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Abstract

Self-assembled nanocrystal solids show promising results as an active layer in optoelec-
tronic devices. Atomically coherent 2D square superstructures are prepared by oriented
attachment of truncated nano cubes of PbSe in which the quantum dots are connected by
their {100}-facets. The optical absorption properties of these 2D superstructures are inves-
tigated by Fourier transform infrared spectroscopy. The absorption measured from several
samples is found to be 1.5± 0.4%. Furthermore, a new setup is built up to investigate the
absorption and luminescence of the superstructures at room and low temperature.
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Introduction

Searching for new and interesting materials, nanoparticles really are a hot topic. Those
nanoparticles have interesting properties that are mainly present because of their small size.
A quantum dot is a special nanocrystal, namely a nanoparticle that is confined in all three
spatial directions.

Fundamental and applied sciences are interested in these quantum dots. From the latter
perspective, quantum dots are likely to be on of the new materials in all kind of applications,
among them next-generation light detectors, emitting diodes (LED’s) and even solar cells.
From the fundamental perspective, the small nanoparticles might even be more interesting
because they open up a complete new field of research.

This bachelor thesis is only one small link in the entire chain of applied and fundamental
research. 2D superstructures of oriented attached PbSe and CdSe are investigated with optical
experiments. Those 2D superstructures have remarkable properties. From a well-known 2D
material, graphene, is reported that it absorbs light quanta per monolayer[1]. It is unknown if
the 2D superstructures of PbSe and CdSe also have this property. This brings us to the first
research question: Does a PbSe 2D superstructure with a square geometry also absorb a light
quantum of the theoretically predicted value of 2.3% per monolayer?

The second part of this bachelor thesis is dedicated to the design of a new fluorescence
microscope setup. The goal is to study the luminescent properties of the materials mentioned,
mainly 2D CdSe superstructures, with this setup. These properties can provide interesting
information of the studied material.

This thesis is divided in several sections, starting out with an introduction to the theory. This
section is followed by subsequently the experimental part, the results, discussion, conclusion
and the outlook. These parts summarise what work has been done, what work has to be done
and what is discussed about the work done in the past months. And, as a closing section, the
acknowledgements.

Source picture on the front page:
http://techmezine.com/latest-electronics-products-news/

quantum-dot-work-to-bring-new-era-for-electronics/
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1 Theory

1.1 Quantum Dots

Quantum Dots are nanocrystal semiconductors which are confined in all three spatial directions.
[2] Especially within the range from 1 to 10 nm, the particle properties differ from bulk material
which makes them interesting particles to study, both in fundamental and applied research.
This differing properties are mainly caused by two effects: a large surface to volume ratio and
quantum confinement of the exciton Bohr radius. The exciton Bohr radius depends on the
effective masses of the electron and the hole and can be calculated with

a0 =
~2ε

e2

(
1

m∗e
+

1

m∗h

)
. (1)

There are two major ways of thinking about the striking optical properties of quantum dots:
a top-down approach and a bottom-up approach[3].

Top-down The top-down approach makes use of two equations:
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− Je−h + Epole + Epolh − 0.248E∗Ry. (3)

In Eq.2 the confinement energy is added to the normal band gap energy as a function of the
diameter D. It is clear that with decreasing size (D) the energy of the bandgap becomes larger.
Important to note is that this equation only holds in the strong-confinement regime. Basically,
that is the regime where the radius of the particle r is still much smaller than the exciton Bohr
radius a0 and it means that the kinetic energy of the electrons and holes is much larger than
the Coulombic interaction between those particles. In Eq.3 the Coulomb force is considered
(Je−h) and combined with Eq. 2 this equation accounts for the discretisation of the energy
levels at the band-edges. Of course, this equation holds then for the weak-confinement regime.
These two effects can be visualised as in Fig.1a. It is clearly visible that with decreasing size
the bandgap increases and that with decreasing size the discrete levels are more and more
distinct[3].

Bottom-up In the bottom-up approach, the nanocrystal is considered to be composed of
atoms, all with an individual atomic orbital (AO). When there is more than one particle,
molecular orbitals (MOs) are formed, in a higher energy anti-bonding MO and a lower energy
bonding MO. In the case of two particles, there are only two interesting levels, the lowest
unoccupied state (LUMO) and the highest occupied state (HOMO). With increasing number
of particles the number of MOs grows as well. This leads to more energy levels and therefore
the gap between HOMO and LUMO decreases. Because the intermediate energy states are
more probable, the density of the MOs is higher at intermediate energy and lower at the
energy extremes. In the bulk limit, there is a so-called band gap, which is the gap between
HOMO and LUMO and the distinct energy levels are no longer visible. Intermediate between
the molecule and the bulk crystal is the nanocrystal, having discrete conduction and valance
levels. The band gap between conduction and valence band is larger than the bulk crystal
band gap and smaller than the HOMO-LUMO gap of the single molecule. This regime
accounts for the fact that the band gap energy is size-dependent, higher than the bulk band
gap and that discrete energy levels are visible: Fig. 1b.
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(a) Top-down approach towards
nanoparticles. Decreasing size causes an
increase in band gap and discrete states
near the band edges[3].

(b) Bottom-up approach towards
nanoparticles. With an increasing
amount of atoms per quantum dot the
band gap energy decreases and the
density of states increases from one
discrete state to the bulk limit with
bands[3].

Figure 1: Quantum dots, Top-down vs. bottom-up approach

PbSe is chosen as one of the materials to work with because it has several nice properties. It
has a small direct bandgap in the NIR region and can absorb light efficiently. Furthermore,
it has a large Bohr radius and thus strong quantum confinement effects for particles of
approximately 5 nm. The ability of tuning the bandgap by changing the particle size is
of particular interest in 2D honeycomb structures, that contain Dirac cones in their band
structure but also have this tuneable bandgap, whereas graphene lacks this property[4]. The
material is already in use as active material in emitting diodes, lasers and IR-detectors. For
the use in next-generation quantum dot-based solar cells, this material might be a very useful
in application because of its ability to absorb efficiently in NIR-region. As depicted in Fig. 2,
half of the energy of the solar energy is in the NIR-region[5].

