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1
I N T R O D U C T I O N

”It is a capital mistake to theorize before one has data."

— Sherlock Holmes

1



2 introduction

Colloidal quantum dots (CQDs) and other semiconductor (SC)
nanocrystals (NCs), like perovskites, have developed to be a high-
performance and reliable platform for numerous applications
ranging from photovoltaics [1–3], to light-emitting diodes (LEDs)
[4–6], single photon sources [7, 8], transistors [9, 10] and many
more [11–13]. This class of nanocrystals is extremely versatile
due to their tunable properties in terms of size, composition and
surface chemistry, which in turn influence important character-
istics like bandgap, absorption and emission wavelengths, pho-
toluminescence quantum yield, charge transport, processability,
colloidal stability and film formation properties [14]. Extending
the unique tunability of these nanocrystals by patterning them
on the micro or nanoscale can lead to entirely new applications,
for instance small LEDs for high resolution (flexible) displays [15]
or waveguiding structures that support directional emission [16].
Ultimately, nanostructuring on the scale of the wavelength of
light can lead to collective effects such as resonances, allowing
for enhanced emission and absorption of metasurfaces [17]. Man-
ufacturing of these structures usually requires multiple intricate
processing steps, like stamping [15], template stripping [16] or
multistep lithography with lift-off [18]. In this thesis we explore
the use of lithographic techniques to pattern several types of
CQDs and NCs at the nanoscale. In the following sections we will
first introduce the concepts that are important to the understand-
ing of the work presented here.

1.1 colloidal quantum dots & perovskite nanocrys-
tals

Colloidal quantum dots are nanocrystals made from inorganic
semiconductor materials and have been a research field of in-
terest due to their interesting properties. In bulk SCs there are
bands of allowed energy states for the electrons in the crystal
with an energy gap between the occupied and unoccupied states,
the bandgap. The band below the bandgap in energy is mostly
occupied with electrons and is called the valence band (VB), while
the band above the bandgap, the conduction band (CB), is mostly
empty. However, when electrons are given enough energy, either
due to thermal energy, by excitation with radiation or other ener-
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getic electrons, then electrons are able to move from the VB into
the CB, where they are free to move through the crystal lattice.
The positive hole that was left behind in the VB can also move
through this band, allowing for the movement of charges through
the crystal, and thus the conduction of electricity. In the reverse
process, an electron in the CB can recombine with a hole in the VB

while emitting a photon of the bandgap energy. In bulk SCs the
energy needed to promote an electron to the higher energy CB

is typically in the order of near-infrared (NIR) and visible light,
making it an interesting class of materials for applications where
light can be detected or used as energy source, like photodetec-
tors, photovoltaics and photocatalysis, as well as light emitting
applications like LEDs and lasers, and as electronic devices such
as transistors.

1.1.1 Quantum confinement

What sets quantum dots (QDs) apart from bulk SCs is the fact they
exhibit the quantum confinement effect. This effect is related to
the exciton Bohr radius in the material. QDs are small particles
made from semiconductor material where the size is smaller than
this Bohr radius. When an electron is excited to the CB and leaves
a positive hole behind in the VB, this electron-hole pair is bound
to each other by the Coulomb force and forms a neutral quasi-
particle, the exciton. The radius of this interaction is described
by the exciton Bohr radius (Equation 1.1):

rBohr =
εr h̄2

e2

(
1

me∗
+

1
mh∗

)
(1.1)
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where:

rBohr = Exciton Bohr radius

εr = Dielectric constant of the material

h̄ = Reduced Planck’s constant

e = Elemental charge

me∗ = Effective mass of the electron

mh∗ = Effective mass of the hole

If this exciton Bohr radius is larger than the crystal, the wave-
function will be confined, much like the particle-in-a-box model
of simple atoms. This leads to a discretization of energy levels as
the spacing between the different states becomes larger than ther-
mal energy kT, and an increase in the bandgap energy as shown
in Figure 1.1a (adapted from [14]). This increase in bandgap can
be calculated with equation 1.2.

