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The sky is clearing and the night
Has cried enough

The sun, he come, the world
To soften up

Rejoice, rejoice, we have no choice but
To carry on

Crosby, Stills, Nash & Young (1970)

Voor mijn lieve ouders, dank voor jullie onwrikbare vertrouwen.





C O N T E N T S

1 introduction 1

1.1 Colloidal quantum dots & perovskite nanocrys-
tals 2

1.1.1 Quantum confinement 3

1.1.2 Synthesis 6

1.1.3 Perovskite nanocrystals 8

1.2 Photo- & electron-beam lithography 9

1.2.1 Photolithography 10

1.2.2 Resolution and roughness 13

1.2.3 Electron-beam lithography 15

1.2.4 Photoresists 16

1.3 Patterning of CQDs and NCs 17

1.4 Outline 19

2 cqd patterning via euv lithography 21

2.1 Introduction 22

2.2 Results and discussion 23

2.3 Conclusions 33

2.4 Experimental methods 34

2.5 Appendix 38

3 cqd patterning via e-beam lithography 45

3.1 Introduction 46

3.2 Results and discussion 47

3.3 Conclusions 53

3.4 Experimental methods 54

3.5 Appendix 57

4 direct patterning of cspbbr3 ncs via e-beam

lithography 61

4.1 Introduction 62

4.2 Results and discussion 63

4.3 Conclusion 74

4.4 Experimental methods 74

4.5 Appendix 78

5 towards waveguiding and lasing in patterned

qd films 81

5.1 Introduction 82

ix



x contents

5.2 Bragg gratings 85

5.3 Towards a lasing CQD device 89

5.4 Discussion and outlook 91

5.5 Conclusions 94

5.6 Experimental methods 95

5.7 Appendix 99

References 107

Summary 119

Samenvatting 122

List of publications 125

Acknowledgments 127

Curriculum Vitae 135



A C R O N Y M S

ACE Acetone

AFM Atomic force microscopy

ASE Amplified stimulated emission

BBO Beta-barium borate

CAR Chemically amplified resist

CB Conduction band

CE Counter electrode

CQD Colloidal quantum dot

DFB Distributed feedback

DI De-ionized

DUV Deep-ultraviolet

DUVL Deep-ultraviolet lithography

DMSO Dimethylsulfoxide

EBL Electron-beam lithography

EUV Extreme-ultraviolet

EUVL Extreme-ultraviolet lithography

FA Formamidinium

FTIR Fourier transform infrared spectroscopy

FRET Förster resonant energy transfer

FWHM Full-width at half-maximum

IC Integrated circuit

IPA Isopropanol

ITO Indium tin oxide

LED Light-emitting diode

LEE Low-energy electron

LEEM Low-energy electron microscope

LER Line-edge roughness

xi



xii contents

LHP Lead halide perovskite

LWR Line-width roughness

MA Methylammonium

MeOH Methanol

NC Nanocrystal

NIR Near-infrared

OA Oleic acid

ODE 1-octadecene

ODPA Octadecylphosphonic acid

OlAm Oleylamine

PAG Photo acid generator

PDMS Polydimethylsiloxane

PL Photoluminenscence

PLQY Photoluminescence quantum yield

PMMA Poly(methyl methacrylate)

PRE Pseudo-reference electrode

PTFE Polytetrafluoroethylene

QD Quantum dot

SC Semiconductor

SNR Signal-to-noise ratio

SEM Scanning electron microscope

SHG Second-harmonic generation

TCSPC Time correlated single photon counting

TOP Trioctylphosphine

TOPO Trioctylphosphineoxide

THF Tetrahydrofuran

TMS Bis(trimethylsilyl)sulphide

VB Valence band

WE Working-electrode

XPS X-ray photoelectron spectroscopy

YAG Yttrium aluminium garnet



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
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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.
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2.1 introduction

Photolithography is a major manufacturing technique for pat-
terning many functional materials at the nanoscale and is es-
sential for the semiconductor devices that power our modern
world. Typically, nanostructures for large-scale applications are
written by (deep-) ultraviolet lithography (λ = 193 - 365 nm,
deep-ultraviolet lithography (DUVL)). The resolution of DUVL

is limited by its wavelength and sub-20 nm features can only
be reached with complex multi-step exposures. This complex-
ity pushes the industry to introduce a new technique based on
extreme-ultraviolet lithography (λ = 13.5 nm, EUVL), which is
currently rolling out to become the standard in large-scale lithog-
raphy manufacturing for the highest performance integrating
circuits over the next years. Photolithography processes rely on
masks to write the nanostructures onto a substrate covered with
photoresist. The illuminated light induces a solubility change of
the resist, which allows for subsequent dissolution of either the
illuminated (positive tone) or unexposed (negative tone) areas.