Furthermore, the quantum dots of interest can be seen as truncated cubes which make them
suitable for oriented attachment, which we will discuss in a minute. The truncation is depen-
dent on the size of the quantum dots. In Fig. 3 a cube truncation model is shown. Another
model is the octahedral model but we will not consider this because it is out of the scope of
this bachelor thesis[6].
For both practical purposes and fundamental interest it is convenient to have CdSe structures
as well as PbSe. The method of cation exchange (will be discussed later 2.2) is a quite simple
method to convert the PbSe crystal lattice into a CdSe lattice, preserving its nano geometry
and crystallinity. CdSe has a band gap in the visible range[6] .

From a more fundamental perspective, the honeycomb lattices of CdSe and PbSe are predicted
to have a rich and interesting band structure, in both the conduction and the valence band.
A recent theoretical study has shed light on these structures: for example the valence band of
the silicene-type lattice of CdSe has a gap at the Dirac points which can be tuned by applying
an electric potential. Furthermore, the graphene-type lattice has the remarkable property of
being a topological insulator when a strong spin-orbit coupling is combined with the honeycomb
geometry. Previously, this was also predicted for graphene but this material doesn’t have a
spin-orbit coupling that is strong enough. To check these theoretical predictions, it would be
very interesting to experimentally create these honeycomb lattices[4].

1.2 Oriented Attachment

Oriented attachment is the atomic coupling of colloidal nanocrystals in a crystal structure
with a high level of ordering and one of the methods to make the above described honeycomb
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Figure 2: Solar spectrum [7]

Figure 3: Red: {100}, Green: {110} Blue: {111}, q is the truncation level. [6]

structures. The process of oriented attachment is governed by certain driving forces, but there
is still debate about the nature of oriented attachment. In Table 1, a summary of the forces
that are considered in the process is given [8] [9].

However, the best candidate for the driving force of the attachment of PbSe is likely to be the
surface energy reduction because the crystal growth is highly facet-specific. Because the PbSe
particles have well-defined facets, they can take part in the oriented attachment process. The
different facets of the truncated PbSe have different energies. The facets to be considered are
{100}, {110} and {111} as is depicted in Fig.3. The facet with the lowest energy is the {100}-
facet, followed by {110} and then {111}[6]. With thermodynamic arguments, three theories
can be proposed for the nature of the facet-specificity of the attachment:

• Facet with highest surface energy difference is likely to attach

• Facet with highest surface energy is likely to attach

• Facet with lowest surface energy is likely to attach

Interaction Attractive/repulsive Origin

Sterical hindrance Repulsive Ligands
Electrostatic interactions Repulsive/attractive ionic nature of particles
Surface energy reduction Attractive Dangling bonds on surface
Dipole moment Attractive Separated electric charges in system
Van der Waals interactions Attractive Permanent/induced dipoles

Table 1
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(a) TEM picture of hon-
eycomb lattice, inset
electron diffraction data

(b) Block model of
honeycomb structure,
{111}-facet is pointing
upward

(c) TEM picture of
square lattice, inset
electron diffraction data

(d) Block model of
square structure, {100}-
facet is pointing upward

Figure 4: Models for honeycomb and square lattice, accompanied with TEM and electron
diffraction data

The first theory can be argued with help of thermodynamic arguments, neglecting entropic
terms:

∆E (OA) = E (attached)− E (initial) . (4)

The second theory states that the most unstable facet will reduce its energy and according
to the third theory, the most stable facet will attach[9][8]. This can be understood by
incorporating the effect of ligands. Ligands stabilise the nanocrystals in dispersion and the
surface lowest in energy needs the least ligands in order to be stable. Because the ligands
are less strongly attached (or less ligands are attached) to the low energy facet, they have a
so-called higher adsorption-desorption rate and therefore this facet is more likely to be free to
take part in an attachment process[6]. Recent research showed the correctness of the third
theory in the case of PbSe quantum dots. Attachment occurs via the {100}-facets by {100}-
and {111}-facets facing upwards in square and honeycomb geometries (Fig. 4), respectively.
The striking property of being single crystalline is caused by the facet-specific attachment.
Even stronger, the quantum dots are found to be rotating until they are in the right crystal
plane alignment, enhancing a highly ordered system[10].

It is important to distinguish oriented attachment from another process which is called self-
assembly. In the latter, van der Waals forces and sometimes entropic factors are the key to
understanding the mechanism, whereas in the former, it is most likely that e.g. Coulombic
interactions, dipolar forces and surface energy reduction are the driving forces[6], [11]. The
second difference is the nature of the bonding between the two processes: in oriented attach-
ment the bonding is irreversible and in self-assembly it is a free energy governed equilibrium.
Self-assembly is driven by the van der Waals interactions between capping ligands and the
higher entropy caused by the increased free space per particles due to the ordering[12]. Ori-
ented attachment is, as stated above, irreversible. This is because the crystal facets of the
nanocrystals (or quantum dots) are attached via atomic interactions[6].
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1.3 Absorption

Absorption is a well-known process whereby a photon is absorbed, causing an electron (or
another particle) to go into an excited state. An absorption spectrum can be made by exposing
a sample to light from a certain light source and to compare the incident amount of light with
the amount of light after interaction with the sample, Fig. 5a. We know from the Lambert-Beer
law that the thickness and concentration of a sample also influences the amount of absorbed
light:

E = εcd, (5)

where E is the extinction, ε the extinction coefficient, c the concentration of the sample and d
the thickness. Of course this is nicely applicable for a liquid sample. However, recent theoretical
and experimental work shows that monolayers of graphene also absorb a significant fraction of
light when exposed to it (2.3%). This value is actually a quantised value which is a multiple
of the amount of monolayers the system has, as long as the material is a 2D system[1].

