between core and crown can be accurately determined
using this technique. Other nanocrystal systems have already been investigated using STS [41,47,48]. Since
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CHAPTER 2. TWO-DIMENSIONAL NANOCRYSTALS - NANOPLATELETS

e- e-
e-

h+ h+ h+

Type I Reversed Type I

e-e- e-

h+
h+h+

Type IIType II

CoreCrown Crown
(A)

(B) (C) (D)

Figure 2.8: Charge carrier localisation for different types of core/crown systems. (A) shows a schematic side view of a core/crown
NPL. (B) shows a type-I core/crown heterostructure, (C) shows the reversed type-I heterostructure, and (D) a type-II heterostructure.

core/crown NPLs have only been synthesized recently, no STS measurements have been performed yet on
core/crown NPLs. Measuring the local density of states would be a large step ahead in the understanding of
the electronic structure of core/crown heterostructure NPLs.
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Chapter 3

Scanning Probe Microscopy

Examination of nanocrystals on an atomic scale is not possible with an ordinary optical microscope, since the
dimensions of the nanocrystal are much smaller than the wavelength of light used in an optical microscope.
Therefore, another method of characterization and imaging is needed. For this reason, two different scanning
probe microscopes (SPM) are introduced: the scanning tunneling microscope (STM) and the atomic force
microscope (AFM). Using these techniques not only atomic resolution can be obtained, but also precise high
measurements can be performed using AFM. With STM the electronic structure can be viewed using scanning
tunneling spectroscopy (STS), which can measure the local density of states of a conducting material. The
principles of AFM and STM will be shortly explained in this chapter, together with the principles of scanning
tunneling spectroscopy (STS).
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3.1 General Introduction

Fascinated by atomic surfaces and nanoscale crystals, the scientists Gerd Binner and Heinrich Rohrer of
the IBM Research Laboratories in Zürich [49] wanted to investigate the surface and electronic properties of
conducting surfaces. They searched in the area of quantum tunneling and they found out that a current can
be measured when approaching the surface of a metal with a sharp conducting tip. Soon they started building
a microscope and shortly after they successfully measured individual atoms on a gold crystal [50]. With this
microscope they could perform atom manipulation, which marked the first time that humans could move
objects of nanoscopic scale. Both researchers got the Nobel prize in 1986 for the discovery and development
of the first scanning tunneling microscope (STM). Since STM only works on electrically conductive surfaces,
Binnig started in 1986 with the development of the atomic force microscope (AFM), which measures the
forces between the tip and the sample [51]. Their inventions gave rise to the evolution of a whole new family
of microscopes, such as the Kelvin probe force microscope, magnetic force microscope, scanning near-field
microscope and many others.

The STM and AFM microscopes have the same general features: a probe or a tip is scanning over a
sample whereby an interaction between the tip and the sample depends on the distance between the tip and
the sample. For moving the tip with a high accuracy, electrically driven piezoelectric transducers are used.
When applying a voltage, the piezos can expand or contract, which allow high-accuracy movement of the tip.
The tip can be moved with a constant height or constant tip-sample distance constant using a feedback loop.
Since SPM works with very small tip-sample distances (typically 1 nm), active vibration isolation is needed
to compensate for vibrations in the building and other sources of noise.

3.2 Atomic Force Microscopy

As stated before, atomic force microscopy measures the interactions between the tip and the measured sample
using a force sensor. The obtained data are converted to a height map and displayed.

Atomic scale interactions mostly consist of Van der Waals forces. For AFM, van der Waals forces mostly
consist of two forces: an attractive force which is known as the London dispersion force and a repulsive
force which is known as the Pauli repulsion force [52]. The London dispersion force acts between two
instantaneously induced dipoles force. The repulsive part of the van der Waals force is related to the overlap
of electron shells of two atoms. Because of the Pauli principle, the two electron shells repel each other. The
potential of the van der Waals forces cannot be solved analytically, but can be described by the Lennard
Jones potential [52]:

VLJ = ε[(
σ

r
)12 − 2(

σ

r
)6] (3.1)

where r is the distance between the sample and tip, ε is the depth of the potential well and σ is the
distance at which the potential reaches its minimum.

In early AFM setups an STM tip was placed on a cantilever and the change in tunneling current could
be measured [51]. Nowadays the most basic technique used for measuring interactions between particles in
the AFM is laser deflection. In figure 3.1 a schematic overview of an AFM is shown using laser deflection. A
laser emits a light beam on the cantilever, which reflects on the photodiode which is connected to the control
electronics. When scanning over the surface of the sample, a measurable potential Vts will cause a force in
the z-direction Fts = −∂Vts/∂z, which will change the deflection of the cantilever and thus light path of
the laser beam. This change is detected by the photodiode, and it directly constructs a three-dimensional
height map of the scanned area. With this technique AFM images with subnanometer resolution can be
obtained. Numerous papers have been published where calculations have been performed on laser deflection
AFM [53, 54]. Another technique which is used primarily in ultra high vacuum (UHV) AFM setups makes
use of a QPlus tip, which can measure the tip/sample interaction using the piezoelectric response of a quartz
cantilever [55].

A large variety of different scanning modes can be used in the AFM. To get a better understanding how
these different modes work, a so-called force-distance curve has to be constructed. This curve shows at a
certain tip-sample distance if the force between the tip is repulsive or attractive. Force-distance curves can
be measured by slowly approaching the tip towards the sample [57]. The deflection of the laser beam can be
related to a certain force and force-distance curve can be constructed, as can be seen in figure 3.2. Far away
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Figure 3.1: Schematic figure of an AFM using laser deflection [56]

from the sample, the tip does not feel any forces and there is zero deflection. When approaching the sample
the tip feels an attractive force which pulls the tip towards the sample. As the cantilever continues to push
the tip towards the sample, an opposite force is acting on the tip and the tip moves to the repulsive regime
of the force-distance curve.

Contact mode

Non-contact mode

Tapping mode

Force on tip

Repulsive

Zero

Attractive

Contact Non-contact Distance
Figure 3.2: Force-distance curve between the tip and the sample. In the curve is shown in which regions contact/non-contact mode or

intermittent-contact mode is used.

AFM Modes

Each mode for AFM acts in a different regime of the force-distance curve. A few important AFM modes will
be highlighted [57]:

Contact mode Contact mode is conceptually the simplest mode and was the first developed mode for AFM.
Contact mode imaging is performed in the repulsive regime of the force-distance curve 3.2. In other
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words, the tip always touches the sample. Direct consequences are that the sample and/or the tip can
be damaged easily, the surface of the sample can be changed depending on the nature of the sample
(for example soft surfaces) and the sample can move in the x-y plane when the tip is scanning over
the surface due to lateral forces. Although contact mode AFM has a lot of disadvantages, this mode
is capable of obtaining high-resolution images. Two possible modes can be used in contact mode: in
constant-force contact mode AFM the force is kept constant (set-point) using a feedback loop to adjust
the height. In contant-height contact mode AFM, the height of the tip is kept constant [57]. This is
a more dangerous mode when scanning over large height differences. This mode should only be used
when an approximate topography of the surface has already been constructed and more accurate scans
are needed.

Non-Contact (NC) mode In this mode, the probe of the AFM is oscillating at the resonance frequency
of the cantilever. When approaching the surface, the oscillation changes due to interactions between
the probe and the sample. When the tip is getting closer to the sample, the oscillation is damped and
the frequency and amplitude of the oscillation of the probe are reduced. The scanner adjusts the z-
height of the tip to obtain its original frequency (frequency modulated AFM (FM-AFM)) or amplitude
(amplitude modulated AFM (AM-AFM)). In ambient AFMs, AM-AFM is mostly used.

As illustrated in figure 3.2, NC AFM takes place in the attractive regime of the force-distance curve,
which actually means that the amplitude of the oscillation is much smaller than the amplitude of
the oscillation in intermittent contact mode [57]. A great advantage of non-contact mode is that
the tip-sample forces are decreased, while maintaining a high sensitivity. To decrease the amplitude
of the probe, a tip with a stiff cantilever has to be used, to get to the surface as close as possible
while remaining in the attractive regime. Far from the surface, the resonance frequency is given by
ω0 = c

√
k, where c is a function depending on the mass of the cantilever and k is the spring constant of

the cantilever. When an additional force acts on the tip, the new resonant frequency is ω0 = c
√
k − f ′

where f ′ is the derivative of the force normal to the surface [58]. For non-contact mode, cantilevers
with a resonance frequency of 300-400 kHz and an oscillation amplitude between 10 nm and a few
picometers are used [59]. The limiting factor of NC AFM is the small contamination layer (oxidation)
which forms on the substrate under ambient conditions. However with great care it is still possible to
achieve high resolution images. In this mode scanning in fully immersed liquid is also possible, which
might be advantageous when having trouble with external acoustic vibrations.

Intermittent Contact (IC) mode or Tapping mode This mode works the same as non-contact mode,
with one important difference. The amplitude of the oscillating probe is much bigger, thus it oscillates
over a wider range of the force-distance curve, which can be seen in figure 3.2. Major advantage of
this mode compared to NC AFM is that it can pierce the contamination layer of the sample to touch
the substrate. Therefore this mode is commonly used for imaging in ambient conditions [60]. Another
advantage of this mode compared to contact AFM is that lateral forces are almost eliminated due to
the perpendicular movement of the tip. For these reasons this mode is used for all the measurements
performed in this project.

All these modes described above are topographic modes, which measure the topography of the sample.
This cannot only be achieved by imaging the height differences of the tip, but also by imaging the phase
difference or amplitude differences of the tip. These imaging modes could improve the contrast of an AFM
image, which will be shown in chapter 5.5. Many other non-topographic modes are possible for AFM,
such as force spectroscopy [61], mechanical property imaging, magnetic force microscopy [62], electric force
microscopy and so on. More information about these modes can be found in literature [57].

Resolution

The resolution of an AFM image is determined by two components: the lateral and vertical resolution of
the instrument. The vertical resolution is affected by thermal vibrations of the cantilever and noise from the
building. The thermal noise of a rectangular cantilever can be calculated by the equation [63]:

∆z =

√
4kbT

3k
=

0.074 nm√
k

(3.2)
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Where kb is the Boltzmann constant, k the spring constant of the cantilever and T the absolute temper-
ature. The second equation shows the thermal noise at room temperature. Using a cantilever with a typical
spring constant of 15 N/m, the thermal noise reaches 20 pm, which is of the same order as the digitalization
error of the ambient AFM, which will be described in chapter 4.3. Usually the vertical vibrations are much
higher due to acoustic noise and vibrational noise from the surroundings.

The lateral resolution is defined as the minimum detectable distance between two sharp peaks of different
heights from features. It is dependent on the curvature of the used tip (R), the vertical resolution (∆z) and
the relative height of the two spikes (∆h), which is assumed to be small [64]:

d =
√

2R(
√

∆z +
√

∆z + ∆h) (3.3)

When using ultra sharp tips with tip curvature of 2 nm, and assuming a height peak difference of 0.2 nm
and a vertical resolution of 0.1 nm, a lateral resolution of 1.8 nm can be achieved. As can be seen from the
equation above, tip sharpness is essential obtaining high resolution AFM images. This is further explained
in chapter 4.3.

3.3 Scanning Tunneling Microscopy

In figure 3.3 the principle of STM is illustrated. When a tip is approaching a conducting surface, a small
tunneling current will flow between the tip and the sample when a bias is applied to the tip, which can be
explained using quantum tunneling. When scanning over the sample, the current between tip and sample is
kept constant using a feedback loop. The feedback loop corrects the z-positioning of the tip using piezoelectric
material. The z-position of the tip is imaged, showing the topography of the sample.

Figure 3.3: Schematic figure of the STM configuration, in which a tunneling current flows between an atomically sharp tip and a
sample, to which a bias voltage is applied [65].