Although photolithography is often carried out as an inter-
mediate step in order to deposit or partially remove an active
material, previous work has been carried out on patterning ac-
tive materials in the form of colloidal quantum dots via pho-
tolithographic processes. Wang et al. exploited the degradation
of 1,2,3,4-thiatriazole-5-thiolate capping ligands. These are solu-
ble in polar solvents, and become insoluble thiocyanate ligands,
by UV-radiation (λ = 254 nm) [77]. This approach with other
light-sensitive ligands was later expanded to include blue-light
lithography (λ = 405, 450 nm) as well [78]. Palazon et al. used
X-rays from an XPS source (λ = 0.83 nm, 1486.6 eV) to pattern
nanocrystals directly by cross-linking the ligands [76].

Here we show a general, single-step, resistless method that
allows direct pattering of two different semiconductor quantum
dots (CdSe, PbS) with either low-energy DUV or high-energy EUV

photons (5.5 eV or 91.9 eV; DUV & EUV). We find that the quantum
dot ligands cross-link upon exposure, making the exposed areas
insoluble. This technique allows patterning of nanostructures
down to tens of nanometers. The photoluminenscence (PL) ef-
ficiency remains almost constant upon patterning, making the
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pattering technique suitable for optical applications.

2.2 results and discussion

We synthesized two types of colloidal quantum dots from CdSe
and PbS. These materials have been used in e.g. solar cells and
for light emitting applications. Both materials were capped with
their native ligands oleic acid, a mono-unsaturated long (C18)
carboxylic acid. We then deposited these CQDs by spin coating
thin films onto silicon substrates and exposed them to three dif-
ferent UV light sources in the form of near-UV light (λ = 365 nm,
3.4 eV) from a MA BA 6 Mask aligner, DUV light from a yttrium
aluminium garnet (YAG) DUV laser (λ = 225 nm, 5.5 eV) and EUV

light (λ = 13.5 nm, 91.9 eV) from a synchrotron (Swiss Light
Source). To pattern the CQDs by EUVL we used open frame expo-
sure for large areas (0.5 × 0.5 mm), or diffractive transmission
optics to write either lines or pillars using interference lithogra-
phy. The size of the features was varied by changing the grating
period. After exposure the samples were developed by dipping
the samples into toluene or hexane for 10 seconds.

By exposing the CQDs to the EUV light or chemical reactions are
induced. These reactions can include cross-linking between the
quantum dot ligands, upon which exposed areas become insolu-
ble in the developer. This solubility change allows for contrast
between the exposed and unexposed areas and the formation
of nanostructures of nanocrystals (Figure 2.1a). Upon exposure
with EUV photons, the high energy of the photons induces ion-
ization events in the absorbing atom, leading to the creation of
photoelectrons, holes and reactive radicals [55]. These electrons
typically still have a relatively high energy of around 80 eV [80]
and can scatter inelastically with other electrons, losing energy
along the way. The energy transfer from the photoelectron to the
surroundings can promote excitations and even ionization events.
Typical chemical bonds in organic materials, like the C-C or C-H
bond have a bond strength of 3.6 eV and 4.4 eV respectively
[81]. Yet even electrons with energy much lower than this bond
strength can induce chemical change in the material by means of
dissociative electron attachment, where electrons are trapped by
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a molecule in an antibonding orbital. [55, 82] This process results
in bond cleavage and subsequently in the generation of reactive
species like radicals which can react with double bonds and
induce the formation of new bonds, leading to the carbon chains
cross-linking [83, 84]. As the absorption of one EUV photon can
lead to a multiple of lower-energy photoelectrons, EUV radiation
can have an inherent chemical amplification, possibly requiring
lower exposure doses.