It is important to know where this value of 2.3% comes from. In the following lines, a calculation
is shown that results in a value of π multiplied by the fine structure constant α, which has the
value of approximately 1/137. Apparently, the absorption quantum is solely defined by physical
constants. Consider a monolayer of graphene exposed to some incident light perpendicular to it
with an electric field ~Θ and frequency ω. Then, the incident light flux is given by the following
expression:

Wi =
c

4π
|~Θ|2. (6)

The amount of light of this incident flux can be calculated by means of Fermi’s golden rule,
making use of a perturbed Hamiltonian and the coupling between initial and final states. The
amount of light that is absorbed is equal to

Wa = η~ω, (7)

where η is equal to the number of absorption events and can be calculated with Fermi’s golden
rule 8, ~ω is the energy that an electron gets when it absorbs a photon.

Ti→f =
2π

~
|〈f |H ′|i〉|2ρ. (8)

We can use this expression to calculate the number of absorption events η:

η =
2π

~
|M2|D, (9)

where M contains the matrix elements of the perturbed Hamiltonian with the final and initial
states and D is the density of states at the energy level of interest, which is in the case of
graphene equal to:

D (~ω/2) =
~ω

π~2v2
F

. (10)

This is the density of states for 2D Dirac fermions, which is linear in ε. The density is considered
at energy ~ω/2 because of momentum conservation. Next, the Hamiltonian that we use has to
be a perturbed Hamiltonian and this one is proposed, for the case of the interaction of Dirac
fermions with light:

Ĥ = vF~σ~p = vF~σ
(
p̂− e

c
Â
)

= Ĥ0 + ˆHint, (11)
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where H0 and Hint are the normal and interaction Hamiltonians respectively, vF is the Fermi
velocity, ~σ are the Pauli matrices, p̂ is the momentum and Â is some potential which in our
case is equal to

Â =
ic

ω
~Θ. (12)

We can make use of this Hamiltonian and put it into Fermi’s golden rule 8:

|M |2 = |〈f |vF~σ
e

iω
~Θ|i〉|2. (13)

This can be calculated and the result yields a nice expression for coupling between final and
initial states:

|M |2 =
1

8
e2v2

F

Θ2

ω2
. (14)

We can use this found value and calculate Wa:

Wa = η~ω =
2π

~
|M |2D~ω =

2π

~
1

8
e2v2

F

Θ2

ω2

~ω
π~2v2

F

~ω =
1

4

e2Θ2

~
. (15)

To finish is completely, we only have to divide Wa by Wi:

Wa

Wi
=

e2Θ2

4~
c

4π |~Θ|2
=
πe2

~c
= πα ≈ 2.3%. (16)

The reason postulated for this quantised absorption is that the material is two-dimensional
and has a gapless electronic spectrum[1].

Interesting enough, this quantised absorption per monolayer is found in graphene. There is
only little deviation from this value of 2.3% when going to higher energies. When extra layers
are added, the absorption quantum is clearly visible, per monolayer added, an extra 2.3% of the
incident light is absorbed. Apparently, the theory predicted the experiment well. Important
is that the reflectivity of graphene appears to be really low and can be neglected for practical
purposes[1]. Even more interesting, the absorption quantum is also found in another material,
namely a 2D InAs nano membrane, a semiconductor with a direct band gap[13]. This is
interesting, particularly because of the band gap the material has: apparently the quantised
absorption is not affected by the gap in the electronic spectrum and is only present because of
the two-dimensional nature. For InAs also more layers are added to the monolayer and as long
as the material thickness is smaller than the exciton Bohr radius, integer steps in absorption
are found per added monolayer. However, the absorption quantum for this material is not
equal to 2.3%. A local field correction factor has to be applied, containing a correction for the
refractive index of the substrate used.

AQ =
πα

nc
= πα

(
2

1 + n

)2

(17)

where nc is the local field correction factor and n is the refractive index of the substrate used.
A value of approximately 1.6% is found both theoretically and experimentally[13].

If this theory holds for all 2D materials, our 2D superstructures of PbSe and CdSe should also
have this absorption quantum.
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(a) Absorption (b) Luminescence

Figure 5: Optical characterisation [14]

1.4 Photoluminescence

However, absorption is not the only interesting optical process. Or to put it even stronger, the
interesting optical processes start after absorption. When an electron falls back to a lower lying
energy state, or (in semiconductor physics) recombines with a hole, in a radiative manner this
is called photoluminescence. In semiconductor physics this is the crossing of the band gap of
an excited electron in the conduction band to the valence band and in literature this process is
referred to as being an exciton (electron-hole pair) recombination. The prefix ’photo’ is added
because a photon is emitted in this process.

Photoluminescence is an easy method in the sense that the setup for an experiment is quite
simple, yet it is as powerful as simple Fig. 5b. It is possible to obtain information about
allowed optical transitions in a material and it gives insight in the relative rate of radiative and
non-radiative decay or recombination. When photoluminescence is not present, non-radiative
processes are taking over[15]. These processes are discussed in a second.

Photoluminescence happens especially at the surface, because the penetration depth of the
incident light is about 1-10 µm in the case of a direct semiconductor, as for example PbSe and
CdSe. This is an interesting feature because in this thesis the focus is mainly on 2D monolayer
semiconductors, which is actually only a surface. This means that one dimension (the material
thickness) of the crystal is smaller than the electron Bohr radius [13]. Photoluminescence, if
present, would be really powerful for these 2D materials because it is sensitive towards discrete
electronic states, which appear in our quantum dots. If the quantised absorption theory also
holds for our material, around 1% of the incident light would be absorbed. This clearly limits
the photo luminescent intensity because the more light is absorbed, the more light can be
collected in case of photoluminescent behaviour. Just to have an impression of the material
thickness that is used for this bachelor thesis, the quantum dots used are around 5 nm in
size, the material thickness is therefore also around this size (and thus way smaller than 1µm).
Important to recall, one of the parameters that control the photoluminescent intensity is the
incident light intensity and the percentage of incident light that is absorbed. If the surface is full
of defects, the luminescent behaviour is as a consequence severely suppressed by non-radiative
recombination[15].