EQD = E0 +
h̄2π2

8r2

(
1

me∗
+

1
mh∗

)
(1.2)

where:

EQD = Bandgap of the quantum dot

E0 = Bulk bandgap

h̄ = Reduced Planck’s constant

r = Radius of QD

Equation 1.2 shows an inverse quadratic dependence of the
bandgap on the size of the crystal. In practice, this means that
by shrinking the crystal size, the bandgap is increased and ab-
sorption and emission blue-shift. Vice versa, by growth of the
crystal the bandgap reduces and emission red-shifts, as first de-
scribed by Ekimov et al. in the early 1980s [19]. The confinement
effect will diminish as the crystals grow and the bulk bandgap
will be approached when the crystal size becomes larger than
the Bohr radius. This is indeed a trend that is observed in prac-
tice. Figure 1.1b and c show the absorption spectra of different
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sized PbS CQDs [20] and the emission of different sized CdSe
CQDs respectively. The shift in bandgap is apparent in both cases
and is a beautiful tool to optimize the bandgap for the desired
application.

Figure 1.1: (a) Size dependence of energy levels in semiconductors. By re-
ducing the size of the crystal, the energy levels become discrete and further
separated. Adapted from [14]. (b) Absorption spectra of differently sized PbS
CQDs. Smaller crystals result in a blue-shift of the absorption. Adapted from
[20]. (c) Emission of differently sized CdSe CQDs as synthesized by the author.
There is a clear shift in the emission wavelength as a result of a change in
confinement. From left to right the CQDs were given more time to grow, and
are therefore larger.

Due to their optical behavior CQDs are sometimes also re-
ferred to as artificial atoms, since their energy levels are discrete.
Therefore the absorption spectrum shows distinct peaks, and the
emission wavelength is comparably sharp and well-defined. Still,
since CQDs are usually assembled and measured in ensembles,
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any variation in their sizes leads to a broadening of absorption
and emission. With advanced synthetic protocols this variation
in size does not account for a large variation in emission wave-
lengths, meaning that the full-width at half-maximum (FWHM)
can be well below 100 meV.

1.1.2 Synthesis

Although the first QDs were embedded in a glass matrix [19] a
major boost to the field came after the development of the hot-
injection synthesis method introduced by Murray et al. [21]. This
method is now the most common way to produce CQDs in large
quantities and with small size-dispersion, following the LaMer
growth model [22]. In a hot-injection synthesis, depicted in Figure
1.2a, typically one precursor is heated up in high-boiling point
solvent together with surfactants, after which a second precursor
is rapidly added. Due to the high temperature, usually well over
100 °C, the precursors decompose into monomers. The rapid
injection creates a state of supersaturation which is resolved by
rapid nucleation of small crystals. It is key that the nucleation
phase ends quickly, so all crystals start growing at the same
time and end up at the same size. Nucleation will stop when
the concentration drops below the nucleation threshold or when
temperature drops after injection. This initiates stage two, where
the crystals start growing due to addition of the monomers to
the existing crystals. During this stage two competing processes
are present, influencing the CQD size. Size focusing ensures that
the crystals are growing at different rates based on their size.
Due to diffusion-limited growth, larger crystals will increase in
size slower than smaller crystals, allowing them to “catch up" in
their growth, such that the sizes of the particles will grow closer
to each other over time. At the same time, Ostwald ripening
causes larger particles to keep growing by incorporating smaller
particles, thereby causing defocusing of the particle size. Since the
larger surface-to-volume ratio of small particles is energetically
unfavorable, smaller particles tend to be merge with the bigger
crystals over time. Next to this, smaller crystals are easier to
redissolve, especially in unstable temperature conditions. Since
the focusing effect is usually observed first, it is key to terminate
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the growth stage at the right moment by cooling the reaction
with a water or ice-bath, or the injection of a cold solvent.

Figure 1.2: (a) Typical hot-injection CQD synthesis. Adapted from [23]. (b)
Representation of PbS quantum dot with attached surface ligands. Adapted
from [24].