Quantum tunneling can be described using figure 3.4a, where two conductors are separated by a potential
barrier V . The energy of the electrons in the metals is lower than the potential of the barrier. The electrons
can move both in the positive z-direction and negative z-direction. To solve the wave functions of the electrons
in the three different regions, the time-independent Schrödinger equation has to be used:

EΨ(~r) = [− ~2

2me
∇2 + V (~r)]Ψ(~r) (3.4)

When solving the Schrödinger equation for this case outside the barrier, solutions of the general form

ψ(z) = ψ(0)e±ikz are obtained, where k is given by k =
√

2me(E−V )
~ . Inside the potential barrier, the

solutions have the form of ψ(z) = ψ(0)e±κz with κ =
√

2me(V−E)
~ . The wave function of the electron inside

the potential barrier is an exponentially decaying function.
The theory of quantum tunneling can be used in a one-dimensional vacuum tunneling junction. The

sample substrate has a work function φ which is the minimum energy needed for an electron to move from
the bulk to the vacuum level. When the vacuum level of the metal is the reference point, and the Fermi
energy EF is the upper energy limit of the metal state, then EF = −φ.
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A transmission coefficient T can be defined, which is the ratio of the probability of an electron being at
a position z relative to position z = 0 [66]:

T ≡ I(z)

I(0)
= e−2κz (3.5)

where

κ =

√
2mφ

~
(3.6)

is the decay constant of the transmission coefficient. Values of κ for different materials can be found in
literature [65]. To concise, we have shown that the tunneling current can flow through a potential barrier,
and that the current I(z) depends exponentially on the distance z. Another theory to describe the tunneling
phenomenon is Bardeens theory, which is perturbation theory applied to quantum tunneling [66, 67]. This
theory is used in the Tersoff-Hamann model, which is used to simulate STM images to verify obtained results
from STM measurements [68,69].

E

I II III

V

0 L z

(A)

(B)

Figure 3.4: Schematic overview of the potential barrier (A) with the wave function of the electrons (B). The wave function
exponentially decays in the potential barrier, moving from the left to the right. Image B was taken from the website of NT-MDT,

Tunneling Effect (2015 Sept 29).

A condition which has to be met for obtaining high quality STM images is an atomically sharp tip. If the
tip is not atomically sharp but has two tips, two currents can flow to the surface and a double STM image
is obtained. Also when the tip is too dirty, no current can flow to the tip.

An atomically sharp tip can be obtained using a plain cutter or electrochemical etching. This is performed
in ambient conditions, so an oxidation layer will form on the tip, which should be removed prior to STM
measurements. The quality of the STM tip can be further improved by poking the tip in the surface of a
clean crystal (not on HOPG). Voltage pulses can be applied to the tip, which will blow a part of the tip away
to the surface. Unfortunately, there is not a standard procedure to produce an atomically sharp tip. When
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performing tip preparation on a crystal, the crystal get dirty, so changing the scanning spot frequently is
needed.

As mentioned in the introduction of this chapter, STM only works on electrically conductive surfaces.
Most organic molecules are non-conductive, acting as an additional tunnel barrier. When large organic
contaminations are presented on the surface, the tip can get dirty or damaged easily. Therefore it is essential
to obtain clean nanocrystal samples.

The STM-setup cannot only measure the topography of the sample, but also the local density of states
(LDOS). This method is called scanning tunneling spectroscopy (STS). In STS the tunneling current I(Vb)
is measured with a varying bias voltage, keeping the tip-sample distance fixed. Using this data the LDOS
can be derived from the conductance spectra [70,71].

The basic expression of the tunneling current follows from Bardeens theory and is illustrated by the
following formula [72]:

I(Vb) = A

∫ eVb

0

T (E, Vb, z)ρs(E)ρt(E − eVb)dE (3.7)

where ρs and ρt are the tip and the sample LDOS respectively, A is a dimensional constant and T is the
barrier transmission coefficient. Using this equation, dI/dVb can be calculated by differentiating equation
3.7:

dI

d(eVb)
= AT (eVb, Vb, z)ρs(eVb)ρt(0) +

∫ eVb

0

ρs(E)
d[T (E, Vb, z)ρt(E − eVb)]

d(eVb)
dE (3.8)

When it is assumed that the LDOS of the tip ρt and the transmission coefficient T do not change with the
bias voltage, the second term becomes zero and the LDOS of the sample is directly related to the conductance
spectrum:

dI

dVb
∝ LDOS(eVb, tip) (3.9)

By acquiring spectra at different heights and different spots on the sample, a map of the LDOS on the
sample can be constructed. By performing these measurements on core/crown NPLs, we get insight into the
band structure of the core, crown and at the interface.

21





Chapter 4

Experimental Setup

In this chapter the experimental part of this project will be extensively discussed. Most of the research has
been performed on an ambient atomic force microscope: the JPK Nanowizard II atomic force microscope.
Because it has been recently appended to the equipment of our group, a comprehensive guide will be presented,
including an overview of all the hardware in the ambient AFM setup, tip properties and artifacts, a short
guide into the software, a procedure on how to obtain good images with this machine and how to cope
with image artifacts, and finally how to perform image processing. AFM measurements are performed on
clean HOPG to establish the lateral and vertical resolution of the JPK. To confirm if the AFM can detect
nanocrystals, two different quantum dot samples are investigated.

Furthermore, the other recently added microscope will be discussed: the Fermi scanning tunneling micro-
scope. The hardware and general setup will be discussed as well as the built-in tip preparation tool. The new
sample holder design will be presented. Vibrations coupled in the system of the microscope are explained,
and a solution is presented. Finally, some STM and STS performance measurements are discussed, and an
estimate of the current noise levels is calculated.
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4.1 JPK Ambient Atomic Force Microscope

The JPK Nanowizard II AFM is an AFM which works under ambient conditions, and the interactions between
tip and sample are detected using laser deflection, which is described in 3.2.

A general overview of the setup can be viewed in figure 4.1. The setup consists of an optical microscope,
the Nikon Eclipse Ti-U inverted microscope, with objective lenses with various magnifications which can
be removed or attached. Only transparent samples can be studied using the optical microscope, since the
light source is above the sample and the detection under the sample. The optical microscope is useful for
performing AFM measurements to align the laser beam on to the photodiode. The optical images can be
viewed from the eyepiece of the microscope or digitally using a CCD camera, which is attached to the side
of the microscope. The camera is connected to the computer. The light source can be tuned using the
brightness control knob on the TI-PS100W Power Supply unit.

(A) (B)

Figure 4.1: Overview of the JPK Nanowizard II AFM setup.

The JPK Nanowizard II AFM itself consists of an AFM head and a control unit, see Fig. 4.2. The tube
scanner of the AFM is incorporated into the AFM head. The probe of the AFM is placed onto a transparent
glass block cantilever holder, which can be attached or removed from the AFM when changing the tip of the
AFM. The AFM head can be placed on the stage of the optical microscope and is connected to the control
unit by two large controller cables. The control unit itself is directly connected to the computer where the
JPK AFM software is installed.

(A) (B)

Figure 4.2: Left: Nanowizard II AFM head. Right: Nanowizard II control unit for the AFM.
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This setup allows to perform fluorescence measurements [73]. A super high pressure mercury lamp is
connected the setup with peaks in the ultra violet emission spectrum between 184.45 nm and 578.2 nm in
the visible light spectrum. The excitation light is directed through the sample and the emitted light can be
filtered using a changeable excitation filter. The filtered light is captured by another CCD camera which
can be used for fluorescence measurements. The JPK software can copy the obtained optical fluorescence
images into the AFM imaging area, which makes it possible to combine AFM measurements and fluorescence
microscopy measurements. More information about fluorescence microscopy can be found in the manual of
the JPK Nanowizard II.

The complete setup is placed on an active vibration isolation table, which consists of a solid metal table
and the Halcyonics Active Vibration Isolation unit to counter vibrations coming from the building. The
whole setup is placed in a big acoustic box to further reduce acoustic and building vibrations. This acoustic
isolation box is self-designed and will be discussed more explicitly.

4.1.1 Vibration Isolation Table and Acoustic Box

In order to measure NPLs, the vertical resolution and lateral resolution of the ambient AFM have to be
low enough. The vertical resolution has to be less than 1 nm, and the lateral resolution roughly less than
5 nm. When performing the first AFM experiments, the obtained resolutions were not low enough to measure
nanocrystals, mainly due to vibrations. Two main sources of vibrations are present: acoustic noise, which
turns into structural vibrations by coupling to the AFM and structural vibrations from the building. Due
to these vibrations, the noise in the vertical resolution during AFM scans was very high (Fig. 4.5 (A)), and
NPLs could not be measured.

It was decided that an acoustic box had to be built around the microscope in addition to the vibration
isolation table, which would reduce both sources of vibrations. The acoustic box consists of two separate
boxes (an inner box and an outer box) with isolating materials in between. Both the inner box and outer
box have doors which can be closed separately (figure 4.3). At the back of the box, a hole filled with isolated
foam is constructed so the cables of the setup can pass through the box to the hardware. Since vibrations
can be transmitted via the cables to the AFM head, fixation of the cables is necessary to perform low noise
measurements.

Two shelves were built inside the box. One shelf is needed to place a monitor which is linked to the
computer to perform laser alignment with the tip more conveniently (figure 4.1). The other shelf is used for
placing the AFM head safely when switching tips.

(A) (B)

Figure 4.3: Overview of the acoustic box.
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Noise Measurements

When the acoustic box was installed, measurements were performed to investigate the vibration levels in the
setup. These measurements were performed by directly connecting the active vibration table to the computer.
Using the software included with the table, power spectra can be measured to confirm which frequencies have
the highest contribution in the noise level.

Two different cases were measured: (A) the active vibration table is turned off and (B) the active vibration
table is turned on, illustrated in Fig. 4.4.

(A)

(B)

Frequency (Hz)

Frequency (Hz)

dB
dB

Figure 4.4: Two power spectra when active vibrations table was turned off (A) and on (B). In a spectrum, the amount of decibels is
plotted versus the frequency.

These two spectra show that the vibration isolation table is important for reducing noise in the frequency
range between 1-20 Hz, which are vibrations from the building. To investigate the direct contribution of the
isolation box AFM measurements before and after installing the acoustic box are compared with each other,
see Fig. 4.5. Comparing the height profiles, the acoustic box significantly reduces acoustic and building
vibrations. Before installing, the vertical resolution measurements performed on a TEM grid were in the
order of several nanometres (C), and after installing the isolation box the vertical resolution on the cleaned
HOPG is ∼ (0.10 ± 0.03) nm (D). The improvement of vertical resolution can not only be addressed to the
isolation box, but also to the use of a different substrate.
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(A) (B)

(C) (D)

(C)

(D)

Figure 4.5: AFM measurements before (A) and after (B) the installation of the isolation box. (A) shows an AFM image of a clean
TEM grid, (B) shows an AFM image of clean HOPG. Illustrated by the height profiles, the noise levels are reduced significantly after
installing the box. The scan parameters in (A) are feedback setpoint = 0.502 V and IGain = 50 Hz, in (B) feedback setpoint = 0.613 V

and IGain = 30 Hz. Scale bar in (A) denotes 200 nm, in (B) 100 nm.

4.1.2 Tip Properties and Defects

Before AFM measurements can be performed, a probe has to be mounted in the AFM. The cantilever with
the probe are attached onto a substrate, which makes it possible to handle the probe using tweezers (Fig.
4.6).

(A) (B)

Figure 4.6: (A): Schematic overview of the probe/cantilever/substrate. This figure in not to scale [57]. (B): SEM image of an AFM tip
onto a cantilever.

Information on how to mount a probe in the JPK AFM and how to handle the tip correctly when placing
the tip in the AFM without damaging the tip or the glass block cantilever holder is described in the manual.