1.4.1 Non-radiative recombination

The energy of the incident light should always be at least the energy of the band gap and
preferably higher. Thermalisation via phonon emission happens rapidly and the excited elec-
trons relax to the lower lying states of the conduction band. The radiative recombination rate
is usually slower than the thermalisation process and this is the reason that only the lower
energy states are visible. Non-radiative decay reduces the radiative signal. There are two
major types of non-radiative recombination: Shockley-Read-Hall recombination (SRH) and
Auger recombination. It depends mainly on the major carrier density, i.e. electrons or holes,
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(a) SRH recombination, the different numbers rep-
resent different ways of phonon assisted recombina-
tion via mid-gap states

(b) Auger recombination, the different numbers
represent different ways of recombination

Figure 6: Non-radiative recombination. Filled dots are electrons, circles are holes [16]

which recombination rate is dominant. The recombination rate is inversely proportional to the
lifetime which we can equate as follows, assuming SRH recombination only to happen at two
identical surfaces:

1

τ
=

2S

d
+
B

N
n+ Cn2, (18)

Where τ is the carrier lifetime, S the interface recombination velocity, d the thickness of
the optical active layer, N the average number of radiative recombination events required for
a photon to escape the semiconductor, B and C parameters of the rates of radiative and
Auger recombination respectively and n the carrier density. At low carrier density, the SRH
recombination is dominant and no photoluminescence is observed. With increasing carrier
density, the radiative recombination becomes more important while SRH events only contribute
little to the total recombination. Only at higher carrier densities, Auger recombination is more
important than both radiative and SRH recombination[15].

Shockley-Read-Hall recombination SRH recombination is a type of recombination that
potentially is dominant in 2D semiconductors because of the low carrier densities. Discrete
defects and impurities account for the SRH recombination, because recombination from these
sites is energetically favourable. These impurities cause dangling bonds that create electronic
mid-gap states that can act as a trap in the bandgap for an electron or a hole, Fig. 6a. The
energy transfer is done by phonons of the crystal lattice[15].

Auger recombination Auger recombination is a process which is only dominant at high
carrier density. This is because it involves three particles in the recombination process. Two
electrons in the conduction band and one hole in the valence band are the particles in play,
however, this whole process can be translated to the case of two holes and one electron[17].
One of the electrons is recombined with the hole giving its energy to the other electron which
is then excited to a higher energy level, Fig. 6b.

Photoluminescence is a process that is temperature dependent Fig. 7. At lower temperatures
more distinct peaks might be visible and the energy of the peak changes. The information that
can be derived from the distinct peaks can be used to determine the origin of the photolumi-
nescence, it can either be the normal near-band-edge emission or the emission from defects on
the surface[18]. This feature can be used to determine the quality of the sample. However,
having too many defects reduces the emission severely. With going to lower temperature, the
thermalisation of the electrons to the lowest lying energy levels of the conduction band is very
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Figure 7: Example of temperature dependent photoluminescence in CdS nanowires[20]

rapid and only lower lying levels are visible, whereas at higher temperature higher lying levels
can also contribute[17], [19].

To have the optimal photoluminescence efficiency, the surface should be in good condition. This
might not be the case with all samples and a technique to enhance the surface condition is
passivation. Passivation with a lead can enhance the photoluminescence intensity and prevents
the quantum dots from oxidation[5].
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2 Experimental

2.1 Oriented Attachment

The theory of the oriented attachment may not be completely developed yet, the idea of how
to do oriented attachment in a lab is pretty easy. The oriented attachment of the PbSe QDs to
form square superstructures is performed by using dispersions of QDs. Typically,350 µL of the
suspensions is drop casted on top of an ethylene glycol substrate. The solvent of the disper-
sion (toluene) evaporates at the temperature of 20 ◦C, inducing self-assembly of nanocrystals
and accompanying their oriented attachment via {100}-facets: Fig. 8. After heating to the
temperature of 65-80 ◦C, well-developed connections between the nanocrystals with necks of
4.0± 0.2nm can be achieved. After attachment, the monolayer can virtually be transferred to
any substrate, in this research a quartz glass is used to put the sample on. This transferring is
done either by scooping the sample with the substrate or literally stamp the glass in a gentle
way on the sample. TEM samples are collected by scooping the sample with a TEM grid. The
experiment is carried out in a petri dish of 2.5 cm Ø[6] with different concentrations. The
whole procedure is carried out in a nitrogen purged glovebox.

Figure 8: Oriented attachment procedure of quantum dots [9]

2.2 Cation Exchange

For practical purposes, it sometimes is convenient to have structures that absorb an emit in
the visible spectrum instead of in the NIR region, like the PbSe QDs do with their small
band gap. CdSe has a larger band gap and absorbs and emits in the visible region. Oriented
attachment of CdSe quantum dots is impossible but it is possible to convert PbSe monolayers
by cation exchange to CdSe structures. The main idea is that the Pb ions are replaced by
Cd ions. The overall geometry (i.e. square or honeycomb) is not changed but the crystal
structure changes from rock salt to zinc blende[6].