Long organic molecules are used in order to stabilize the crys-
tals during the growth. Typical examples include oleic acid, oley-
lamine and trioctylphosphine oxide. The high surface-to-volume-
ratio of CQDs makes them very susceptible to surface reactions,
like oxidation, that would introduce trap states in the bandgap.
The ligand molecules have a charged endgroup (carboxylic acid,
amine or thiol), that is able to passivate the surface of the crystal,
while the long hydrophobic tail ensures colloidal stability in the
solvent, giving CQD their name. Moreover, the type and ratio
of the ligands used can influence which facets of the growing
crystals are being terminated during growth, thereby influencing
the shape of the CQDs. After synthesis, these surface ligands can
be exchanged in order to passivate the surface better, reducing
the number of trap states in the bandgap which is beneficial for
properties like photoluminescence quantum yield (PLQY). Next
to this, changing the ligands can also alter the local electronic
landscape which can be beneficial for charge transport or lumi-
nescent properties [25–28]. Exchanging the ligands can also make
the CQDs compatible with other matrices like polymers, or make
them even water-soluble [24].
Growing a passivating shell around the core, either directly [29,
30] or by ion exchange after the initial synthesis [31], is another
effective way of passivating the surface of the core crystal. This
is also the reason that the reactions are usually performed under
inert, oxygen- and water-free conditions in a three-neck flask.
The second benefit of shells is the fact that they can introduce
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extra compositional freedom, that is for instance beneficial for
reduction of Auger recombination [32].

1.1.3 Perovskite nanocrystals

A class of nanocrystals that has gained attention in the past
few years is that of lead halide perovskite (LHP) nanocrystals.
Perovskites have shown a tremendous potential for optoelec-
tronic applications due to their rapid rise in solar cell efficiency
from 2.2% in 2006 [33] to 25.6% [34] in 2021, which is already
rivaling the most efficient silicon solar cells at 26.7% [35] that
have been under investigation for over 40 years. The name per-
ovskite is related to a general crystal structure with a composi-
tion of ABX3. The crystal consists of a cubic or tetragonal lattice
with cornersharing octahedra, shown in Figure 1.3a. In LHPs,
the A-site holds a large cation in between the octahedra, often
methylammonium (MA) or formamidinium (FA) in hybrid per-
ovskites, Cs, in a fully inorganic perovkite or a mixture of some
or all of these. The B-site inside the octahedra is occupied by Pb
or Sn and the corners of the octahedra are (a mixture of) halides
(X = I, Br, Cl) [36]. Typical LHP NCs of around 15 nm are shown
in Figure 1.3b.

Figure 1.3: (a) The perovskite crystal structure of cornersharing octahedra. The
yellow A-site atoms are in between the octahedra with the halides (X-site) at
the corners (blue) and a heavy Pb or Sn atom (B-site) in the center (green). (b)
Example of 15 nm sized LHP NCs.

LHP NCs are interesting due to their excellent light emission
properties and tunability. Already in the first reports of colloidal
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perovskite NCs, it was shown that the emission can be tuned
through the whole visible spectrum by simply changing the
halide composition [37]. Note that this is different to the II-
VI CQDs discussed above, where the bandgap tunability was
achieved through quantum confinement rather than composition
engineering. The emission spectrum is also very narrow (<100

meV) and PLQY of over 90% has been achieved [38–40]. One
of the reasons for the high performance of LHP NCs is their
high tolerance to defects. This tolerance means that the bandgap
emission depends less on the surface atoms, which makes the
crystals relatively insensitive to small changes in the surface
passivation [41].

The defect tolerance also makes the synthesis of LHP NCs rel-
atively straight-forward. The most common synthesis route is
via the hot-injection method, developed by Protesescu et al. [37].
A precursor of lead-halide is heated in a non-coordinating high
boiling point solvent and a second precursor, like Cs-oleate, is
added to the mixture in the presence of surface ligands. These
ligands passivate the surface and terminated certain facets, to
control the overall shape of the crystals [42]. The crystals form
very quickly, in the order of seconds, due to their ionic nature,
and NCs can even be formed at room temperature [43]. One of
the more difficult challenges is the purification. Due to their ionic
nature, LHP NCs are (at least partly) soluble in polar solvents.
Next to this the ligands are not strongly bound to the crystals,
which makes the particles sensitive to aggregation and loss of
colloidal stability in the purification process, diminishing their
optical properties. Despite these challenges, many devices have
been made with LHP NCs, for example highly efficient LEDs [5,
44, 45] and solar cells [2, 46].