Based on the potential cross-linking chemistry of oleic acid
ligands, we anticipated that exposure to radiation could trans-
form the material into a cohesive network of nanocrystals which
is insoluble in the developing solvents, even though the unex-
posed quantum dots are colloidally stable in the same solvents
for months. After spin coating thin films of PbS and CdSe we
exposed them to EUV radiation. Figures 2.1b-e show scanning
electron microscope (SEM) images of pillars written in PbS CQD

films by EUV (180 nm pillar diameter, 400 nm pitch, 140 mJ cm−2,
Figure 2.1b,c) and line/space patterns written by EUV in CdSe
CQD films (50 nm line width, 100 nm pitch, 55 mJ cm−2, Figure
2.1d,e). More examples can be found in the appendix, section
2.5. A clear contrast is observed after development, as the CQDs
remain in the areas where the sample was exposed to EUV light.
The pattern is visible and uniform over large areas of several
µm2. The development is rapid, with almost no CQDs left in the
unexposed areas after 10 seconds of immersion in the developer.
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Figure 2.1: (a) Direct quantum dot patterning with different UV sources. Col-
loidal quantum dots are spin-coated onto silicon substrates to form thin films.
After irradiation with photons with different energies, the particles cluster
together through cross-linking of their organic shells. After submersion in an
apolar developer, the irradiated structures remain on the substrates, while non-
irradiated quantum dots dissolve. Images (b-e) are SEM images. (b) Large field
of patterned PbS pillars (180 nm diameter, 400 nm pitch) after EUV-exposure
(140 mJ cm−2) and development. Very few defects are present. (c) Close-up
of patterned PbS pillars. (d) Large-scale field of EUV-patterned CdSe lines.
Exposure dose 55 mJ cm−2. (e) Close up of CdSe lines. The individual quantum
dots can easily be identified.

To identify the chemical changes leading to the clustering of the
nanocrystals and their solubility switch, we investigated samples
exposed to different doses of EUV light (0 to 340 mJ cm−2) with
Fourier transform infrared spectroscopy (FTIR). The CQD ligand,
oleic acid, is a relatively simple molecule, an 18-carbon-atom
long mono-unsaturated molecule, with a carboxylic end group.
The most prominent features in the FTIR spectra are the features
between 2800 and 3100 cm−1, between 1300 and 1600 cm−1 and
around 1100 cm−1 (see Figure 2.2).
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Figure 2.2: FTIR spectra of EUV exposed PbS CQD films. Vibrational features are
indicated. Parts of the spectra in the dashed boxes are magnified for clarity.
The C-H stretching around the double bond decreases and the C-C stretching
increases after exposure, indicating cross-linking of the carbon chains. The
carboxylic anchoring group is unaffected. Spectra are normalized with respect
to the CH2 stretches.

The absence of an absorption peak around 1700 cm−1 indicates
the absence of protonated -COOH end groups, which would re-
veal the presence of unreacted excess of oleic acid in the sample
before exposure, or the formation of free ligands upon expo-
sure. The peaks between 1300 and 1600 cm−1 are related to the
symmetric and asymmetric stretching modes of deprotonated
carboxylate COO− as bound to inorganic nanoparticles and quan-
tum dots [85–87]. The absorption between 1300 – 1700 cm−1 does
not change as function of dose, and we therefore conclude that
the binding of the ligands to the crystal surface remains un-
affected, which is important for maintaining a passivated CQD

surface. The high wavenumber region, around 2925 cm−1, cor-
responds to stretching modes of CH2 (2850 cm−1), CH3 (2950

cm−1) [87, 88] and the CH bending of the C=CH bonds (3005

cm−1) [89]. We observe a systematic decrease and broadening
of the peak at 3005 cm−1, which corresponds to a reduction in
the number of double bonds when higher doses of EUV are in-
teracting with the sample. The often used, but generally weak
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feature for C=C around 1650-1640 cm−1 was on the level of the
noise and therefore not used in this analysis. C=C features below
1000 cm−1 were difficult to separate from -CH modes that are
present due to different possible configurations of the oleic acid
molecule, as well as influenced by the background signal of the
silicon substrates and therefore not used. Finally, we observe an
increase in the peak around 1105 cm−1, commonly attributed
to C-C-H stretching in metal oleate molecules [88]. An increase
in this peak upon exposure can be rationalized by formation of
new C-C-H bonds. Taken together, these changes demonstrate
the cross-linking of the ligands at the position of the double bond
in the carboxylic acid molecule. The cross-linking then turns the
nanocrystal film into an insoluble, interlinked solid. Presumably,
to form a coupled network, only a small number of cross-links
per quantum dot are necessary to switch the solubility. The peak
at 3005 cm−1 does not disappear even at the highest dose, mean-
ing that many ligands remain unchanged.