There are three different types of standard tips with varying curvature radii: the normal tip, the super
tip and the super-sharp tip.

Normal tip The normal tip has a typical curvature of ∼ 30 nm. The probe consist of a sharp pyramid with
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a height of ∼ 3 µm.

Super tip The super tip is a sharpened normal tip prepared by electron bombardment or lithography. The
tip is longer and thinner than a normal tip, and has a typical curvature radius which is 1.5 times smaller
than the normal tip [74,75].

Super-sharp tip The super-sharp tip is fabricated by placing a carbon nanotube on the tip by chemical
vapor deposition [76] or direct manipulation [77]. These kind of tips have a typical curvature radius
< 6 nm, and are typically made of silicon or carbon.

Still a lot of research is performed in new fabrication methods for AFM tips to obtain high resolution tips
at a reasonable cost [78,79]. Special AFM probes can be fabricated as well, which can be used for all kind of
AFM measurements [80].

Other important properties of a tip are for example the force constant (stiffness of the tip) and the
resonant frequency. For this particular experiment, it is most important that the curvature radius of the tip
is small enough since a sharper tip will be able to resolve smaller features in the lateral dimension. This
principle is illustrated in figure 4.7 and is called tip broadening, and is related to the lateral resolution. For
this research it is also important that the used AFM tip is suited for intermittent/tapping mode.

(A) (B)

Figure 4.7: Effect of a small (A) and large (B) tip radius on a sample with small features. Both images are obtained from the website
of Bruker, AFM Image Quality (06-11-2015).

At the start of this project, different tips were tested in AFM measurements to verify which tips could be
used for this project. After testing on various systems, it was decided to use the NSG10 DLC super-sharp
tips, produced by NT-MDT. The material of these tips is single crystal silicon (NSG), with diamond-like
carbon grown on the tip (DLC). The cantilever length of the tip is 100 µm, it has a cantilever width of 35 µm
and a cantilever thickness of 2.0 µm. The stiffness of the cantilever is between 5.5 and 22.5 N/m, and the
resonance frequency is between 190 and 325 kHz. The working length of these tips are below 20 nm, meaning
that when obstacles with a height above 20 nm are encountered, images with double features are possible due
to multiple ends on the tip. The used tips have a curvature radius between 1 and 3 nm. A TEM image of
these tips can be viewed in Fig. 4.8.

When performing AFM scans, the tip always gets dirty or blunt over time. These deformations of the
tip have drastic effects on the quality and resolution of the image. A short list will be presented to show the
effects on AFM images for certain deformations of the tip.

Dull or dirty tip When the tip gets dull due to hitting too many objects, or materials gets stuck on the
tip, all features in the image scan can obtain the same shape. The image does not show the topography
of the image, but the image is a reflection of the shape of the debris on the tip [81]. In figure 4.9(A) a
schematic view is shown of a contaminated tip. In 4.9(B) an AFM image is presented with a blunted
tip. All the features in the scan have the same shape. When a tip becomes dull, a new sharp tip should
be used to obtain correct AFM images.
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Figure 4.8: TEM image of a NSG10 DLC AFM tip. Image was taken from the website of NT-DMT (06-11-2015).

Another image artifact of contaminated tips is the loss of image resolution. Stripes are produced on the
image, for example when an object is hit by the tip and stretched over a scan line. Dirty tips can be
removed by cleaning the probe or, when dealing with loose debris, it can sweep itself clean after some
scans. Various cleaning techniques for AFM probes have already been investigated and applied [82,83].

(A) (B) (C)

Figure 4.9: (A): Schematic view of a contaminated tip. Image (B) shows how objects with the same shape are obtained. In (C), a scan
of CdSe NPLs with a contaminated tip is shown. Feedback settings: Setpoint = 0.590 V and IGain = 80 Hz. Scale bar denotes 1 µm.

Image (A) and (B) are obtained from the website of Bruker, AFM Image Quality (06-11-2015).
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Double or multiple tips When a tip has 2 or more ends due to a deformation of the tip, features can
occur double or multiple times in the same scan [84]. As already stated earlier in this section, the used
tips can show double images of objects higher than 20 nm, which is shown in this AFM scan 4.10. A
way to diagnose a double tip is to change the scan angle of the image. If the spot of the double feature
has changed, then it is caused by a double tip. Normally the only solution for a double tip is to replace
the tip, but when a double tip is caused by a contamination, it can disappear by cleaning the probe.

Figure 4.10: AFM scan with a double tip. Objects in this scan appear double due to the double tip. Feedback settings: Setpoint =
0.210 V and IGain = 240 Hz. Scale bar denotes 200 nm.

Tip side wall effect This artifact happens only on very tall samples, where the slope of the feature is
steeper than the slope of the tip. A schematic overview of this situation is shown in figure 4.11. In this
situation, the side wall of the tip interacts with the sample, which shows an linear ramp-like artifact
around the feature [85].

Figure 4.11: AFM scan with a side wall artifact. Image is obtained from the website of Bruker, AFM Image Quality (06-10-2015.
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Not only the tip can cause artifacts in the AFM image, but wrong feedback settings will trigger problems
with imaging. Therefore it is important to understand the AFM software in order to obtain high quality
AFM images. In the next section of this chapter, the software of JPK Nanowizard II AFM will be explained
and discussed. The key components of the software will be reviewed, for a large description the Nanowizard
AFM manual can be consulted.

4.1.3 JPK Nanowizard Control Software

An overview of the JPK Nanowizard Control software is shown in figure 4.12. In the software, four different
AFM modes can be selected:

• Contact mode

• Intermittent/Tapping mode

• Intermittent/Tapping mode in liquid

• Non-Contact mode

These modes are discussed in chapter 3.2. Not only AFM imaging can be performed, but force spec-
troscopy and force mapping is also possible with the JPK AFM. For advanced AFM imaging, the software
allows the use of Python scripts. Using these scripts, AFM imaging and adjustment of the feedback/scan
settings can be performed automatically.

The software consists of multiple panels for controlling the ambient AFM. All these panels have their own
function in the software, and will be individually discussed in this section.

Figure 4.12: Overview of the JPK Nanowizard II software.

Image Viewer

In the image viewer window scan areas can be selected using coarse driven piezos, see figure 4.13. The
selected area is presented in this panel, and the progress of the mapping of the area can be viewed. The
maximum lateral range for an AFM scan is 100x100 µm2, and the maximum z-height is 15 µm. For AFM
measurements outside this area the position of the tip on the sample has to be changed manually. Due to the
large variation in the scan region, the JPK AFM is capable of measuring very large and very small objects.

When performing a scan, the tip moves on a line from left to right and back again, so it scans a the
same line twice. These scan lines are the trace and the retrace of the scans, and the direction of theses scan
lines is called the fast scan direction. The slow scan direction is the scan direction from bottom to top. The
trace and retrace can be separately viewed in the image viewer. Valuable information can be obtained when
comparing the trace and retrace of a scan, for example if the feedback settings are set correctly. The image
viewer has some built-in applications which can be used to obtain better scan images. Not only the height
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of the sample can be viewed, but also the lock-in phase, lateral deflection, error signal and measured height
of the sample. The measured height is measured by a separate z-sensor that is not subject to hysteresis and
other non-linearities, caused when scanning over a large area [86]. It is also possible to subtract a polynomial
background from the scan to improve the quality of the AFM image.

Figure 4.13: JPK image viewer panel, where a 2x2 µm area is scanned. On the right side, the z-height is shown.

Oscilloscope

The oscilloscope shows the trace and retrace of the scan in the same window. This can be used to optimize
the imaging settings. The height of the scan is measured versus the lateral dimension of the scan area (figure
4.14). The oscilloscope has the same options as the data viewer of the image viewer. The channel can be
switched, and a polynomial background can be subtracted from the trace and retrace. Other options are
presented in this panel to investigate the trace and retrace. A zoom in on the curves can be performed for a
closer look, and automatic adjustment to the y-axis is possible.

Figure 4.14: Oscilloscope panel of a 2x2 µm2 scan.
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Scan Control Panel

The main scan controls can be found in the scan control panel and the advanced imaging settings (figure
4.15). The dimensions of the scan can be set in this panel. During scanning, the dimensions can not be
changed. As default a square image is taken, but it is possible to scan non square areas, which can be set in
the advanced imaging settings panel.

The line rate controls the speed of the scan. When the line rate is set to 1 Hz, one line scan takes 1
second, so a trace and retrace scan takes 2 seconds. This does not change automatically for different scan
sizes. When a high scan size is selected, the line rate should be lowered to keep the scan speed constant.
Also when dealing with a rough corrugated sample, the tip needs more time to bridge the height differences,
so the trace and retrace have a better overlap when decreasing the line rate. Although when the line rate is
lowered, the imaging time will increase.

The resolution of the image can be set with the number of pixels. For a large size scan, a high number of
pixels is needed, else lateral resolution issues can occur. If the scanned features are smaller than the width
of a pixel, than these features can not be measured. When increasing the number of pixels, the imaging time
will increase.

The scan angle of a scan can be changed as well, which is particularly useful when the surface of the sample
is not perfectly flat, but has a certain slope. Using to the correct scan angle, the piezoelectric transducers do
not have to go through the extra height difference, which will improve the image quality.

(A) (B)

Figure 4.15: Scan control panel (A) and advanced imaging settings panel (B).

Z-Range

To optimize the range and resolution in the z-direction, the working range of the z piezoelectric sensor can be
set to different values. The maximum z-range is 15 µm, which corresponds to 0.2 nm per digit since the JPK
AFM uses a 16-bit analog-digital converter. The minimum z-range is 1.5 µm, which corresponds to 0.02 nm
per digit. The z-range should be picked carefully, since the piezoelectric transducer cannot retract further
than the current z-range, so when topographic differences or sample tilt are larger than the chosen z-range,
tip and/or sample damage is possible.

When approaching the tip to the sample, the piezoelectric sensor will stretch until it has reached the
end of the z-range or found the surface of the sample. When the piezoelectric sensor has reached the
maximum z-range, the piezoelectric transducer will retract again, a coarse step equal to the z-range distance
is automatically taken and the same procedure is performed. The approach will be faster when increasing the
z-range of the piezos. Approaching the tip to the surface can also be performed manually using the stepper
motor, which allows to move the tip rapidly over large distances. It has to be used with caution, because the
feedback loop is switched off when using the stepper motor. The counter of the stepper motor can be reset
at any point, which could aid with re-approaching to the surface of the sample.

Feedback Control Panel

The drive frequency is the frequency which drives the frequency of the oscillation of the probe, and the
drive amplitude drives the amplitude of the oscillation of the probe. Both are determined when performing
cantilever tuning, see Fig. 4.17.
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(A)

(B)

Figure 4.16: The z stepper motor panel (A) and the Z-range panel (B).

The setpoint is a measure of the force applied by the tip to the sample. In intermittent contact mode,
this is expressed by a constant amplitude of the oscillation which controls the force with which the tip taps
on the sample. The setpoint is automatically determined by the cantilever tuning procedure, but can be
changed manually during a scan.

The IGain and PGain correspond to the integral and proportional gains for the adjustment of the feedback
loop. This is calculated by a proportional-integral-derivative controller (PID-controller). The PID-controller
calculates an error value, which is the difference between the setpoint and the measured process variable. It
tries to minimize the error by adjusting the control variable, which is in this case the distance between the
tip and sample. For the calculations, it uses the following equation:

u(t) = Kpe(t) +Ki

∫ t

0

e(τ)dτ, (4.1)

where Kp is the PGain and Ki is the IGain [87]. An optimal error value can be found when tuning the
PGain and IGain.