1.2 photo- & electron-beam lithography

Photolithography, also called optical lithography, is a process
used in semiconductor industry to transfer patterns onto a sub-
strate as part of the manufacturing of integrated circuits (ICs) [47].
After this pattern transfer it is possible to etch into the substrate
or to deposit new layers only in desired areas, thereby allowing
the manufacturing of small devices like transistors. Advances in
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photolithography have allowed to follow Moore’s Law, a predic-
tion made in 1965 and later adjusted in 1975 by Gordon Moore,
that advances in fabrication would allow the number of transis-
tors on the same area to increase by a factor 2 every 2 years [48,
49]. So far, this trend has indeed been followed, although in the
last years we have observed a slow down in feature shrinkage
due to technical challenges. The advancements in manufacturing
have led to a remarkable increase in computing power, while
the price of ICs has dropped significantly, allowing us to carry
powerful computing devices in our pockets.
Electron-beam lithography (EBL) is a similar technique, which
uses incident electrons from a scanning beam, rather than inci-
dent light. Due to the high accuracy of positioning of the electron
beam, very small resolutions of <10 nm are possible [50]. The
process is, however also slower than photolithography, making
it especially popular for small scale prototyping [50] instead of
high volume manufacturing [47].

1.2.1 Photolithography

In photolithography, patterns are projected onto a light-sensitive
layer, the photoresist, that undergoes a chemical change, making
the material either soluble or insoluble. This allows for subse-
quent dissolution of a part of the film in desired areas. Figure 1.4
shows the different steps in the lithographic process.
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Figure 1.4: The main processing steps in photolithography used to transfer
patterns into the photosensitive resist layer.

The resist is usually applied on the wafer through spin coating.
This layer is usually thin, in the order of 10s of nanometers [51].
The application of the resist material should be uniform across
the wafer, in order to ensure uniform patterns. The second step is
exposure which induces chemical changes in the photoresist, that
can be either positive-tone or negative-tone [52]. In positive-tone
materials, the exposed part is easier to dissolve after exposure,
while negative-tone photoresists will be harder to dissolve after
exposure resulting in a solubility contrast between exposed and
unexposed areas.

Exposure is typically done by shining a light source through
a mask, blocking the light in some places and transmitting it in
others. The shape of this illumination pattern is important for
the final shape of the developed features. In negative photore-
sists, a certain density of absorbed photons is required to induce
a solubility switch, that will turn the material insoluble in the
developer. Depending on the shape of the incoming light source
and the slope between areas of low and high intensity. Preferably
this slope is as steep as possible, to create a precise contrast
between intended patterns and intended spaces. The dose cor-
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responding to this density of photons is usually designated as
D0. The material starts to convert into the insoluble product,
everywhere on the sample where this threshold is reached. The
features will be very small in cases where only the locations with
maximum intensity reach the required number of photons for
conversion of the material. By increasing the exposure dose, more
and more of the projection field will receive the required dose
of photons D0. When the intensity slope is shallow enough, the
printed features will become wider and wider with increasing
dose. This principle is demonstrated in Figure 1.5. In interference
lithography, that is often used in research, 2 or more coherent
extreme-ultraviolet (EUV) light beams interfere to project pat-
terns on the desired material [53]. The sinusoidal shape of this
interference pattern has an influence on the quality of the final
patterns.

Figure 1.5: The intensity profile of the projected pattern in interference lithog-
raphy has a direct influence on the patterned features. (a) The solubility switch
will only occur where the intensity threshold D0 is reached. (b) When the
exposure dose is increased and the intensity slope is shallow enough, a larger
part of the exposed area will receive the minimum required dose for a solubility
switch and the features will widen to the correct exposure. (c) If the dose keeps
increasing the features will widen further and wider features than desired
remain.