The procedure of cation exchange is not too difficult. The substrate with the sample on it is
immersed in cadmium oleate, C36H66CdO4, at a temperature of 120 ◦C for one hour. Then the
sample is washed several times by methanol and toluene and dried in nitrogen atmosphere.
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2.3 Experimental setup and techniques

2.3.1 Transmission Electron Microscopy

Figure 9: TEM setup [21]

Transmission Electron Microscopy (TEM) is
a Nobel Prize winning method or technique
that makes use of an electron beam to ex-
pose the sample to, to make a high resolution
image. The electron beam is focused on a
sample and an image is made via an imaging
device, Fig. 9. The method is actually an
absorption technique, the difference is that
electrons are used instead of photons. The
use of electrons allows a exceptionally high
resolution image, the atomic scale is visible.
This high resolution is reached because elec-
trons have a smaller de Broglie wavelength
than light 19.

λ = h/p (19)

The electron beam is brought forth by an
electron gun, a high voltage filament that produces electrons. These electrons are focused
by lenses by means of electromagnetic interactions. By changing the magnetic power of the
focusing lenses, the focus can be changed. The electron beam is focused in the right way to
hit the sample in the most optimal way. After interaction with the sample, the electrons are
collected in an image detector.

2.3.2 Fourier Transform InfraRed spectroscopy

Fourier Transform InfraRed spectroscopy is a technique used to obtain absorption, emission and
reflectivity spectra of samples. The light source is coupled to a Michelson interferometer that
gives a certain combination of wavelengths that can be adjusted by moving a movable mirror.
Each combination of wavelengths is collected in an interferogram and converted to a normal
spectrum of wavelength versus intensity via a Fourier Transform algorithm. The mechanism
of this is far beyond the scope of this project, however it is good to mention that the signal
to noise ratio of these devices is pretty good compared to normal absorption measurements.
Furthermore, the FTIR device can be extended with a microscope, a very interesting feature,
especially if you want to measure samples with a low coverage of the desired square monolayer,
Fig.10a. It is also possible to add a reflectivity measurement with this device, the optical path
is somewhat different then, compared to the optical path of the transmission experiment, Fig.
10b. With a rotatable mirror, the direction of the light can be changed and it can either be
brought from the top side for transmission or from the down side for reflectivity measurements.
The measurements with the Hyperion microscope are performed with 15 x 15 lenses and 200
scans with a resolution of 2 cm−1. Several measurements are performed with the normal FTIR,
40 scans are made per sample with a resolution of 2 cm−1 with an aperture setting of 1.5 mm.
A quartz beam splitter is used with the Vertex 70 detector. The samples are put in a sample
holder to protect them from the oxygen in air [22].

2.3.3 Fluorescence microscope

Charge Coupled Device A Charge Coupled Device (CCD) camera relies on the same prin-
ciple as a silicon photodiode does. A photodiode makes use of a p-n junction, a combination of a
positively doped (p-type) and a negative doped (n-type) semiconductor. The majority carriers
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(a) Complete FTIR absorption setup[23]
(b) Optical path for absorption and reflectivity
measurements[24]

Figure 10: FTIR setup

in p-type semiconductors are the holes whereas the majority carriers in n-type semiconductors
are the electrons. Around the junction, which is the connection between the oppositely doped
semiconductors, an equilibrium will be reached with two competing mechanisms that keep the
electrons and holes ’in place’. First, the holes from the p-type material tend to migrate to
the n-type material and the electrons from the n-type to the p-type material. Subsequently,
a potential difference is formed and an electric field will be present because there is a charge
difference between the materials. Because of this electric field, electrons and holes are no longer
able to cross the potential and migrate to the other material. This is the equilibrium which
can only be overcome by a external potential. A positive bias can be created to connect the
positive side of a battery to the p-type material and the negative side to the n-type material.
When the potential of the battery is high enough to overcome the formed electric field in the
depletion region, the region around the p-n junction, a current is flowing. Now, when a photon
excites an electron in the depletion region, a current will flow because of the electric field that
causes the electrons and holes to flow to opposite direction. This current can be measured.
[25] [26]

A CCD works with the same principle as the photodiode does, except that in a CCD an array
of p-n junctions is used, also referred to as pixels. When photons hit the surface, electrons are
collected in the depletion layer of the junction and then transferred to a read-out pixel that is
converted to digital information in a computer. This transfer of electrons is done by a voltage
pulse sequence that transfers the electrons from one potential well to another, successively in
parallel and serial direction Fig. 11b. Important to note is that the detector can be saturated.
If one pixel is illuminated with a very large number of photons, not all photons can excite an
electron that will be collected in the read-out procedure.

Luminescence The setup of the fluorescent microscope is based on inverted microscope and
is sketched in Fig. 13a. The sample can be illuminated with a tungsten-halogen light source,
coupled to a monochromator to adjust desired excitation wavelength, via a beam splitter and
an objective. The tungsten-halogen light source can be changed to a laser light source if higher
light intensity is needed. The beam splitter is perfectly designed for excitation below 500 nm
and emission between 500 and 800 nm (the transmission and reflection are showed in Fig. 13c).
The sample is mounted in a cryostat to allow experiments at low temperature. The light that is
reflected and scattered from the sample is collected via the same objective. With the rotatable
mirror and a camera the sample can be visualised via a tube lens and with the movable stage of
the cryostat the position of the sample can be adjusted to bring it in focus. When the sample
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(a) Overview over the read-out
procedure of an arry of pixels
[26]

(b) A picture showing the mi-
gration of charge in a CCD-
device [27]

Figure 12

is in focus the rotatable mirror can be brought down and the photoluminecent signal can be
detected with the CCD detector.

Absorption With minor changes to the luminescence setup, transmittance can be measured
as well, but the setup is then a normal microscope setup, Fig.13b. The same tungsten-halogen
light source can be used and the monochromator doesn’t play a role in this setup, which yields
a white light spectrum. With the collimator on a different place the light can be brought from
the back of the cryostat. The light is focused by means of a combination of two close-positioned
lenses (convex lens). The light is again collected via an objective, a tube lens and finally the
CCD detector.
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(a) Luminescence setup

(b) Absorption setup

(c) Beam splitter transmission and reflectance in luminescence setup[28]

Figure 14
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3 Results

3.1 FTIR

In this section, results from absorption measurements carried out with FTIR are analysed.
On those measurements, calculations are performed to withdraw the absorption value at the
exciton peak of the sample. The results of this calculation were quite interesting, however no
well-defined quantised absorption value could be obtained yet. In addition, the method with
the combination of microscope and FTIR device is fine-tuned. The samples presented in this
section are all made in Delft. The samples are measured in different positions to account for
the inhomogeneity of the samples.