A simple procedure how to optimize the setpoint, IGain and PGain can be found in the AFM manual. A
few typical image artifacts caused by wrong feedback settings will be shortly explained:

Not tracking It is possible that the tip will not trace down the back of a feature, causing stripes at the back
of the feature. The same artifact is seen in the retrace of the scan, but then in the opposite direction.
This can be solved by lowering the setpoint, increase the gains and lower the scan rate [88].

High frequency ringing In high frequency ringing, rings appear around features due to tip oscillations on
the edges of the features. The cause of this ringing is due to bending and adhesion of the tip. Increasing
the drive amplitude will solve this artifact according to [89].

Oscillations in the z-feedback When the gains are too high, the z-scanner tends to overcorrect and start
oscillating with a certain periodicity. Lowering the gains will solve this problem [88].

The feedback control panel can be viewed in figure .

Figure 4.17: Feedback control panel
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Laser Alignment and Cantilever Tuning

Before measurements can be performed, the light beam has to be aligned on to the photodiode. The alignment
of the light beam is performed using the laser alignment panel, the optical microscope and the four screws
on the AFM head. With the first two screws, the total signal of the four quadrants can be maximized (the
”sum”) by aligning the the light beam onto the tip, see Fig. 4.18. With the other two screws, the light spot
can be fine tuned on to the centre of the detector. When a new probe is mounted in the AFM, the laser has
to be realigned before AFM measurements can be performed. Also a mirror adjustment screw is implemented
which can be used for AFM measurements in liquid due to the different refractive index compared with air.

When performing intermittent contact mode and non contact mode scans, the resonance of the cantilever
has to be found and the setpoint has to be set. This is performed using the cantilever tuning panel. More
information about aligning the laser and tuning the cantilever can be found in the manual.

(A) (B)

Figure 4.18: Laser alignment panel and the cantilever tuning panel.
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4.1.4 Image Processing

After AFM measurements, AFM scans are still raw and have to be processed before they can be presented.
Since all the data is already in digitalized form and calibrated, the processing can be performed easily.
Trace and retrace images are saved separately, as well as other image channels. The JPK AFM has its own
software to process the image, JPK SPM data processing. However, we used Gwyddion to process the AFM
data. Gwyddion presents a lot of possibilities to process images and performing accurate statistics. All
documentation can be found from the website of Gwyddion [90].

A standard image process was carried out to improve the quality of the AFM images:

1. The first processing operation carried out on the data is levelling. Levelling is almost in all AFM
images acquired due to sample tilt or scanner bowing. Two different kinds of levelling were performed:
polynomial fitting and three-point fitting. In polynomial fitting, a polynomial shape is subtracted from
each horizontal line of the scan to correct for non-linearities. The three-point fitting is more of a manual
approach to levelling. The user identifies three point in the scan, which define a plane. This plane is
then subtracted from the entire image. Only a linear subtraction takes place, so it does not correct for
curvature.

2. Scans in the slow scanning direction can be suddenly shifted or have slightly different slope. This causes
stripes over the whole AFM image. By applying align rows, a representative height is found of each
scan line and this height is subtracted, moving the lines to the same height.

3. Shifting the minimal data z-value to zero, which corrects the z-scale bar.

4. In Gwyddion it is possible to crop/rotate/scale AFM images. In particular cropping can be useful when
removing unwanted features or isolating parts of the images for further analysis.

To show the importance of image processing, a non image processed scan and an image processed scan
are compared in figure4.19.

(A) (B)

Figure 4.19: AFM image of clean HOPG, Setpoint (S) = 0.590 V and IGain (IG) = 60 Hz.(A) shows the unprocessed AFM image, in
(B) the AFM image is levelled, data z-value is rescaled and stripes have been removed. Scale bars denote 400 nm.

Gwyddion can not only be used for improving AFM images, but also analysing AFM images. As an
example, height profiles can be extracted from the AFM image. This is performed by defining a line in the
image which extracts the heights, and a plot is constructed with the length of the line on the x-axis and
the sample height on the y-axis. Using this tool, dimensions of features in all three directions can be easily
measured and error measurements can be investigated. Many other statistical analysis are possible as well
in Gwyddion.
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4.1.5 Performance Measurements

A few results of different systems will be presented, and the resolution of the ambient AFM is determined
using these results.

Clean HOPG

A good candidate substrate to measure nanocrystal systems on is highly oriented pyrolytic graphite (HOPG).
It is characterized by a high degree of three-dimensional ordering and it has an extremely smooth surface,
where single atomic layers can be identified. Together with a high lateral stability, this makes it ideal for
AFM measurements on nanometre scale systems. HOPG itself is conductive, so not only AFM measurements
can be performed but it is as well suited for STM measurements. The surface of the HOPG can easily be
cleaned by stripping a layer of atoms of the surface using a normal strip of scotch tape.

Due to the extremely smooth surface of HOPG, this substrate is ideal for performing noise measurements,
which are presented in Fig. 4.20.

(A)

(B)

(C)

(B) (C)

Figure 4.20: AFM images of freshly cleaved HOPG. Two height profiles were taken from image (A), which are shown in (B) and (C).
The scan parameters in (A) are feedback setpoint = 0.590 V and IGain = 60 Hz. In image (A) the scale bar denotes 200 nm..

In (A) an AFM image of clean HOPG is shown. Clear individual step edges can be spotted, including
monolayer step edges.

Height profiles are constructed in two different spots on the image. The first height profile (B) shows the
height of a monolayer step edge in the HOPG. The height profile is levelled, so the height can be determined
more accurately. The estimated height is (0.30 ± 0.03) nm, which corresponds decently to the reported value
of 0.33 nm [91].

The second height profile (C) is drawn on a flat area of HOPG to obtain noise measurements. The noise
level is estimated to (0.10 ± 0.03) nm peak to peak. Using this vertical resolution, a lateral resolution of
1.8 nm can be calculated (see chapter 3.2).
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PbSe Square Superstructures

In this section, PbSe QDs in a square lattice superstructure are measured using the JPK AFM to confirm if
the ambient AFM is capable of measuring nanocrystal systems. Already a lot of optical studies [92, 93] and
electronic studies [94] has been performed on these superstructures.

The PbSe quantum dots were synthesized according to [95] using the hot injection method. After the
assembly of the superstructures, ligands have been stripped of the QDs using a ligand exchange procedure [96],
and further preparation of the superstructures on the HOPG substrate is performed according to [37]. The
obtained AFM images can be viewed in figure 4.21.

(A) (B)

(C)

(C)

Figure 4.21: AFM images of square PbSe quantum dots (scan parameters: feedback setpoint = 0.510 V, IGain = 50 Hz). Image (B) is
a crop of image (A). A height profile (C) was taken from image (B), to establish the dimensions of the QDs. In image (A) the scale

bar denotes 200 nm, in image (B) scale bar denotes 50 nm.

The small line in figure 4.21B denotes the path over which the height profile (C) was taken. Eight peaks
can be determined in the height profile over a distance of 50 nm. The QDs have a measured diameter of (6.0
± 0.5) nm which corresponds well to earlier experiments on this system [37,97]. The curvature radius of the
tip is too large to measure between QDs, so the height does not correspond to the dimensions of the QDs.
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ZnS Hexagonal Superstructures

In this section ZnS QDs in a hexagonal lattice superstructure are investigated. ZnS QDs with a diameter
of 11 nm were obtained after cation exchange of Cu+ for Zn2+ from the Cu2−xS QDs [98]. The synthesis
of Cu2−xS QDs is described in [99]. The QD solution was drop-casted on freshly cleaved HOPG, according
to the solvent evaporation technique [100]. AFM images of hexagonal ZnS superstructures can be viewed in
figure 4.22.

(A) (B)

(C)

(C)

Figure 4.22: AFM images of hexagonal ZnS QDs, (scan parameters: feedback setpoint = 0.109 V, IGain = 80 Hz). Image (B) is a crop
of image (A). A height profile was taken from image (B), which is shown in (C). In image (A) the scale bar denotes 200 nm, in image

(B) scale bar denotes 50 nm.

Large areas of hexagonal ZnS quantum dots are found on the HOPG. An average height profile can be
obtained by increasing the thickness of the line profile to improve the noise in the profile. Using the height
profile (C), a diameter of about (18 ± 3) nm can be determined. Earlier TEM images show the ZnS QDs were
bifrustum (truncated bipyramid) shaped [98], which explains the difference between the reported diameter
and the measured diameter of the QDs.
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4.2 Scanning Probe Microscope Setup

The other microscope which is recently added to the equipment is the Fermi SPM, which is manufactured by
Omicron NanoTechnology GmbH. The Fermi SPM is a part of a large SPM setup, consisting of a preparation
chamber, a low-temperature SPM and the new installed Fermi SPM. The whole system resides under ultra
high vacuum (UHV) conditions with a pressure of < 1× 10−10 mbar. The system is placed on top of active
damping legs, which reduce vibrational coupling from its surroundings. The SPM set comprises a fast entry
lock for entering samples or tips into the vacuum, and various manipulator arms for transporting them inside
the UHV setup.

In the remainder of this chapter a small outlook of the new Fermi SPM microscope will be presented. The
new sample holder design will be illustrated and the tip preparation tool will be explained. Furthermore,
noise measurements and recently obtained results will be presented.

4.2.1 Fermi Scanning Probe Microscope

An outside view of the UHV chamber is illustrated in figure 4.23(A). The Fermi SPM is located inside
this UHV chamber, see figure 4.23(B) (1). Furthermore the vacuum chamber consists of a wobble stick to
transport samples and tips in and out of the Fermi microscope (2), a tip transfer tool for placing the tip in
the Fermi (3), an eight position storage carousel for storing samples and tips (4) and a tip preparation tool
(5).

1

2

3

4

5

(B)(A)(A)

Figure 4.23: Overview of the Fermi STM setup. Image (A) shows the outside of the vacuum chamber where the Fermi STM is placed.
Image (B) views the inside of the chamber.

The sample is mounted on a coarse positioning device for sample positioning in the z and the azimuthal
angle φ. The maximum tip approach range is 6 mm, and the maximum lateral range is also 6 mm when no
sample is mounted. The maximum scan range varies between 2.9 µm x 2.9 µm at room temperature (RT)
and 0.8 µm x 0.8 µm for liquid helium. The tunnelling current can be varied between < 1 pA and 330 nA.
Since the coarse movements of the tip are only in two dimensions, the design of the Fermi SPM is much more
compact compared with the LT SPM, in which the coarse movements are in three dimensions. The Fermi can
be decoupled from the vacuum chamber by suspending the microscope onto three springs, reducing external
vibration coupled in the setup.

Due to the compact design of the microscope, efficient flow cooling is possible. Using a constant flow
of liquid nitrogen ( LN2) or liquid helium (LHe), the setup can be cooled to a temperature of 15 K. The
thermal shield of the microscope keep both tip and sample at low temperature during cooling experiment,
which lowers drift and thermal vibrations of the sample and the tip. Therefore this microscope is ideal for
imaging, tunneling spectroscopy and atom manipulation experiments. The Fermi can also perform QPlus
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AFM measurements when a QPlus tip is inserted. A more schematic overview of the microscope and the
view inside the vacuum chamber is illustrated in figure 4.24. More information about the microscope can be
found in the manual and on the website of Scienta Omicron.

(A) (B)

Figure 4.24: View of the FERMI microscope (A) and a schematic overview of the FERMI microscope including tip transfers (B).
Images are obtained from the website of Scienta Omicron.