The next step in the process is the development, sometimes
preceded by a post-exposure bake. Depending on the chemical
mechanism behind the solubility switch, for instance chemical
cross-linking, a post-exposure bake can aid with the diffusion of
reactive species through the photoresist, which helps to smooth
line-edges and can reduce the required dose necessary for pat-
terning [47, 54, 55]. Finding the right development conditions
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is critical for creating the desired features to the right degree of
precision. The chosen developer needs to be selective enough to
quickly dissolve the right part of the resist, but very fast dissolu-
tion can cause the resist to be "ripped off" the substrate. Next to
this, during development, capillary forces between lines of resist
can cause pattern collapse, partly blocking the substrate in areas
where it should be exposed [56]. Finding the right development
conditions is therefore an important aspect of lithography. After
development, part of the substrate or underlayer is exposed and
can be etched away or a new functional layer can be deposited
on top. After resist stripping, the desired features are left on or
in the substrate.

1.2.2 Resolution and roughness

The typical exposure source has moved in the past decades
from deep-ultraviolet (DUV) (Hg-i-line-lamp, λ= 365 nm, 3.4 eV)
to excimer lasers like KrF (λ= 248 nm, 5.0 eV) and ArF (λ=
193 nm, 6.4 eV) [57]. The light source and optics determine the
fundamental limit for the features that can be patterned. The
smallest resolution is derived from the diffraction limit [47]:

CD = k1
λ

NA
= k1

λ

n sin θ
(1.3)

where:

CD = Critical dimension

k1 = Process-dependent parameter, typically >0.25

λ = Wavelength

NA = Numerical aperture

n = Refractive index of background medium

θ = Maximum angle of incidence of the focused light

This principle limits the smallest resolution of these DUV sys-
tems in air (n = 1) to about 48 nm for a single exposure. With
immersion lithography (high NA) and multiple patterning steps
this can be stretched a bit further, but for sub-20 nm features a
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new wavelength is necessary [57, 58]. This is why in recent years
a lot of effort has been put into developing extreme-ultraviolet
lithography (EUVL), which operates at the much shorter wave-
length of λ= 13.5 nm (91.9 eV). Despite the many challenges, the
first EUV-based fabrication has started in 2019 [59].

As in optical lithography when whole wafers are exposed at
once with extremely small features, uniformity is an important
parameter. A rough line can lead to yield losses, when two lines
touch, or can cause signal disturbance in the final devices. Control
of the line-width roughness (LWR) and line-edge roughness (LER)
are therefore critical, especially for reaching smaller scales.

Figure 1.6: The line-edge of a real exposed and developed feature is never the
ideal line edge. Variations in the width of the feature as well as the roughness
are important parameters. The LER is 3σ variation from the ideal line edge.
LWR is defined as 3σ variation of the features’ width [47].

Figure 1.6 shows the LER and LWR as compared to the intended
line. LER is defined as 3 standard deviations (3σ) of an edge from
a line fit to the edge, LWR is the 3σ deviation of the width. Several
factors can play a role in the formation of LWR and LER including
resist formulation, development and, with decreasing exposure
doses, even shot noise: the fact that photons behave like particles
when used in low numbers [60]. Achieving low LER and LWR is
therefore a trade-off with the sensitivity of the resist and the dose
required for good pattern transfer.
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1.2.3 Electron-beam lithography

Electron-beam lithography EBL is a technique where, analogous
to photolithography, small patterns are transferred onto a layer
of material sensitive to the incoming radiation. As with pho-
tolithography, the material will show a change in solubility upon
exposure, allowing selective dissolution. The main advantage of
EBL over photolithography is that it can be used to write sub-10

nm features without the use of a mask, since the wavelength of
an electron is much smaller than that of even highly energetic
EUV photons [50]. The kinetic energy of an electron accelerated
at a certain voltage equals:

E = qV = eVacc =
mev2

e
2

(1.4)

with:

E = Kinetic energy of accelerated electron

q = Charge of particle

Vacc = Acceleration voltage

e = Elemental charge, 1.602 10
-19 C

me = Mass of electron, 9.109 10
-31 kg

ve = Velocity of electron

De Broglie’s equation 1.5 relates the wavelength λ of a fast travel-
ing particle with its momentum p.