Further evidence of such cross-linking was found by measur-
ing the height profile of an EUV exposed PbS film with atomic
force microscopy (AFM) mapping shown in Figure 2.3. The film
shows virtually no reduction in thickness at the edge of an ex-
posed area before development. This result is consistent with the
observation that only a fraction of the ligands cross-link the CQDs
and rules out major loss of ligands by outgassing. The phase map
in the AFM, however, shows a high contrast between exposed and
unexposed areas. The shift of phase angle from 3° to 25° can be
correlated to a change in the visco-elastic properties of the ma-
terial, where higher phase-shifts are related to a stiffer material
due to stronger repulsion of the AFM tip, even though this change
is difficult to quantify [90]. A stiffer material is consistent with
cross-links of the organic ligands into a denser network.
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Figure 2.3: AFM height map (a) and phase map (b) of an undeveloped film of
PbS quantum dots. The side right of the the dashed line has been exposed to a
340 mJ cm−2 dose of EUV. While the height map does not show a significant
height difference between exposed and unexposed areas, the phase map shows
a clear increase in the phase angle, which is consistent with an increased
Young’s modulus.

In order to determine the optimal dose for writing nanostruc-
tures with EUV, we write the PbS pillars at a range of intensities
and measured their topology with AFM (Figure 2.4). We find that
even at low exposures (40 ± 6 mJ cm−2) we obtain the regular
pattern after development, yet very thin. The features are on
the order of 5 – 10 nm high. Presumably, the low number of
photons only cross-links a fraction of the particles, slowing down
the dissolution rate [91]. When increasing the dose, the features
become thicker and more clearly resolved, with sharper contrast
between lines and spaces and a more reproducible shape. At
80 - 120 ± 15 mJ cm−2 we find well-resolved features and the
thickness saturates at 40 nm, which is as thick as the original
film. We find that the maximum film thickness needs to be on the
same order as the desired feature size, as the maximum aspect
ratio (height/width) of features is a little over 1. The relatively
low dose required to write structures with EUV is particularly
desirable because in commercial applications, which require an
even lower dose of 20 - 30 mJ cm−2, the EUV photons are pro-
duced from tin-droplet plasma, which is expensive. At higher
doses the features remain easily distinguishable, but the feature
size keeps increasing with dose, indicating overexposure. Over-
exposure emerges when the number of photons necessary for a
solubility switch is surpassed outside of the intended region. As
the features are written with interference lithography, the light
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pattern consists of sinusoidal intensity patterns with a certain
slope between minima and maxima. This leads to broadening
of the written features when the dose is increased beyond the
intensity threshold, as explained in more detail in chapter 1.

Figure 2.4: AFM image of PbS pillars exposed to different doses of EUV light.
(a) Low doses lead to thin features remaining after development, (b, c) with
good feature size and contrast between 80 – 120 ± 15 mJ cm−2. (d) At very high
doses the feature dimension increases due to overexposure.

Since the onset of cross-linking was hard to define by AFM

because of the absence of a sharp edge, PL measurements were
performed on EUV-exposed CdSe films as an accurate probe
suitable for very thin films (Figure 2.5a,b). An appreciable PL

is detected for doses as low as 19.7 mJ cm−2, consistent with
detectable contrast in optical microscopy images which can be
found in appendix 2.5. The PL intensity increases with increasing
dose, as a thicker film of CQDs remains on the substrate. This
increase in PL plateaus at doses over 280 mJ cm−2, which roughly
correlates with D100 (Figure 2.5b and Figure 2.9 in the appendix).
EUV doses higher than 280 mJ cm−2 do lead to a small decrease
in PL intensity, but the error bars also increase due to variations
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of PL within the film.

Figure 2.5: (a) PL spectra of CdSe films after exposure with EUV and devel-
opment. The integrated PL intensity as function of EUV (b) shows an increase
in PL intensity as function of the exposure dose, which is related to the in-
creased thickness of the remaining quantum dot film. Error bars indicate spread
between multiple measurements on the same sample. (c) Position of peak fluo-
rescence of CdSe films after exposure to EUV and development. Exposure leads
to an initial red-shift, followed by a small blue-shift.