4.2.2 Sample Holder

Together with the Fermi SPM, standard sample holders were delivered, which are used for transporting
the sample through the UHV setup. An HOPG bar can be attached upon the sample holder, which can
be brought into the UHV setup via the fast entry lock. However, since in-situ tip conditioning cannot be
performed well on HOPG, a clean crystal has to be mounted in the microscope every time tip preparation
needs to be performed. Since the HOPG samples with NPLs are fabricated outside the UHV using different
organic products, the samples are too dirty to perform STM measurements, so unstable tips occur very
frequently when measuring on these samples. Therefore a sample holder was designed, with a clean Cu(111)
crystal mounted next to the HOPG bar (figure 4.25). The copper crystal can be removed in-situ separately
from the sample holder, which is useful when cleaning the copper crystal in the preparation chamber using
sputtering and annealing techniques. This sample holder is suitable for the LT microscope. Since the holder
is too thick for the compact Fermi microscope, a smaller sample holder was designed, which is illustrated
in figure 4.26. In this design the HOPG is pinched between a small metal bar. To perform tip preparation
a small piece of flame-annealed (FA) gold on mica is mounted next to the HOPG sample. Since the coarse
positioning device of the Fermi can only move in one lateral direction, the bars are placed skewed. This
makes it possible to scan a larger area on the sample and the gold crystal.
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(A) (B)

Figure 4.25: The first sample holder design. The HOPG sample is pinched by a small metal bar with two screws. The Cu(111) bar can
separately be removed from the sample holder, which makes it possible to clean the crystal without heating the HOPG sample.
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Figure 4.26: Schematic view of the smaller sample holder design. The HOPG bar and flame-annealed gold on mica are placed skewed
on the sample holder.
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4.2.3 Tip Preparation Tool

Recently a new tip preparation tool was installed in the vacuum chamber of the Fermi, see figure 4.27B.
With this tool tungsten tips can be annealed in-situ by electron bombardment to remove the oxide layer and
other defects from the tip. The principles of both techniques are described in [101] and [102]. The tungsten
tips can be characterized by measuring the field emission from the tip. The tip is placed near the looped
tungsten electrode and a negative voltage Ve is applied to the tip. The electron emission current Ie from a
tip-shaped conductor obeys the following relation [103,104]:

Ie ∝ (
Ve
r

)2[−6.8× 109Φ3/2 ξkr

Ve
] (4.2)

where Ψ is the work function of the surface of the tip, ξ is a correction factor, and r is the curvature
radius of the tip. The threshold voltage V the is measured for a fixed Ie, which can directly be linked to the
STM quality of the tip.

When performing electron bombardment, the tip is placed in front of a looped filament wire with a
distance of a few millimetres, see figure 4.27(A). The filament is heated such that electrons are thermally
emitted by applying a voltage Vfil on the filament. At the same time a positive high voltage VHV with
respect to the filament is applied to the tip, generating an electric field. Due to this electric field, the emitted
electrons are accelerated towards the tip, transferring their energy to the tip in the form of heat.

When we apply this method to tungsten tips that were etched ex-situ prior to the electron bombardment,
conductive and instantly sharp tips are obtained.

(A) (B)

1
2

Figure 4.27: (A) shows a schematic presentation of the tip preparation tool [102], and (B) shows the tip preparation tool installed in
the vacuum chamber near the Fermi SPM.
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4.2.4 Performance Measurements

In the last part of this section, the noise levels in the Fermi microscope are characterized and optimized by
identifying noise and Fourier spectra, and STM measurements on various systems are presented.

A major problem for SPM measurements is external noise which is coupled in the setup of the microscope.
Figure 4.28(A) shows a Fourier spectrum of the measured current. A clear 50 Hz peak and multiple harmonic
of this peak can be identified in this spectrum. No tip has been mounted yet, meaning that these noise
frequencies are coupled in the cables which transport the measured signal. The 50 Hz peak can be identified
as the frequency from the main power supply. After some testing the problem was found in the heater
output of the LakeShore 331 temperature controller. This controller measures the temperature of the tip
and sample in the Fermi. A heater unit is connected to the controller unit, which makes it possible to keep
the tip and sample at a constant temperature by counter heating while cooling. Probably the cables of
the heat unit in the Fermi are touching the measurement cable, coupling in these frequencies. When the
temperature controller was switched off but still connected, the peaks still remain in the spectrum. When
the LakeShore 335 temperature controller with reduced heater output noise was connected, the 50 Hz peak
and higher harmonics disappeared from the spectrum, see figure 4.28(B).

(A)

(B)

Figure 4.28: Fourier spectra of as STM scan. Image (A) shows a 50 Hz noise peak with higher harmonics, producing stripes on the
scanned image. In image (B), when the temperature controller is replaced, the 50 Hz noise peak with higher harmonics disappeared.

When this problem was solved, point scans at room temperature and LN2 temperature on different
samples were performed to investigate the noise level in STM images. All the data points of one point scan
were accumulated in one large data set, a certain interval was picked and a plane was subtracted to level the
data points, which corrects for drift from the z-direction and/or lateral dimensions. The results are shown
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in figure 4.29.
Spectrum (A) was obtained by taking a point scan on a clean Cu(111) crystal at room temperature. The

calculated root mean square (RMS) of the spectrum is 3.0 pm, which corresponds to a minimum noise values
measured by Omicron. More than 95% of the peaks fall within a 12.1 pm peak to peak distance.

Spectrum (B) was obtained by taking a point scan on a clean Au(111) crystal at LN2 temperature. The
calculated RMS of the spectrum is 4.1 pm, which corresponds with the measured noise value by Omicron at
LN2. More than 95% of the peaks fall within a peak to peak distance of 16.2 pm. The noise level is higher
at LN2 temperature due to the constant flow of LN2 in the microscope.

RMS: 3.03 pm
Width (<95%): 12.12 pm
Max peak-peak: 25.72 pm 

RMS: 4.05 pm
Width (<95%): 16.19 pm
Max peak-peak: 41.42 pm 

(A) (B)

Figure 4.29: Noise levels measured in the Fermi using STM. (A) shows noise measurements on a Cu(111) crystal at room temperature
and (B) shows noise measurements on a Au(111) crystal at LN2 temperature (80 K). The analysis was performed using Mathematica.

To investigate the effect of the LN2 flow on the noise level in the Fermi microscope, a point scan has been
measured with the flow on (5 L/min) and during a point scan the flow has been slowly turned off. Fourier
spectra of these measurements are calculated, which are presented in 4.30.

(A) (B)

400 Hz

250 Hz

100 Hz

250 Hz 400 Hz

100 Hz

Figure 4.30: (A) shows a Fourier spectrum of the noise spectrum where the LN2 flow is turned on (5 L/min). Clear peaks at 100 Hz,
250 Hz and 400 Hz peaks can clearly be identified. (B) shows a Fourier spectrum of the noise spectrum where the LN2 flow is turned

off. The peaks at 250 Hz and 400 Hz are significantly lower compared with (A). The analysis was performed using Mathematica.

Comparing 4.30(A) and (B), the frequency peaks at 250 Hz and 400 Hz are significantly lower when the
flow of LN2 is turned off. A large 100 Hz peak is present on both spectra, which should be investigated more.
The calculated RMS of the noise spectra where the flow is turned off is 1.6 pm, which emphasizes that when
the LN2 flow is turned off, the noise level is reduced.
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As already mentioned, drift during the experiment is a major factor. In order to perform accurate STS
measurements, a constant z-distance between tip and sample is required. A characterization of the z-drift
has been performed at LN2 temperature, which is illustrated in figure 4.31. The spectrum shows that the a
drift of ∼ 0.4 pm/s is obtained using drift compensation [105] and counter heating.

Figure 4.31: Z-drift spectrum between sample and tip at LN2 temperature. The spectrum shows that the z-drift is ∼ 0.4 pm/s

Finally, STM measurements on two different systems are presented to emphasize the obtained noise levels.
Figure 4.32 (A) shows an STM image of flame annealed Au(111) on mica, mounted on the smaller sample

holder. Clear step edges in the crystal can be spotted, and the herringbone reconstruction on the gold surface
can be identified [106,107].

Figure 4.32 (B) shows grown graphene on an Ir(111) crystal. Although atomic resolution has not been
achieved yet, the moiré pattern of the graphene is clearly shown [108–110].

(A) (B)

Figure 4.32: (A): STM image of clean flamed annealed gold crystal mounted on a new designed sample holder. Feedback settings are V
= 1 V, I = 1 nA, scalebar denotes 20 nm. (B) shows an STM image of graphene grown on Ir(111). Feedback setttings are V = 1 V and

I = 0.1 nA. Scalebar denotes 10 nm. Both images are measured at LN2 temperature (80 K).
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4.3 Heating setup

For heating the NPL sample under vacuum conditions, a small and simple heating setup is assembled. The
heating setup consists of a small tube attached to a vacuum pump. When the pump is switched on, the
pressure inside the tube will drop to a minimum of about 1× 10−6 mbar. The tube is wrapped by a heating
tape which is connected to a generator, which will heat the wrapped tube up to the required temperatures
in the range of 20 to 200 − 300 ◦C . The temperature is measured using a thermocouple wire connected to
a multimeter. The thermocouple wire consist of two dissimilar semiconductors, which produces a voltage
when the temperature of one of the contact points differs from the temperature of another according to the
thermoelectric effect [111]. The thermocouple wire is placed inside the wrapped wire, and the wrapped wire
is isolated using aluminium foil. The setup can be viewed in figure 4.33.

The HOPG sample with NPLs is pinched by a sample holder and placed inside the tube of the heating
setup, so the HOPG sample cannot be damaged during the vacuum pumping.

Figure 4.33: Self-built heating setup.
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Chapter 5

Results

The results of the measurements on the coverage of CdSe core only and CdSe/CdS core/shell nanoplatelets on
HOPG are presented in this chapter. First the sample preparation will be discussed, containing the synthesis
of the nanoplatelets and further treatments used on the sample. All the intermediate steps will be discussed,
including the reason why it has been introduced in the preparation, and the effects of these steps will be
illustrated. By using different synthesized nanoplatelets, varying the NPL concentration and using various
amount of ligands, the coverage of the nanoplatelets on the substrate will be reviewed and compared with
each other. As a last step, the results of heating the NPL sample are presented and compared with non
heated samples.
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5.1 Sample Preparation

Nanocrystals are synthesized using several organic products [1]. When preparing the sample for STM mea-
surements, these organic products are still present on the sample, making STM measurements impossible
(see chapter 3.3). In order to perform STM measurements, these organic contaminations have to be removed
first. Another difficulty is that small nanocrystals tend to agglomerate, causing large height differences and
less coverage on the surface of the substrate due to attractive interactions [112]. When performing STM
measurements on samples with large height differences, the tip will crash into the sample, resulting in an
unstable tip.

By optimizing the sample preparation we try to obtain one single layer of NPLs spread out over the entire
HOPG sample with no organic contaminations on the surface. First the synthesis process will be reviewed,
to obtain information about the organic products which are used in the synthesis.

5.1.1 Nanoplatelet Synthesis

Three different types of NPLs have been measured in this project. Two batches of NPLs have been synthesized
by the group of Dubertret at the ESPCI institute in Paris (sample A and B), and one batch of NPLs has
been synthesized in our own laboratory (sample C).

Sample name Sample type
A CdSe core only NPLs from Paris
B CdSe/CdS core/crown NPLs from Paris
C CdSe core only NPLs from Utrecht

Sample A has been synthesized according to [1,20], and sample B according to [1]. TEM images of these
batches are presented in figures 5.1 and 5.2. No difference can be spotted on the TEM images between the
core-only and core/crown NPLs. Both samples have lateral square dimensions, with an estimated width and
length of (20 ± 3) nm, and a reported height of 4 monolayers (ML), which corresponds to a height of 1.3 nm.
The NPLs have a reported zinc blende crystal structure [20]. As illustrated in the TEM images, drop-casted
samples contain multiple layers of NPLs as well was NPLs placed on their side.