λ =
h
p
=

h
meve

(1.5)

with:

λ = Wavelength of particle

h = Planck’s constant, 6.626 10
-34 J s

p = Momentum of particle

By filling in equation 1.4 into 1.5 we can now calculate the wave-
length for an electron that is accelerated at 50 kV, a typical voltage



16 introduction

for e-beam systems, to be λ= 5.48
-12 m or 5.48 pm only. This al-

lows e-beam systems to write incredibly accurately. The trade-off
for this precision is the speed. In contrast to photolithography,
where a whole pattern can be projected on a wafer at once, EBL

is a maskless method that requires the beam to travel along the
sample turning on and off where desired, much like writing with
a pen or pencil. This does allow for incredible freedom in the
design, as the design is not limited to a mask. On top of that, de-
signs can be easily changed from exposure to exposure, without
the need for fabricaton of masks, which makes this a desired tool
for small volume precision manufacturing, like labscale proto-
typing [50]. The resolution of EBL is, in practice, not as small as
the electron wavelength, or even as small as the electron optics
would allow. It is limited by practical limits like electron scatter-
ing length, secondary electron generation and charging [47]. The
electrons from the incoming beam as well as secondary electrons
caused by eleastic and inelastic scattering deposit energy in the
resist leading to resist cross-linking or breaking molecular bonds
and creating reactive radicals [55]. Additionally, electrons can
backscatter from the substrate, as the highly energetic electrons
mostly pass through the thin resist films.

1.2.4 Photoresists

For optimal patterning with different techniques, different types
of resist exist. In DUV, the most common type of resist is the
chemically amplified resist (CAR), where photo acid generators
(PAGs) are dispersed in a matrix of polymer. Upon exposure
to DUV light, the electrons in PAG are excited which causes a
dissociation leading to the release of a proton (H+). This acid
can subsequently attack certain side groups in the polymer chain
in a proces called deprotection. The deprotected groups have a
different polarity than the original group, causing a solubility
switch. Since the acid used for deprotection leads to the creation
of another acid, 1 absorbed photon in a PAG can lead to more
than 1 deprotection reaction, thereby amplifying the effect of the
photon [61]. A post-exposure bake can aid in the diffusion of
acids, thereby increasing the sensitivity of the resist. In order to
quench the reaction, usually a small amount of bases is present
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in the resist as well, to make sure the reaction does not continue
too far away from the original absorption event, thereby blurring
exposed features [47].

In non-CAR resists, other reactions can also be observed. Poly(methyl
methacrylate) (PMMA) can, for instance, undergo scission re-
actions that break the polymer chain, reducing the molecular
weight of the chain, making it more soluble after exposure [62].
These types of reactions happen due to the high energy of the
photons or electrons, which is higher than the energy of typical
C-C bonds or C-H bonds. Therefore, absorption of an EUV pho-
ton or irradiation with a highly-energetic electron can also lead to
the creation of reactive radicals that can initiate polymerization
reactions [63].

Most CARs are fully organic molecules, heavy in carbon, oxy-
gen and hydrogen. Since the absorption cross-section of these
elements for EUV is very low [64], the sensitivity for EUV is low.
In order to increase the absorption of EUV, a new class of resists
has emerged in the form of metal-based hybrids. These are small
nanoparticle based resists with an inorganic core with a size of 1

- 2 nm, surrounded by organic shells that can provide solubility.
Many different materials have been developed which are for
instance based on Zr, Hf [65, 66], Sn [52, 67, 68] or Ti [69]. The
materials have shown promise as EUV resist. Due to the analo-
gous nature of CQDs with these nanoparticle based photoresists,
it is interesting to investigate the direct patterning of CQDs with
EUVL and EBL.

1.3 patterning of cqds and ncs

CQDs have been patterned with many different approaches like
self-assembly [70, 71], template stripping [13, 16], dry-stamping
[15], inkjet printing [6, 72], imprint lithography [73, 74], multi-
step lithography with resists [18], or direct lithography [75–79].