We fit the PL curves with a Gaussian profile to extract both
the peak location (Figure 2.5c) and FWHM as a function of the
dose (shown in the appendix, Figure 2.10). We observe an initial
red-shift, followed by a small blue-shift in the emission energy
as dose increases. The initial red-shift occurs in the dose range
where cross-linking starts. Cross-linking of the CQD ligands may
reduce the interparticle spacing. This reduction enhances the
energy transfer between the nanocrystals via the Förster resonant
energy transfer (FRET) that favors emission from lower-bandgap
quantum dots [92–95]. As the efficiency of energy transfer is
strongly dependent of the distance between the two dipoles,
small differences in interparticle distance in the order of several
Å can already lead to such small red-shifts in the spectrum of
PL [96]. The reduction in interparticle spacing also increases
the electronic coupling between dots, reducing the quantum
confinement [92–95, 97, 98]. We attribute the blue-shift at higher
doses to a slight etching of the quantum dot surface by the
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high dose of highly energetic electrons. This removal of only a
few surface atoms reduces the size of the CQD core, leading to
an effectively smaller crystal with more confinement, while not
necessarily changing the radiative lifetimes [99]. The blue-shift we
observe (10 - 20 meV) corresponds to less than 0.1 nm reduction
in CQD radius [100]. Another explanation for the blue-shift could
be related to a change in the electronic environment, which
is mainly a function of the ligands. A change in the electronic
environment would require either (i) ligand removal, (ii) a change
in the binding of the ligands to the surface or (iii) a change in
their chemistry. FTIR indicates that the intensity of CH2/CH3

as well as the binding group remain unaffected, excluding (i)
and (ii). Cross-linking could indeed form a larger barrier for
the electronic wavefunction, and hence leading to a blue-shift.
However, this change would be counter intuitive as cross-linking
should reduce the (average) chain length leading to a red-shift
instead.

The PL intensity scales with the film thickness (Figure 2.12),
which is an indication that the PLQY is relatively independent
of dose. The PLQY is the ratio of radiative decay rate to the total
decay rate (radiative + non-radiative decay). The non-radiative
decay is mainly mediated by trap states due to imperfect sur-
face passivation or changes in the electronic environment of the
surface [24, 101]. This surface passivation arises from ligands
binding to the surface. One would thus assume that a change
to the ligand shell may affect the PLQY. Even a small fraction
of ligand release would induce a large density of traps. Milder
changes such as cross-linking may also change the PLQY, for in-
stance because the refractive index of the ligands will change
slightly. Also, cross-linking by aggregation of nanocrystal cores
should red-shift the emission strongly due to an effective growth
of the crystal and reduction of the confinement [102]. The stabil-
ity of the signal from the binding group we found earlier in FTIR

is consistent with minimal changes to the ligand anchoring on
the quantum dot surface.

PL lifetime measurements are an accurate way of quantify-
ing changes in non-radiative recombination [103]. We recorded
lifetime traces of CdSe CQD films exposed to different doses of
EUV exposed samples are shown in Figure 2.6a. Although de-
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cay traces of quantum dots in solution or single quantum dots
commonly exhibit a single exponential decay, multi-exponential
decay behavior is often found in solid-state ensembles of quan-
tum dots [104–106]. Similar to previous work we observe a bi-
exponential decay consisting of one stretched exponential term:

y (t) = A1e−
(

t
τ1

)β

+ A2e−
t

τ2 [107]. Figure 2.6b shows the different
lifetime components for EUV exposure as function of the expo-
sure dose. We can observe a small initial decrease in lifetime for
both τ1 and τ2, which is consistent with the enhanced interpar-
ticle energy transfer described above. Above 200 mJ cm−2 we
observe a slow increase in τ1 with increasing dose. The stretched
exponential exponent β, shown in the appendix, Figure 2.13, as
function of dose, also appears to be stable at β = 0.29 ± 0.01

for EUV exposure. We use these lifetime components to estimate
a relative change in internal PLQY (see appendix, section 2.5),
and find that upon EUV exposure PLQYint drops by 20 - 50%. It
should be noted however, that this analysis assumes no changes
in outcoupling, which could affect the results. Although a small
decrease in PLQY is observed, we would argue that the exposure
is relatively mild to the CQD cores and these issues are likely
mitigated by growing shells or using a repassivation step.

Figure 2.6: (a)PL lifetime traces of EUV exposed CdSe films after development.
(b) Fitted lifetime components of the EUV exposed films as function of dose.
Radiative lifetimes become shorter after exposure, but are remarkably stable
after the initial decrease.