The samples are measured in the units of absorbance which has to be turned into units of
absorption by means of Eq. 20.

T = 10−A (20)

Where A is absorbance. We assume R ≈ 0 and then it is possible to calculate the absorption,
simply by subtracting T from 1:

1− T = A, (21)

where A is absorption.

Due to thermal effects, the baseline of the graphs is not always starting at zero intensity. This
fact is counteracted by a correction.

After performing a correction for the quartz substrate on the absorption value of 2.3% found
for graphene, a value of 1.5% for PbSe is obtained. This is found by using Eq. 17 and the
value of the refractive index of quartz: 1.4584[29].

3.1.1 Sample 1

Sample 1 is made via oriented attachment with a solution of 15 µL QDs, synthesised by Joep
Peters MSc., diluted in 1 mL toluene.

Figure 15: TEM of sample 1A and 1B, scale
bar is 200 nm

The TEM picture, Fig. 15, shows the large-
scale square structure. However, the sample
is not completely homogeneous. The FTIR
data shows both the normal measured sam-
ple, Fig. 16a, as well as the sample mea-
sured with the microscope, Fig. 16b. Sam-
ple 1A does not so much exhibit the plateau
shaped peaks but more the hill shaped peaks:
this is a clue that the connection between the
quantum dots might not be very strong. The
peaks are clearly visible and the resolution
acceptable. Sample 1B, measured under the
microscope, has a lower resolution. There is
a big difference in all the results which can
be addressed to the fact that the sample is
inhomogeneous. Accumulated quantum dots
and empty spots on the substrate influence
a measurement heavily, this is the main rea-
son different sample positions are measured.
The spots selected with the microscope had
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almost the same value, this might be the case due to the fact that it is possible to select a nice
homogeneous area of the sample by means of the microscope.

(a) Sample 1A (b) Sample 1B

Figure 16: FTIR data

Sample Position Absorption (%) Wavelength (nm)

1A 1 2.0 1767
2 1.3 1767
3 0.9 1767
4 1.1 1767

1B 1 1.5 1728
2 1.6 1739

Table 2: Absorption data of sample 1

One of the interesting things about this sample is the blue shift of the exciton peak after
exposing the sample to air. This sample has well-defined peaks and it was easy to define a value
for the excitation peak. This blue shift is due to the oxidation because for the measurement
under the microscope the samples have to be in air and not in a sample holder because otherwise
it is impossible to find the right focus with the objectives. One way to protect the samples
could be surface treatment.
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3.1.2 Sample 2

(a) 2A and 2B. Nice square structure with vis-
ible necking

(b) 2C and 2D. The sample doesn’t look com-
pletely homogeneous but at least there is a
square structure visible

Figure 17: TEM samples of sample 2, scale bars 100 nm

Samples 2A and 2B are made via oriented attachment with a solution of 40 µL QDs, synthe-
sised by the Owen Group, diluted in 2 mL toluene and 2C and 2D with a solution of 20 µL
QDs, synthesised by Joep Peters MSc., diluted in 1 mL toluene. Both QDs are completely
monodispersed and have the size of 5.7 nm. The FTIR data of sample 2 is presented in Fig.
18. The TEM picture of sample 2A and 2B shows nice long range square structure, however,
the TEM image of sample 2C and 2D is less convincing because it is less homogeneous. Most
of the FTIR absorption graphs of these samples have nice plateau shaped graphs and not so
much the hill shaped structures, Fig. 18a. This says something about the 2D nature of the
material as is described in Appendix A. It can be concluded that the connection between the
particles is present and relatively strong and that the structures have a 2D nature. Important
to note is that the different values of the exciton peak can come from the extended plateau of
the graph. This plateau can be as large as approximately 200 nm and hence, it is not possible
to conclude too much about shifts of the exciton peak.
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(a) Sample 2A (b) Sample 2B

(c) Sample 2C (d) Sample 2D

Figure 18: FTIR data

Sample Position Absorption (%) Wavelength (nm)

2A 1 3.5 1565
2 3.0 1620
3 3.6 1565

2B 2 1.2 1782
3 2.4 1650

2C 1 1.2 1700
2 1.4 1700

2D 1 1.2 1797
2 0.8 1790

Table 3: Absorption data of sample 2

However, this sample yields interesting information about the absorption. The samples again
have values with a large deviation, Table 3. Let’s first consider samples 2B, 2C and 2D. The
difference might be caused by the inhomogeneity of the sample, as described previously in Sec.
3.1.1. When sample 2A is considered, the difference is quite large. The big difference is not
very likely to come from the inhomogeneity of the sample. It could, however, come from a
bilayer. It is possible that a double layer forms instead of a single layer. This would make much
more sense, because the values would fit the other results by considering it to be a doubled
absorption quantum.
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3.1.3 Sample 3

(a) 3A. Square structure is clearly visible, also
in large regions of the sample, scale bar 100 nm

(b) 3B. The sample doesn’t look completely
homogeneous but at least there is a square
structure, scale bar 50 nm

Figure 19: TEM pictures of sample 3

(a) Sample 3A (b) Sample 3B

Figure 20: FTIR data

Sample Position Absorption (%) Wavelength (nm)

3A 1 1.7 1642
2 2.0 1642
3 2.1 1642

3B 1 1.3 1842
2 1.2 1815
3 1.6 1834
4 1.3 1804

Table 4: Absorption data of sample 3

Sample 3 is made via oriented attachment with a solution of 20 µL QDs diluted in 1 mL toluene.
The FTIR data of sample 3 is presented in Fig. 20 and Table 4. From the TEM pictures, Fig.
19, it is possible to conclude that the samples have square structures. The TEM picture of
3A has a long range ordering, sample 3B is less convincing. The FTIR data of both sample
3A and 3B has plateau shaped graphs, but sample 3B has some extra noise. The noise might
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be caused by the sample holder used for the FTIR analysis and it is still possible to derive a
certain value from the graph. The big differences in absorption energy, Table 4 are caused by
the plateau shaped peaks. The absorption data has again differences. This might be caused
by inhomogeneity of the samples, as described previously.