In self-assembly approaches, substrates are initially patterned
with self-assembled monolayers. By tailoring the surface ligands
of the CQDs, the interactions with the monolayers are altered,
either attracting or repelling them, leading to self-assembly of
the crystals after immersion or dropcasting [70, 71]. Downsides
of this method are the multi-step processing and the fact that
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a functionalization of the surface isolates the CQDs from the
substrate, which is bad for charge transfer in electronic devices.
Next to this, it is challenging to pattern at sub-micron resolutions.

The template stripping method, applied by the Norris group
[13, 16], uses e-beam patterned templates of etched silicon. After
etching, the patterns are filled by dropcasting CQD solutions on
top. After dropcasting epoxy on top followed by deposition of a
glass slide, the epoxy layer is cured and patterns can be stripped
from the mold. The resulting structures are well-defined and
the templates can be reused. The method does, however, require
multiple steps for fabrication, and a new template is needed for
every new design.

Dry-stamping is another transfer technique. A CQD layer is
spincoated on a functionalized surface and a patterned polydimethylsiloxane
(PDMS) stamp is used to transfer parts of the film to a new de-
sired substrate. Benefits are the large area that can be patterned,
as well as layer-by-layer deposition. The resolution, however, is
limited to the micron range.

Inkjet printing works by directly depositing CQD inks as droplets
on the substrate [72] or into patterned photoresist layers. It allows
for good precision of deposition, but the uniformity can be a
challenge due to non-uniform solvent evaporation after deposi-
tion. This also makes it challenging to fabricate structures with
straight side-walls.

Several lithography techniques for patterning CQDs have been
used as well. Imprinting techniques show a lot of promise for
patterning large areas with high resolution [73, 74], but have the
downside that the CQDs need to be embedded in a curable matrix,
reducing the density of CQDs and isolating them from each other.
Multi-step lithography with lift-off, seems the most straight-
forward method of patterning CQDs. A resist is patterned and
developed after which the CQDs are dropcasted or spin-coated
on top. After lift-off, good quality structures remain, although
the lift-off process is challenging due to CQDs sticking to the
sidewalls of the resist.

In direct lithography, the CQD material itself is exposed to
a photon or electron source leading to changes in the ligand
chemistry that allow a selective dissolution of the unexposed
crystals. A direct patterning method, developed in the group
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of Talapin, used the photodegradation of the capping ligands
under UV [77] and blue light [78]. The technique yields clear
structures without affecting the CQDs. The resolution is, however,
limited by the wavelength of light used for exposure. Palazon et
al. used an X-ray photoelectron spectroscopy (XPS) source (λ =
0.83 nm, 1486.6 eV) to pattern perovskite NCs directly by cross-
linking the ligands [76]. Shadow masks were used to pattern the
material at microscale, although the wavelength of light would
allow for smaller structures. Next to making patterns by selec-
tive dissolution, the exposure also impeded ion-exchange in the
crystals, which allowed for selective ion-exchange in the film to
create areas with different composition and thus different emis-
sion. Little work has been done on patterning CQDs with e-beam
lithography. Nandwana et al. showed patterning of CdSe [75]
with trioctylphosphineoxide (TOPO) ligands and more recently
Dement et al. [79] showed direct patterning of CdSe for precise
placement of emitter material in a photonic application.

1.4 outline

This thesis seeks to shed light on the possibility to pattern CQDs

by advanced lithographic methods. Due to their inherent func-
tionality, CQDs are interesting to pattern on the scale that pho-
tolithography and e-beam lithography unlock. In chapter 2 we
discuss the patterning properties of as-synthesized PbS and CdSe
CQDs when exposed to EUV and discuss the mechanism leading
to patterning as well as the optical properties of the patterned
materials. In chapter 3 we discuss the effect of e-beam irradiation
on the same materials. Next, in chapter 4 we discuss how we
can pattern a new emerging class of nanoparticles, perovskites
nanocrystals, with the use of EBL and we discuss the effects on its
optical properties. Finally, in chapter 5 we discuss an application
for the nanopatterning of CQDs with direct lithography in the
form of a Bragg grating which manipulates the direction of light
emission and paves the way to a lasing CQD device.