EUV photons are very energetic in comparison to the visible
spectrum. In order to investigate the minimum energy required
to give rise to the chemical changes inducing a solubility switch,
we exposed the quantum dot layers to less energetic radiation,
in the form of deep-ultraviolet (DUV) light (λ = 365 nm, 3.4 eV,
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and λ = 225 nm, 5.5 eV). Using lower-energy photons by DUV

exposure is also possible. Previously Wang et al. already showed
that deep-UV or blue light (λ = 254, 365, 405, 450 nm, 4.9, 3.4,
3.06, 2.75 eV) can be used for patterning CQDs covered with pho-
toactive ligands, as these molecules are unstable and degrade
under exposure and their destruction leads to colloidal instability
of the CQDs [77, 78]. As the mechanism of the solubility switch is
different in our case (cross-linking), it is not obvious whether DUV

is energetic enough to induce this change. Exposure to 365 nm
from a Suss MA6 mask aligner was unsuccessful. The intended
pattern would not remain on the substrate, indicating that no
chemical conversion was achieved. More energetic λ = 225 nm
(5.5 eV) DUV light from a Nd:YAG-laser (NT342B, Ekspla) did
induce a solubility switch, however only at very high doses of
4000 mJ cm−2 (see appendix, Figure 2.15), which is two orders of
magnitude higher than for EUV photons. Photons with energies
below the ionization energy promote only resonant electronic
transitions. Therefore, if the relaxation process of these bound
states does not lead to any bond cleavage, no chemical reaction
can occur. It seems that as long as a minimum energy threshold
of around 5.5 eV for photons is reached, as-prepared quantum
dots can still be cross-linked to pattern them at micron- and
nanoscale. We can see however, that the higher energy of the
EUV photons allows for a more efficient cross-linking, possibly
due to the fact that one absorbed EUV photon can create multiple
reactive species that may cross-link more CQDs simultaneously,
requiring less photons for full conversion.

2.3 conclusions

We demonstrate a general one-step nanopatterning technique
for as-synthesized PbS and CdSe quantum dots with advanced
photolithography. Both relatively low-energy photons (from 5.5
eV) can be used for patterning, as well as higher-energy EUV

photons (91.9 eV). Features can be as small as 60 nm which
roughly corresponds to about 10 CQDs in diameter. We find that
the solubility change is achieved by cross-linking the organic
ligands, to create a cohesive quantum dot film. Required doses
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are relatively low and, in the order of commercial state-of-the-
art patterning materials (~120 mJ cm−2) for EUV. Optimizing
ligand chemistry might improve the sensitivity even further.
The exposure to extreme-UV photons, even to relatively high
doses, does not significantly affect the luminescent properties.
The versatility and simplicity of the technique allows for intricate
designs at both nano- and micron scale. This simple, universal
patterning technique can open a route to numerous applications
with active semiconductors patterned on the nanoscale.

2.4 experimental methods

Chemicals: Lead oxide (PbO, 99.995%), selenium (Se, 99.999%
pure), n-octane (>98%) were purchased from Alfa Aesar. Hex-
ane (anhydrous) and toluene (anhydrous) were purchased from
VWR. Bis(trimethylsilyl)sulphide (TMS) (>98%), cadmium oxide
(CdO, 99.99%), 1-octadecene (ODE) (technical grade 90%), oleic
acid (OA) (technical grade 90%), acetone (ACE) (analytical grade),
isopropanol (IPA) (analytical grade), methanol (MeOH) (analyti-
cal grade), sulfuric acid (H2SO4, 97.5%) and hydrogen peroxide
(H2O2, 30%) were purchased from Sigma Aldrich. Double-side
polished silicon wafers were purchased from Siegert Wafer.
Nanocrystal synthesis: PbS nanocrystals were synthesized fol-
lowing Barkhouse et al. [108]. In a typical synthesis of PbS quan-
tum dots, 0.45 g of PbO was added to 1.51 mL of OA to 18 mL
of ODE into a three-neck flask. The solution was degassed at
100

o C for 3 hours under vacuum. All the powder dissolves,
resulting in a clear solution. A second precursor was prepared by
adding 0.213 mL of TMS to 10 mL of ODE. The lead precursor was
heated to 120

o C. When the temperature was stable, the sulphur
precursor was injected quickly and PbS quantum dots nucleate,
resulting in a black solution. The reaction was quenched after
about 30 seconds by injecting 20 mL of cold hexane and removing
the flask from the heat, resulting in crystals of about 2 nm in
size. After cooling to room temperature, the nanocrystals were
washed three times by precipitation in ACE (first wash) and IPA