When the values of all the samples are collected and the mean value and standard deviation
is calculated a value of 1.5 ± 0.4% is obtained. This value has a large standard deviation, at
least too large to draw immediate conclusions.

3.2 Fluorescence microscope

To illustrate the principle of the fluorescence microscopy to measure absorption and photo-
luminescence of the superstructures and to demonstrate the performance of the set-up, some
representative measurements of drop casted CdSe are showed.

3.2.1 Luminescence

The setup is perfectly designed for measuring luminescence in a sample, as described in the
Experimental section2.3.3. Luminescence of a drop casted CdSe sample is measured, with a
certain wavelength selected by the monochromator and with a laser light source of 441 nm.
Both with laser light and with the tungsten-halogen light, luminescence is found, Fig. 21.

(a) Laser light source (b) Normal light source

Figure 21: Luminescence experiment on drop casted CdSe sample

Still, the excitation peak is visible, both for the tungsten-halogen light (470 nm) source and
the laser light source 437 nm. This is related to the dichroic beam splitter used in the setup.
Despite the fact that this kind of beam splitters is designed to transmit and reflect in certain
wavelength ranges, they don’t work perfectly. The setup is not ready to carry out luminescence
measurements in the Near InfraRed (NIR). A suitable beam splitter should be mounted and
the objectives used are not designed for light in the NIR region.

3.2.2 Absorption

There are in general two ways of measuring absorption with the setup. The first method is
to measure transmitted light from an empty quartz glass (as a background) and afterwards
the quartz substrate with sample while exposing it to white light, i.e. the monochromator
is not used. Then the amount of absorbed light by the sample can be calculated from the
difference of those two transmission graphs. The other option is to make a sequence of data
points by changing the value of the wavelength with the monochromator both for background
and sample. For the latter, it would be really convenient to write an algorithm to measure
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(a) Exposed to white light (b) Sequence of single wavelengths

Figure 22: Absorption of a CdSe drop casted sample

in a fast way. However, it would be easier to use the former method, because it is faster, no
algorithm is needed and the analysis is much faster.

As is visible in Fig. 22a the absorption peak is visible for a drop casted sample of CdSe
QDs around 560 nm. However, because no monolayer sample is measured it is not sure if the
resolution of the setup is good enough to measure a small value in the order of magnitude of
1%. Also, the usual absorption shape is not present, i.e. the value of the absorption should go
up to higher energies (or lower wavelength).

The other method, with the sequence of different wavelengths, yielded results but it is not
clear if those results are really the desired results, Fig.22b. A peak is found in the right spot,
around 560 nm, but the normal absorption shape of quantum dots is not found. This might be
a result of the low light intensity at lower wavelengths, but it is not sure whether that is the
only reason or not. The two different methods yielded different absorption values, by a factor
of 2. This might be caused by measuring a different spot of the sample, drop casted samples
are usually not very homogeneous.

It is very important to avoid saturation of the detector. If the detector gets too much infor-
mation to process, the region of interest is not analysed in the most optimal way. Saturation
can easily be checked by taking half of the exposure time and check if the intensity is also half
the value it had before for a certain wavelength. For the absorption measurements with the
white light, a pinhole is placed between light source and collimating (convex) lenses to lower
the light intensity on the detector.
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4 Discussion and conclusions

4.1 Discussion

It is a promising result that a value in the right order of magnitude is found an that it
is possible to measure absorption with FTIR spectroscopy, However, the large standard
deviation still prevents the drawing of big conclusions. This can have several reasons which
have to be discussed in this section. There are big differences in the different measurements.
These differences should be overcome by making samples with a higher homogeneity or select
good sample spots with the microscope. Then, the resolution should be better, otherwise the
standard deviation of the measurement is higher compared to the differences of the samples.
The main reason of the differences is still the inhomogeneity, if this can be overcome, the
biggest issue is likely to be solved.

Still, the sample 2A has a high value. Dividing the value by two might seem a bit brute
force. There are several reasons to do this. It is striking that the value is more or less exactly
doubling the result from all other measurements. This points to the quantised character of the
absorption of 2D systems. An extra layer would yield a doubled absorption. Also, compared
to sample 2B, which should be the same, sample 2A is the double value. This points again to
the double layer. Then the only problem is: how is it possible that a double layer has formed?
The formation of a double layer is not impossible. It might be the oriented attachment
procedure that produced the double layer locally or the concentration is accidentally doubled
in the experiment.

The reflectivity of the sample is not considered, it’s assumed to be zero. Reflectivity is mea-
sured with the FTIR under the microscope, but this method is not developed enough to yield
any useful results. Reflectivity should be measured to really be sure about the absorption value.

According to sample 1, the blue shift due to oxidation is quite large. It might be a good
step to do surface treatment on PbSe samples that are measured under the microscope in FTIR.