(A) (B)

Figure 5.1: TEM images of sample A. Both images are taken from the same sample. Multiple layers of NPLs are displayed on the
TEM grid. Scalebar in (A) denotes 100 nm, scalebar in (B) denotes 50 nm. The images were taken at the TEM in Paris.
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(A) (B)

Figure 5.2: TEM images of sample B. Both images are taken from the same sample. Multiple layers of NPLs are displayed on the
TEM grid. Scalebar in (A) denotes 200 nm, scalebar in (B) denotes 50 nm. The images were taken at the TEM in Paris.

Sample C has been synthesized using a slight different procedure. For this procedure, Cd(myr)2 (170 mg,
0.3 mmol), 12 mg (0.15 mmol) of Se and 15 mL of octadecene (ODE) were introduced into a three-neck flask
and were degassed under vacuum. The mixture was heated under nitrogen flow at 240 ◦C. At 190 ◦C 40 mg
of Cd(Ac)2 and 20 mg of Na(Ac) were introduced. The mixture was heated for 10 min at 240 ◦C. After
the synthesis, various amounts of oleic acid were added to the product to passivate the surface of the NPLs.
Since the synthesis produces some spherical nanocrystals as well, the NPLs are separated from the spherical
nanocrystals and other remaining organic products using selective precipitation (methanol-butanol 3:1). The
NPLs were dispersed in hexane and stored in a glove box under N2 environment (4.5 mbar, O2 : ppm 6 2
and H2O : ppm 6 2). When the samples are stored under ambient conditions, photo-oxidation layers will
grow around the surface of the nanoplatelet, reducing the conductivity, the confinement core radius of the
exciton wave function and the photoluminescence efficiency of the nanoplatelets [113–115]. The stored NPL
samples are shown in Fig. 5.3.

Figure 5.3: CdSe NPLs dissolved in hexane with four different amounts of added ligands. From left to right, more ligands are added to
the product. When fewer ligands are added during the synthesis, the suspension gets more turbid.

In Fig. 5.3, four samples of NPLs are shown with different amounts of added oleic acid. The bottle on
the left has no added oleic acid, and the other bottles from left to right have added oleic acid of 50 µl, 100 µl
and 200 µl respectively. The figure shows that when fewer ligands are added to the product, the solution gets
more turbid. On the batch of NPLs where no ligands were added selective precipitation is not performed,
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since the NPLs will be destroyed by the selective precipitation due to the absence of ligands. TEM images
were taken from an earlier NPL batch, which was synthesized according to the same procedure with 200 µl
added oleic acid. This is shown in figure 5.4. The NPLs look much different than sample A or B. They have
a more rectangular shape, and have estimated dimensions of (15 ± 2) nm width and (40 ± 4) nm length.
Same as for sample A and B, they have a tendency to agglomerate, due to interactions between the NPLs.

(A) (B)

Figure 5.4: TEM images of sample C. Both images are taken from the same sample. Small agglomerations of NPLs are present on the
TEM grid. Scale bar in (A) denotes 200 nm, the scale bar in (B) denotes 100 nm. The images were taken at the TEM in Utrecht.

5.1.2 Sample Treatment

Before preparing the AFM sample, the NPLs are additional diluted in hexane, since the NPLs concentration is
very high. Different concentrations of NPLs are produced inside the glove box. The highly oriented pyrolytic
graphite is prepared as described in chapter 4.3. The diluted NPL solution is extra swirled, and 10 µl of
this solution is drop-casted on the freshly cleaved HOPG. The sample was allowed to dry for a few minutes,
so the hexane has time to evaporate. These steps were performed under normal ambient conditions. The
surface was then imaged using the ambient AFM.

Throughout the sample preparation process, contamination of the sample was observed, causing unstable
AFM measurements. When AFM measurements could not be performed, the surface of the sample was
checked. The surface of the unstable HOPG sample can be viewed in figure 5.6(A). A large organic layer
is observed on the surface of the HOPG, which makes AFM measurements impossible. These are remnants
of the synthesis process, where many organic products were used such as ODE, myrcene and oleic acid. All
these organic products form a large contamination layer on the HOPG.

To get rid of the contamination layer, an extra sample treatment step is introduced which is called the
post washing treatment. After evaporation of the hexane on the HOPG sample, a large drop of chloroform is
drop-casted on the HOPG, which completely fills the surface of the HOPG. Since chloroform is non-polar, it
is a good solvent for fats and oils, such as oleic acid, myrcene and ODE. The contamination layer will solve
in the chloroform, while the NPLs remain on the surface of the sample. Then the chloroform drop is quickly
removed from the surface before it has evaporated using a pipette. The leftover of the chloroform evaporates
quickly. This step is repeated until 50 µl of chloroform is drop-casted and removed from the HOPG. Optical
microscope images of the post washed sample show macroscopic that the organic layer has disappeared (figure
5.6 (B)). After this treatment, stable AFM measurements can be performed on the sample. A schematic
overview of the post washing treatment is shown in figure 5.5:

Although this contamination layer appeared on almost all HOPG samples, some HOPG samples did not
show the contamination layer, so post washing treatment was not needed. These samples are presented in
the next section. For consistency, all other results presented in this chapter were treated using this technique.
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HOPGHOPG HOPG

(A) (B) (C)
Chloroform

Figure 5.5: Post washing treatment on the HOPG sample. In figure (A), the HOPG has an organic contamination layer. By placing a
drop of chloroform on the HOPG, the contamination layer dissolves in the droplet (B). After removing the droplet, the contamination

layer on the HOPG surface has been removed (C).

Figure 5.6: Optical microscope images of a prepared HOPG sample. Image (A) shows the surface of an AFM unstable sample with a
large organic contamination layer on the surface, image (B) shows the surface of an AFM stable sample. Scale bars denote 100 µm

5.2 AFM Results - Different types of Nanoplatelets

In this section the results of AFM scans on the different types of NPLs are presented. A large overview scan
of every sample will be shown. A zoom on an agglomeration of NPLs will be presented, and the height of
the agglomeration will be examined. Individual NPLs are investigated by drawing a height profile through
the image. The different types of NPLs will be compared with each other in terms of the coverage of the
sample, the dimensions of the nanoplatelet and the height of an agglomeration of NPLs. These samples did
not show a contamination layer on surface, so no post washing treatment was performed on these samples.

5.2.1 Core-only Square CdSe NPLs

A large overview scan of the core-only square CdSe NPLs is shown in figure 5.7. Large agglomerations of
NPLs can be seen on the scan, with large empty areas of HOPG in between. When looking more closely to
the height and lock-in amplitude image, individual NPLs can be spotted. The agglomeration of the NPLs
can be explained by the attractive interactions between oleic acid. In ambient conditions, the environment
is aqueous, causing the non polar tails of the OA to attract each other to minimize the exposed surface of
the OA to the environment [116].

When looking at a magnification of an agglomeration (figure 5.8), individual NPLs can be spotted. In
(A) a close look on to an agglomeration of NPLs can be viewed. The system has a height of about 2 to (2.5
± 0.5) nm (Fig. (C)), which should correspond to two or three layers of NPL stacked on each other. Higher
agglomerations can easily be found on the overview scan. The lateral dimensions of the agglomerations are
in the order of 100 nm. When looking at the zoom of the agglomeration in (B), a more accurate height profile
can be measured, which is shown in (D). The height profile shows NPLs of an estimated lateral dimension of
(18 ± 5) nm. These dimensions correspond decently with the obtained TEM images. The NPL has a z-height
of (1.5 ± 0.2) nm, which is in agreement of the reported 4 ML height.
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(A) (B)

Figure 5.7: Large overview AFM images of core-only square CdSe NPLs. Large agglomerations of NPLs can be identified. Scan
parameters: feedback setpoint = 0.219 V, IGain = 50 Hz. (A) shows the height image of the scan, (B) shows the lock-in amplitude

image of the scan, for a better topographic view of the surface. Both scale bars denote 400 nm.

(B)

(C) (D)

(A)

(C) (D)

Figure 5.8: AFM images of core-only square CdSe NPLs. (A) shows a height image of a agglomeration of NPLs with a corresponding
height profile (C), and (B) shows a magnification on the agglomeration, showing individual NPLs. Corresponding height profile of (B)
is shown in (D). Note in (A) a step edge of the HOPG in the AFM image. Both images are acquired at feedback setpoint = 0.248 V

and IGain = 80 Hz. Scale bar in (A) represents 200 nm, scale bar in (C) represents 30 nm.
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5.2.2 Core-crown Square CdSe/CdS NPLs

When looking at the large surface scan of the sample (figure 5.9, the scan shows many similarities compared
with the core-only AFM overview scan. Large agglomerations are spotted, with large empty HOPG areas
in between. The lock-in phase image clearly shows individual NPLs in the agglomerations. The maximum
height of the image is (36 ± 1) nm, meaning that large contamination on the scan surface are absent.

(A) (B)

Figure 5.9: Large overview AFM images of core/crown square CdSe/CdS NPLs. Large agglomerations of NPLs are present on the
HOPG. Scan parameters: feedback setpoint = 0.417 V, IGain = 140 Hz. (A) shows the height image of the scan, (B) shows the lock-in
phase image of the scan, for a better view on the topography of the surface. Scale bars denote 200 nm. The contrast of this image has

been changed, so the z-height bar does not scale at zero.

When viewing the surface of the sample more closely, one agglomeration can be characterized in the same
way as in the previous part, which is illustrated in figure 5.10. Taking a height profile of the group of NPLs,
the height of the agglomeration is in (C) estimated to (4.5 ± 0.7) nm. This corresponds to about 3 layers
of NPLs stacked on each other. Occasionally individual NPLs were found in this sample, which were not
found in the previous sample, which is shown in (B). (D) shows the height profile of an individual NPL,
which corresponds to lateral dimensions of (25 ± 5) nm. The height of the NPL corresponds to about (1.3 ±
0.2) nm, which is about 4 ML thick.
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(A) (B)

(C)
(D)

(C) (D)

Figure 5.10: AFM images of core/crown square CdSe/CdS NPLs. (A) shows a height image of a agglomeration of NPLs with a
corresponding height profile (C), and (B) shows a magnification on the agglomeration, showing individual NPLs. Corresponding height

profile is shown in (D). Both images are acquired at feedback setpoint = 0.250 V and IGain = 60 Hz. Scale bar in (A) represents
200 nm, scale bar in (C) represents 50 nm.

5.2.3 Core-only Rectangular CdSe NPLs

Comparing the TEM images, the NPLs in sample C have different lateral dimensions compared with sample
A and B. Viewing the large surface scan of this sample, the NPLs tend to agglomerate as well, but the
agglomerations look different than the previous AFM images 5.11, which can be explained by the different
lateral dimensions. No large contaminations are detected in the scan.

Investigating the zoom of one agglomeration in figure 5.12, individual NPL are spotted in (A) and (C).
Both images show some spherical nanocrystals. The height profile of one agglomeration of NPLs is illustrated
in figure (C), and the height can be estimated to 6.0 nm ± 1.0 nm, with a lot of fluctuations in the profile
(B). This corresponds to about 4 layers of NPLs in the agglomeration. An individual NPL was identified on
the surface, with lateral dimensions of about 20 nm ± 5 nm width and 50 nm length ± 10 nm (D). The height
is estimated to 1.3 nm ± 0.2 nm, which corresponds to 4 ML thickness.

The lateral dimensions of the different types of NPL obtained from the AFM images correspond with the
lateral dimensions obtained from the TEM images. Also the determined z-height of the NPLs matches well
with the reported values. This shows that the ambient AFM is capable of measuring individual NPLs on
HOPG.