(second, third wash), followed by centrifugation, discarding of
the supernatant and redispersion in toluene. Finally the quantum
dots were stored in octane at the desired concentration.
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Synthesis of the CdSe quantum dots was done similar to Čapek
et al. [109]. First, a selenium precursor was prepared of 0.1 M
elemental selenium in ODE inside a three-neck flask. In order to
accelerate the dissolution, the solution was heated to 180

o C for
5 hours, yielding a clear, orange solution while hot and a clear,
deep-golden colored solution upon cooling. A cadmium precur-
sor was made by adding 0.0942 g of CdO, 2.272 mL of OA and
24 mL of ODE in a three-neck flask. The solution was degassed
for 1 hour at 100

o C under N2. The temperature was raised to
260

o C and the CdO fully dissolved to yield a clear, colorless
solution. 7.2 mL of Se-ODE was injected into the solution, causing
the temperature to drop to 230

o C. The reaction was left ongoing
for 5 minutes at this temperature before quenching the reaction
by placing the flask in ice water. In the initial washing step, a
mixture of toluene, and a 1:1 MeOH:IPA solvent mixture was used
to precipitate the nanocrystals. Upon redispersion in toluene,
MeOH:IPA solvent mixture was used two more times wash the
solution. The final dispersion of the nanocrystals was in octane
or toluene at the desired concentration.
Film preparation: Samples for EUV exposure were made by spin
coating thin films of quantum dots onto clean silicon substrates.
The substrates were cleaned by subsequent ultrasonic cleaning in
soap water, de-ionized (DI) water, ACE and IPA. After sonication
the substrates were cleaned 30 mins in acid piranha solution (7:3
vol H2SO4:H2O2) and finally 15 mins ozone plasma. Quantum
dot solutions with a concentration between 10 and 35 mg mL-1

were filtered (0.2 micron polytetrafluoroethylene (PTFE) filter)
and spin coated at 2500 rpm for 20 seconds, resulting in films
with a thickness of around 20-100 nm.
EUV exposure and development: The films were exposed to 92

eV light from the Swiss Light Source synchrotron at the Paul
Scherrer Institute. Transmissive diffractive gratings were used as
masks to create interfering beams, leading to periodic patterns
on the wafer-level, ranging from line patterns (M716 mask) and
contact hole patterns (M73 mask) to open frame patterning large
areas (0.5 × 0.5 mm2) through a pinhole. With the M73 mask,
the error on the tool factor is larger, resulting in an error in the
reported doses of 10 – 15%. After exposure the samples were
developed in toluene, hexane or octane for 10 seconds, followed
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by a dip in clean toluene and subsequently in IPA, before drying
with N2. Open frame samples were subsequently characterized
by AFM, FTIR, PL microscopy, and TCSPC. Patterned samples were
analyzed by SEM and AFM.
(Deep)-UV exposure: Two different sources of exposure were
used for (deep-)UV exposure. Exposure at (365 nm, 3.4 eV) was
performed on a Suss MA/BA6 mask aligner with a 1000W Hg
lamp as exposure source. Samples were exposed through a con-
tact mask in hard contact mode at a 100 µm gap. Various expo-
sures were made at 25 mW cm-2 for total doses up to 10,000 mJ
cm-2.
As second UV exposure source a deep-UV laser was used, in
the form of a tunable Ekspla NT342. A NL300 pump laser with
second and third harmonic generators (SHG, THG) producing
355 nm light pumps, a parametric oscillator with SHG to gener-
ate of 5 ns 225 nm (5.5 eV) light pulses at a repetition rate of 10

Hz. Laser power of 5.0 mW with a spot size radius of 2 mm was
used. Samples were exposed directly to the laser spot, to obtain
circular exposure spots with doses up to 4000 mJ cm-2.
Scanning Electron Microscope: Scanning Electron Microscope
images were taken by a FEI Verios 460 at voltages between 5 and
10 kV at 100 pA.
Atomic Force Microscopy: AFM images were taken on a Veeco
Dimension 3100 (Bruker) and a Dimension Icon (Bruker) in tap-
ping mode. The images were scanned at a linescan frequency of
1 Hz.
Photoluminescence: PL of samples was measured using a WITec
alpha300 SR confocal microscope with 100× Zeiss objective (NA
0.9). A 405 nm Thorlabs S1FC405 fiber coupled laser diode was
used as excitation source. A 405 nm notch filter was used to
remove the laser light in the detection path which was coupled
to the detector. Light is collected in reflection on a UHTC 300