The fluorescence microscope works for drop casted samples, measured with the CCD-Vis
camera in the visible region, both for absorption and luminescence measurements. As pointed
out before, for absorption measurements it might be better to make use of the FTIR machine
but it might be worth the try to fine-tune the method of the absorption measurement in the
fluorescence microscope setup. For luminescence, the setup works in the visible region, but
there are still two options concerning the light source. The laser light source shows promising
results but there are two major drawbacks when working with this light source. At first, the
monolayer might be melted by the highly intense laser beam. Secondly, the laser light source
has only one wavelength to excite. It is, however, very convenient to change the wavelength
of the tungsten-halogen light source with the monochromator. This might be an important
feature to determine whether a certain peak is luminescent or not. A luminescence peak
is believed to be always at the same energy and therefore not changing by changing the
excitation energy. However, the intensity of the luminescent peak might change by altering
the energy of the incident light. It is therefore more convenient to work with a tuneable light
source. The laser as a light source is still an option but the tungsten halogen light source is
considered the best option.
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4.2 Conclusions

A value of 1.5 ± 0.4% is found for absorption of a 2D PbSe monolayer by FTIR mea-
surements. This value is promising in order to find the absorption quantum of the 2D
PbSe material but still has a too large standard deviation. It is not sure whether this is in-
deed a quantised value or not. More samples are needed to support an undoubtable conclusion.

The fluorescence microscope setup is well prepared to perform luminescence experiments in
the visible region on 2D superstructures.

25



5 Outlook

It is necessary to have more samples of sufficient quality measured to really decrease the
value of the standard deviation of the absorption and to determine the absorption quantum of
PbSe 2D monolayers. It is convenient to have samples of good quality, with a high coverage
of the substrate. This is to reduce the difference of the measurements as much as possible.
Furthermore, the method with the microscope and the FTIR can be explored further. The
method of the measurement is good enough but more experience has to be gained to work
with the machine in a proper way. This microscope measurements could be really helpful,
because the spot on the sample can really be chosen by the experimenter. However, the
reflectivity of the 2D superstructures is not revealed yet. It is unknown if it influences the
measurements in a significant way and therefore, more precise values will be obtained if the
reflectivity can also be measured and considered. It is not sure yet if the absorption value
is really quantised. This has to be checked by measuring more monolayers on top of each other.

The setup for luminescence works, in general. No monolayer samples are measured yet,
but it is likely that those experiments can be carried out in the future. Especially the
luminescence experiment would be really interesting, because luminescence yields a lot of
information about the surface. Since 2D monolayers have a extraordinary high surface to
volume ratio, information about surface quality would be really interesting. As described
in the theory section 1.4, experiments at low T might yield really new information about
the surface quality and energy transitions of the sample. The fluorescence microscope
setup is suitable for low T experiments because the cryostat can be linked to a liquid
helium vessel. This opens up a whole new range of possibly very interesting measurements.
However, it is not sure whether the cation exchanged monolayers (Cd for Pb) have any
luminescence. To counteract possibly quenched luminescence, samples can be treated for sur-
face passivation. This would lower the surface defects and by chance enhance the luminescence.
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who welcomed me, being a physicist, on his lab. Thanks a lot for the opportunity to work in
this environment. Federico, Jaco, Ward, Matthijs and especially Joep for always being around
and available for questions. Thank you, dear master students! Thanks for silently reminding
me of my previous life as a chemist and that I am already studying for five years (great time!).
Bachelor students, the time together was short, but nice! Lieven, thanks for helping out with
LateX and Mendeley. Jesper, Mark and John BSc. (a.k.a. die Engelsman), thanks for playing
numerous card games during lunch and coffee breaks.

27



A Density of states in multiple dimensions

In this section, an intuitive argument is developed for the existence of a plateau shaped
instead of a hill shaped graph in the FTIR data for 2D systems via the density of states of an
electron gas.

The density of states for both a zero-dimensional and a two-dimensional gas can easily be
calculated[30]. The density of the 0D case can be represented by a delta-function because
there is no free motion possible:

g(E)0D ∝ δ(E). (22)

The 2D case is somewhat more complicated because motion is possible in two directions. A
derivation is done to show that the density of states is proportional to E0, i.e. a constant.

At the start, we have the Schrödinger equation:

− ~2

2m
∇2Ψ = EΨ, (23)

which is in two dimensions equal to:

d2Ψ

dx2
+
d2Ψ

dy2
+ k2Ψ = 0, (24)

with k =
√

2mE/~2.

When separation of variables is introduced, we have the following form of the wave function:

Ψ(x, y) = Ψx(x)Ψy(y). (25)

Equation 24 can be written as:

1

Ψx

d2Ψ

dx2
+

1

Ψy

d2Ψ

dy2
+ k2 = 0, (26)

with k2 a constant. Because k is a constant,

1

Ψx

d2Ψ

dx2
=

1

Ψy

d2Ψ

dy2
= −k2, (27)

where k2 = k2
x + k2

y.

The solution of the wave function Ψ is, imposing boundary conditions of the wave function
equalling zero at the infinite barriers of the potential well (our 2D system):

Ψ = A sin(kxx) sin(kyy), (28)

with kx,y = nx,yπ/L where n is an integer. Now, the number of states in a 2D k-space is
proportional to k2:

N ∝ k2 ∝ E (29)

With N , it is possible to calculate the density of states:

dN

dE
∝ E0. (30)
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This implies that the density of states of a 2D electron gas is a step function, which can be
represented with the Heaviside step function:

g(E)2D ∝ H(E). (31)

Both the 0D and the 2D case can be visualised:

(a) 1D (b) 2D

Figure 23: Density of states [31]

Now, going from an electron gas to a system of quantum dots, that have a certain size distri-
bution and therefore an exciton energy distribution caused by quantum confinement effects,
the delta function broadens to a more realistic shape of the density of states. Intuitively, this
corresponds to the system with the quantum dots in dispersion. For the 2D system, an analo-
gous argument can be developed. The plateau shaped peaks are an indication that the system
considered has more properties, at least the density of states, of a 2D system then properties
of a 0D system. This can be recognised in the FTIR data presented in this thesis. The plateau
shaped peaks are an indication of a 2D system and the hill shaped peaks point to a quantum
dot.
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