The large overview scans of the different types of NPLs show that the NPLs tend to agglomerate due
to attractive interactions between the NPLs, and large spaces between the agglomeration remain empty.
Both these observations make it hard to perform STM measurements on the NPLs. In the remaining part
of this chapter, parameters in the sample preparation of the rectangular CdSe NPLs have been modified to
investigate if a better surface coverage can be obtained.
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(A) (B)

Figure 5.11: Large overview AFM images of core-only rectangular CdSe NPLs. Large agglomerations of NPLs are present on the
HOPG. The images are acquired at feedback setpoint = 0.549 V, IGain = 120 Hz. (A) shows the height image of the scan, (B) shows

the lock-in phase image of the scan, for a better topographic view of the surface. Scale bars denote 400 nm.

(A) (B)

(C)
(D)

(C) (D)

Figure 5.12: AFM images of core-only rectangular CdSe NPLs. (A) shows a height image of a agglomeration of NPLs with a
corresponding height profile (C), and (B) shows a magnification of the previous image, showing individual NPLs. Corresponding

height profile is shown in (D). Note in (A) and (C) that also spherical nanocrystals are detected. Both images are acquire at feedback
setpoint = 0.460 V and IGain = 110 Hz. Scale bar in (A) represent 100 nm, scale bar in (C) represent 20 nm.
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5.3 AFM Results - Varying Concentration of Nanoplatelets

In this section the concentration of NPLs is varied, to investigate what the consequences are on the NPL
coverage of the sample. As the exact nanoplatelet concentration is not known, we will compare the mea-
surements with each other. By lowering the NPL concentration, interactions between the NPLs is less likely.
Less agglomeration should be expected, but there will be as well less NPL coverage on the HOPG.

For these measurements, sample C with 50 µl added oleic acid was used and all samples were cleaned using
the post washing treatment after drop-casting the NPL concentration. Diluting the sample was performed
by adding hexane under N2 environment to avoid oxidation of the main sample. Three different NPL
concentration/hexane ratios were used: 1:10, 1:50 and 1:100, with are presented in Fig. 5.13.

Figure 5.13: Various concentrations of CdSe core-only square NPLs. From left to right, the NPLS concentration were diluted 1:100,
1:50 and 1:10 with hexane.

The AFM images of the NPL concentrations are presented in figure 5.14. As expected, the most diluted
sample (Fig. (A)) has less NPLs coverage on the surface than the more concentrated samples. Although the
concentration is small, NPLs already start to agglomerate. Small contaminations are present in the scan.
These contaminations have lateral dimensions similar to an agglomeration of NPLs, which are in the range of
50 to 200 nm. The estimated height is much larger compared with the agglomerated NPLs, namely between
20 nm and 50 nm. These small contaminations are organic remnants on the surface, which can be removed
by vacuum heating the sample.

Compared with image (A), (C) has more agglomerations of NPLs, but still large areas of clean HOPG
can be found in between the agglomerations.

In figure (E) and (F) the agglomeration of NPLs start to connect with each other, forming small island.
Large areas of clean HOPG can be found in between those islands.

Concluding, changing the NPLs concentration does not have an effect on the agglomeration of the NPLs.
Less NPLs are found on the surface for lower concentrations, but the NPLs still attract each other, forming
agglomerations.

When comparing with Fig. 5.11, these results show that the nanoplatelets on the surface of the HOPG
are not destroyed when using the post washing technique. Although the images look different, large areas of
NPLs can be found on both scans.
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(D)(C)

(E) (F)

(A) (B)

Figure 5.14: AFM height images (left) and lock-in phase images (right) of CdSe core-only rectangular NPLs for various concentrations.
Image (A) and (B) are 1:100 diluted, image (C) and (D) are 1:50 diluted and (E) and (F) are 1:10 diluted. Large agglomerations of

NPLs can be identified on all AFM scans. Image (A) and (B) are acquired at feedback setpoint = 0.330 V, IGain = 100 Hz, image (C)
and (D) at feedback setpoint = 0.412 V, IGain = 140 Hz and image (E) and (F) at feedback setpoint = 0.360 V, IGain = 140 Hz. All

the scale bars in the images denote 500 nm.
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5.4 AFM Results - Varying Concentrations of Oleic Acid

As described in the nanoplatelet synthesis, different batches of rectangular NPLs are synthesized by varying
the concentration of oleic acid. The different batches are 1:10 diluted in hexane, and 0 µl, 50 µl, 100 µl and
200 µl of oleic acid is added during the synthesis and further sample preparation is performed as described.
The different NPL batches are shown in figure 5.15. The left bottle has the most turbid solution, which is the
batch where no ligands have been added. Since no ligands have been added, no selective precipitation was
performed on this particular batch since the NPLs are easily destroyed by the selective precipitation. The
right bottle has the most transparent solution. This can be viewed more clearly in figure 5.3. The sample
has been prepared according to the sample preparation description, including the post washing treatment.

Figure 5.15: Various concentrations of CdSe core-only square NPLs with different amounts of added oleic acid. From left to right, the
added quantity of ligands is 0 µl, 50 µl, 100 µl and 200 µl.

The AFM measurements are presented in figures 5.16, 5.17, 5.18 and 5.19. In all the figures agglomeration
of NPLs are detected. In figure 5.16 the coverage looks much higher than in the other figures. Since
selective precipitation was performed on this sample, more side products of the synthesis remain in the NPL
concentration. Also a very large pile of nanocrystals or organic products can be identified, with a height of
estimated (90 ± 5) nm. In the other AFM images the coverage on the surface is higher when increasing the
added amount of ligands. The higher coverage is probably due to ligand remainders on the surface which are
not removed by the post washing treatment.

The lateral dimensions and height of the agglomerations look much like the same for all different samples.
This shows that adding more ligands during the synthesis does not have a large affect on the coverage of
the NPL on the HOPG. Although ligands prevent nanoplatelets from melting with each other, there are still
interactions which attract them to each other, which is not dependent on the amount of added ligands.

(A) (B)

Figure 5.16: AFM height image (A) and lock-in phase image (B) of core-only CdSe rectangular NPLs with no added oleic acid. Large
agglomerations of NPLs are present on the HOPG. The image is acquired at feedback setpoint = 0.400 V and IGain = 190 Hz. Scale

bar denotes 500 nm.
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(A) (B)

Figure 5.17: AFM height image (A) and lock-in phase image (B) of core-only CdSe rectangular NPLs with 50 µl added oleic acid.
Large agglomerations of NPLs are present on the HOPG. The image is acquired at feedback setpoint = 0.360 V and IGain = 140 Hz.

Scale bar denotes 500 nm.

(A) (B)

Figure 5.18: AFM height image (A) and lock-in phase image (B) of core-only CdSe rectangular NPLs with 100 µl added oleic acid.
Large agglomerations of NPLs are present on the HOPG. The stripes appearing in the scan are due to a tip defect, which was

investigated by changing the scan angle of the scan. The image is acquired at feedback setpoint = 0.428 V and IGain = 130 Hz. Scale
bar denotes 500 nm.

(A) (B)

Figure 5.19: AFM height image (A) and lock-in phase image (B) of core-only CdSe rectangular NPLs with 200 µl added oleic acid.
Large agglomerations of NPLs are present on the HOPG. The image is acquired at feedback setpoint = 0.220 V and IGain = 160 Hz.

Scale bar denotes 500 nm.
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5.5 AFM Results - Heating the Nanoplatelets

In this last section, NPLs from sample C are heated under vacuum conditions prior to the AFM measurements.
First the NPLs batch with 50 µl oleic acid was diluted 1:10 in hexane, and the sample was further prepared as
described in this chapter, including washing the sample with the post washing technique. AFM measurements
were performed on this sample, before placing the HOPG sample in the heating system. The sample is heated
for a total of 8 hours with a maximum temperature of 108 ◦C, which is based on earlier experiments where
HOPG samples with CdSe QDs superstructures were heated in UHV prior to STM measurements [117].
Vacuum heating the sample at this temperature will lead to interdigitation and possible evaporation of the
capping ligands on the nanoplatelets [118, 119]. It will also evaporate remnant organic contaminations from
the surface. The temperature is not high enough to melt the NPLs [120].

The AFM results before heating and after heating the HOPG sample are presented in figures 5.20 and
5.21. Comparing the two images with each other, the coverage of the NPLs on the HOPG look the same.
Large agglomerations of NPLs are visible on the surface before and after heating the sample. Individual
NPLs are hard to spot, probably due to a tip broadening.

(A) (B)

Figure 5.20: AFM height image (A) and lock-in amplitude image (B) of core-only CdSe rectangular NPLs before heating.
Agglomerations of NPLs are visible on the HOPG. The image is acquired at feedback setpoint = 0.370 V and IGain = 170 Hz. Scale

bars denote 400 nm.

(A) (B)

Figure 5.21: AFM height image (A) and lock-in amplitude image (B) of core-only CdSe rectangular NPLs after heating at 108 ◦C.
Agglomerations of NPLs are visible on the HOPG. The image is acquired at feedback setpoint = 0.430 V and IGain = 120 Hz. Scale

bars denote 400 nm.

Another vacuum heating experiment was performed with increased temperature and duration of the
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heating. NPLs from sample C were prepared with 50 µl added oleic acid, diluted to 1:100 with hexane
and further prepared as described. The sample was heated to 125 ◦C for 20 hours under vacuum conditions
(∼ 10 × 10−6 mbar). The results after heating are shown in Fig. 5.22 and 5.23. Clear individual NPLs can
be viewed in small agglomerations on the HOPG, and all the contaminations remnants which were present
on the surface are removed. Looking at the height profile in Fig. 5.23, the height of agglomerations is about
(4.0 ± 0.8) nm, which corresponds to 3 or 4 layers of NPLs.

Although large agglomerations are still spotted present on the surface in the first heating experiment, the
second experiment showed that organic contaminations on the surface are evaporated. The temperature is
not high enough yet to remove the ligands attached to the surface of the NPLS [121].

Vacuum heating could improve the NPL coverage in another way. When increasing the temperature,
Brownian motion could induce enough movement of the NPLs to obtain a more favourable configuration
on the HOPG surface. This could result in single layer NPLs on the substrate. These heating experiments
should be extended to higher temperatures and longer heating times to obtain more data and to investigate
if Brownian motion improves the coverage on the HOPG.

(A) (B)

Figure 5.22: AFM height image (A) and lock-in amplitude image (B) of core-only CdSe rectangular NPLs after heating at 125 ◦C.
Agglomerations of NPLs are identified, with large emptry clean areas of HOPG in between. The image is acquired at feedback setpoint

= 0.348 V and IGain = 100 Hz. Scale bars denote 500 nm.

(A)

(B)

(B)

Figure 5.23: AFM height image (A) and a height profile (B) of core-only CdSe rectangular NPLs after heating. Clear individual NPLs
can be identified, and no contaminations are visible. The image is acquired at feedback setpoint = 0.348 V and IGain = 100 Hz. Scale

bar denotes 50 nm.

63





Chapter 6

Conclusion and Outlook

Conclusion

The project described in this thesis can be divided in two separate parts: an instrumentation part, where
the focus was on optimizing and testing the newly installed JPK Nanowizard II ambient AFM and Fermi
SPM, and an experimental part, where the coverage of colloidal NPLs on HOPG was investigated using the
ambient AFM.

In the first part of this thesis the ambient atomic force microscope was described. We have illustrated
that external vibrations acting on the ambient AFM are reduced by placing the AFM setup in an acoustic
box. Performance measurements of the JPK Nanowizard II AFM are presented, which state that the ambient
AFM is capable of measuring various quantum dot superstructures with a vertical noise level of ∼ 100 pm
and a calculated lateral noise level of ∼ 1.7 nm.

Furthermore the Fermi SPM is reviewed in this report. The new improved design of the sample holder
is illustrated, which facilitates tip preparation in the Fermi. The recent installed tip preparation tool is
explained, which removes the oxide layer and other small defects from tungsten tips to make high quality
STM measurements possible. Various sources of noise have been investigated, and a noise level of ∼ 3 pm
for room temperature and ∼ 4 pm for liquid nitrogen temperature is calculated. These noise measurements
are emphasized by STM measurements on graphene and an Au(111) crystal.

In the second part of this thesis the ambient AFM is used to investigate the nanoplatelet coverage on
HOPG and to improve the sample preparation to make STM measurements on this kind of system possible.
Large organic contamination remnants of the synthesis of various types of NPLs are successfully removed
using a post washing treatment on the NPL sample. We have shown that the NPLs remain on the surface
of the HOPG after performing the post washing treatment. The coverage of the HOPG has been measured
for various types of NPLs, NPL concentrations and amounts of added ligands to the NPL concentration.
In all measurements large agglomerations of NPLs with a height of several NPL layers are observed, with
large spaces of clean HOPG in between. A possible explanation of the agglomerations of the NPLs are
interactions between the ligands. At sufficiently high temperatures and long heating times, evaporation of
remnant organic contamination is established, and small agglomerations of NPLs were spotted.
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Outlook

Although the JPK Nanowizard II AFM has shown a lot of promising results, this instrument offers more
opportunities. Modifications can easily be applied to the setup, which makes other types of microscopy
measurements possible, such as combined fluorescence microscopy and AFM, AFM imaging in liquid and
force spectroscopy. Although a lot of research in using different AFM tips has been performed in this project,
comparison of different super sharp tips has not been performed yet. Testing other ultra sharp tips and
comparing the results is recommended.

Concerning the Fermi SPM, the noise levels are sufficiently low. More experience is needed before switching
to more difficult samples. Since the tip preparation tool is only installed recently, more experience is needed
with this tool to obtain high quality STM tips. This will definitely improve the stability of the tip and
the quality of the STS measurements. After these conditions have been investigated on well-known systems
(graphene, clean crystals), new systems can be introduced to the microscope.

In order to obtain nanoplatelet samples which are suitable for STM and STS measurements, several adap-
tations still have to be performed. More research is needed to avoid agglomeration of the NPLs nanoplatelets
and to obtain monolayers of NPLs, to measure individual NPLs on the whole HOPG sample using STM.
Heating the sample already showed promising results, which should be examined more. Other interesting
methods which could improve the coverage are spin coating or scooping the nanoplatelets on the surface, or
using a ligand exchange technique to lower the interactions between the NPLs.

In order to perform STM and STS measurements, the sample preparation should be performed in nitrogen
environment to avoid oxidation of the nanoplatelets, and ligands have to be removed from the surface of the
NPLs using a ligand exchange step. This will remove the additional tunnel barrier between the NPLs and
the tip. Prior to the STM measurement, the NPL sample should be vacuum heated to evaporate organic
contaminations.

When the sample preparation is optimized, STM and STS measurements can be performed very soon on
colloidal nanoplatelets to investigate the interesting electronic properties. Together with the theoretical
framework described in this thesis, this will lead to a better understanding of the electronic properties in
nanoplatelets, and how it affects other unique properties of the NPLs.
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[32] F. Bloch, “Über die Quantenmechanik der Elektronen in Kristallgittern,” Zeitschrift für physik, vol. 52,
no. 7, pp. 555–600, 1929.

[33] A. J. Houtepen, Charge injection and transport in quantum confined and disordered systems. 2007.

[34] W. Setyawan and S. Curtarolo, “High-throughput electronic band structure calculations: Challenges
and tools,” Computational Materials Science, vol. 49, no. 2, pp. 299–312, 2010.

[35] R. Koole, Fundamentals and Applications of Semiconductor Nanocrystals. PhD thesis, University
Utrecht, 2008.

[36] J. Sakurai and J. Napolitano, Modern Quantum Mechanics. Addison-Wesley, second ed., 1994.

[37] J. Geuchies, “Atomically Coherent Nanocrystal Superlattices,” 2013.

[38] W. Sukkabot, “Structural and optical properties of zinc-blende CdSe/CdS core/shell nanocrystals:
Atomistic tight-binding theory,” Materials Science in Semiconductor Processing, vol. 34, pp. 14–20,
2015.

[39] R. Benchamekh, N. A. Gippius, J. Even, M. O. Nestoklon, J. M. Jancu, S. Ithurria, B. Dubertret, A. L.
Efros, and P. Voisin, “Tight-binding calculations of image-charge effects in colloidal nanoscale platelets
of CdSe,” Physical Review B, vol. 89, no. 3, p. 035307, 2014.

[40] A. B. Greytak, P. M. Allen, W. Liu, J. Zhao, E. R. Young, Z. Popović, B. Walker, D. G. Nocera,
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[119] V. Pérez-Dieste, O. M. Castellini, J. N. Crain, M. a. Eriksson, A. Kirakosian, J. L. Lin, J. L. McChesney,
F. J. Himpsel, C. T. Black, and C. B. Murray, “Thermal decomposition of surfactant coatings on Co
and Ni nanocrystals,” Applied Physics Letters, vol. 83, no. 24, pp. 5053–5055, 2003.

[120] “Cadmium selenide (CdSe) Debye temperature, heat capacity, density, melting point, hardness,” in II-
VI and I-VII Compounds; Semimagnetic Compounds (O. Madelung, U. Rössler, and M. Schulz, eds.),
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Appendix A

Supplementary Material: AFM/STM
Image Information

A.1 AFM Image Information

Figure 4.5(A)
Scan region: 3.0× 3.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.502 V
IGain: 50 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.2 Hz
Number of pixels: 1024× 1024 pixels
Folder:
TEM grid RM snel-onverdund
Save name:
RMgridsnel-onverdund.jpk

Figure 4.5(B) & 4.19 & 4.20(A)
Scan region: 1.044× 1.044 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.590 V
IGain: 60 Hz
PGain: 10.0× 10−3 Hz
Scan rate: 0.7 Hz
Number of pixels: 1024× 1024 pixels
Folder:
Usefull scans/CleanHOPG
Save name:
save-2015.02.05-14.13.39

Figure 4.9(C)
Scan region: 4.0× 4.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.590 V
IGain: 80 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.5 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP42-tip1
Save name:
save-2015.08.05-13.55.37.jpk

Figure 4.10
Scan region: 2.0× 2.0 µm2

Target amplitude: 0.5 V
Setpoint amplitude: 0.210 V
IGain: 240 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.8 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP65
Save name:
save-2015.09.22-16.44.49.jpk

Figure 4.21(A) & (B)
Scan region: 1.0× 1.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.510 V
IGain: 50 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.4 Hz
Number of pixels: 1024× 1024 pixels
Folder: QDs HOPG P 1 [Square]
Save name:
save-2015.05.28-11.41.36
Figure 4.22(A) & (B)
Scan region: 600× 600 nm2

Target amplitude: 0.2 V
Setpoint amplitude: 0.109 V
IGain: 80 Hz
PGain: 3.0× 10−3 Hz
Scan rate: 0.7 Hz
Number of pixels: 1024× 1024 pixels
Folder:
QDs HOPG W 1 [Hexagonal]
Save name:
save-2015.06.19-10.45.45
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Figure 5.7
Scan region: 2.0× 2.0 µm2

Target amplitude: 0.5 V
Setpoint amplitude: 0.219 V
IGain: 50 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.7 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP42-tip3
Save name:
save-2015.08.10-15.29.14

Figure 5.8(A)
Scan region: 600× 600 nm2

Target amplitude: 0.5 V
Setpoint amplitude: 0.248 V
IGain: 80 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.6 Hz
Number of pixels: 512× 512 pixels
Folder: CP42-tip4
Save name:
save-2015.08.11-16.24.37

Figure 5.8(B)
Scan region: 80.4× 80.4 nm2

Target amplitude: 0.5 V
Setpoint amplitude: 0.248 V
IGain: 80 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 1.0 Hz
Number of pixels: 256× 256 pixels
Folder: CP42-tip4
Save name:
save-2015.08.11-16.31.45

Figure 5.9
Scan region: 1.0× 1.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.417 V
IGain: 140 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.8 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP44-tip2
Save name:
save-2015.08.06-15.58.14

Figure 5.10(A)
Scan region: 600× 600 nm2

Target amplitude: 0.5 V
Setpoint amplitude: 0.250 V
IGain: 60 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.7 Hz
Number of pixels: 512× 512 pixels
Folder: CP44-tip2
Save name:
save-2015.08.07-11.59.51

Figure 5.10(B)
Scan region: 200× 200 nm2

Target amplitude: 0.5 V
Setpoint amplitude: 0.250 V
IGain: 60 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.7 Hz
Number of pixels: 512× 512 pixels
Folder: CP44-tip2
Save name:
save-2015.08.07-12.14.05

Figure 5.11
Scan region: 2.0× 2.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.549 V
IGain: 120 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.6 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP61
Save name:
save-2015.09.22-09.59.17

Figure 5.12(A)
Scan region: 500× 500 nm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.460 V
IGain: 110 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.5 Hz
Number of pixels: 512× 512 pixels
Folder: CP61
Save name:
save-2015.09.17-16.18.29
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Figure 5.12(B)
Scan region: 500× 500 nm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.460 V
IGain: 110 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.7 Hz
Number of pixels: 512× 512 pixels
Folder: CP61
Save name:
save-2015.09.17-16.33.27

Figure 5.14(A) & (B)
Scan region: 2.0× 2.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.330 V
IGain: 100 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.9 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP60
Save name:
save-2015.09.16-16.23.50

Figure 5.14(C) & (D)
Scan region: 2.0× 2.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.412 V
IGain: 140 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.7 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP64
Save name:
save-2015.09.24-14.05.55

Figure 5.14(E) & (F) & 5.17
Scan region: 2.0× 2.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.360 V
IGain: 140 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.5 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP62
Save name:
save-2015.09.18-12.49.32

Figure 5.16
Scan region: 2.0× 2.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.400 V
IGain: 190 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.7 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP65
Save name:
save-2015.09.24-15.34.57

Figure 5.18
Scan region: 2.0× 2.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.428 V
IGain: 130 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.7 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP66
Save name:
save-2015.09.23-15.22.58

Figure 5.19
Scan region: 2.0× 2.0 µm2

Target amplitude: 0.5 V
Setpoint amplitude: 0.220 V
IGain: 160 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.6 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP63
Save name:
save-2015.09.21-10.48.43

Figure 5.20
Scan region: 2.0× 2.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.370 V
IGain: 170 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.6 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP67
Save name:
save-2015.10.08-15.57.21
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Figure 5.21
Scan region: 2.0× 2.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.430 V
IGain: 120 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.8 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP67after
Save name:
save-2015.10.12-11.42.00

Figure 5.22
Scan region: 2.0× 2.0 µm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.348 V
IGain: 100 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.6 Hz
Number of pixels: 1024× 1024 pixels
Folder: CP54
Save name:
save-2015.08.25-15.07.13

Figure 5.23
Scan region: 400× 400 nm2

Target amplitude: 1.0 V
Setpoint amplitude: 0.348 V
IGain: 100 Hz
PGain: 2.0× 10−3 Hz
Scan rate: 0.6 Hz
Number of pixels: 512× 512 pixels
Folder: CP54
Save name:
save-2015.08.25-15.55.54

A.2 STM Image Information

Figure 4.32(A)
Scan region: 100× 100 nm2

Setpoint current: 1.0 nA
Gap voltage: 1.0 V
Scan raster time: 1.0× 10−3 s
Number of points: 300× 300 points
Folder: 2015-09-14
Save name:
default 2015Sep14-171932 STM-STM Spectroscopy–
8 5

Figure 4.32(B)
Scan region: 20× 20 nm2

Setpoint current: 100 pA
Gap voltage: 1.0 V
Scan raster time: 1.0× 10−3 s
Number of points: 300× 300 points
Folder: 2015-08-27
Save name:
default 2015Aug27-102949 STM-STM Spectroscopy–
67 1
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