VIS WITec spectrometer. The PL spectra were converted to the
energy scale using a Jacobian transformation [110]. The setup
can be used to record single spectra as well as perform spatial PL

mapping.
Photoluminescence lifetime measurements: Fluorescence life-
times were recorded with a home-built time correlated single
photon counting (TCSPC) setup (PicoQuant PDL 828 “Sepia II”
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and a PicoQuant HydraHarp 400 multichannel) in an inverted
microscope with an Olympus 60× Plan Apochromat water im-
mersion objective. The samples were excited by a 485 nm laser
(PicoQuant LDH-D-C-485) , which was pulsed at a repetition rate
of 0.5 MHz. The excitation laser signal was blocked in the detec-
tion path by a Thorlabs FEL-500 long-pass filter in combination
with a 488-NF notch filter.
Fourier Transform Infrared Spectroscopy: FTIR samples were
spin-coated on double side polished silicon substrates with a
thickness of 500 µm. Spectra were recorded in transmission with
a Bruker Vertex 80v under vacuum conditions. Each spectrum is
an average of 20 spectra with a resolution of 4 cm-1.
Optical microscope: Optical microscope images were recorded
with a Zeiss, AxioCam ICc 5 equipped with a 20×/0.2 objective.
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2.5 appendix

EUV patterned QD films

Figure 2.7: More examples of patterned quantum dot films. (a,b) Lines of PbS
quantum dots patterned with EUV, 160 mJ cm-2. (c) PbS quantum dot pillars
patterned with EUV, dose 90 mJ cm-2. Development is not complete and some
scumming is visible between the pillars. These bridges are in the order of 8 nm.

Optical microscope images of contrast fields

Figure 2.8: Optical microscope images of EUV exposure fields of CdSe films
after development. From doses as low as 10 mJ cm-2 light contrast can be
observed between the exposed and unexposed areas. With increasing dose, the
film thickness and with that the visible contrast increases.
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Contrast curves

Figure 2.9: Remaining film thickness of EUV exposed films after development
as function of dose. CdSe films start to remain on the substrate at doses as
low as 20 mJ cm-2 (D0). The remaining film thickness saturates at around 120 -
150 mJ cm-2 (D100). Distinct PbS films start to remain on the substrate at doses
of around 70 mJ cm-2 (D0). At doses around 200 - 250 cm-2 the whole film
thickness remains (D0)

Full width at half-maximum as function of signal-to-noise ratio

The PL spectra of exposed and developed CdSe films were first
normalized and then fitted with a Gaussian profile (Equation 2.1)
in Mathematica.

y(x) =
A√

2πσ2
e−

(x−µ)2

2σ2 + b.g. (2.1)

The normalized spectra can be found in Figure 2.10a. Besides
the initial red-shift of the spectra mentioned in the main text
(Chapter 2), changes in the spectra are subtle. We do, however,
observe a slight narrowing of the linewidth with increasing dose,
which is also observed when fitting the spectra, as shown in
Figure 2.10b.
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Figure 2.10: (a) Normalized PL spectra of EUV exposed and developed CdSe
films. Lighter colors indicate higher doses. Besides an initial redshift, differences
between the spectra are very subtle. (b) The FWHM of the PL spectra as fitted for
EUV and exposed and developed CdSe films. There is an apparent narrowing
of the linewidth with increasing dose.

The FWHM in the EUV exposed samples decreases as a function
of dose, yet the EUV exposed samples plateau at around 80 mJ
cm-2. Energy transfer leads to a narrowing in the PL linewidth
[92], however, we attribute the effect of this apparent narrowing to
different signal-to-noise ratio (SNR) ratio of the PL measurements.
As mentioned in Chapter 2 and shown in Figure 2.5, because
lower doses only cross-link part of the film, the fluorescence
signal is relatively weak and has hence a low SNR. When fitting
the PL curves, this signal-to-noise level leads to larger fitted peak
widths. Figure 2.11 shows this effect. We artificially generated
Gaussian spectra with random noise of the same amplitude for
all spectra. We fixed the peak centers (2.25 eV) and FWHM (0.12

eV), but varied the height of the spectra, thereby varying the SNR.
Subsequently we fitted these spectra with the same fitting routine
as used for the fitting of our measured spectra. Figure 2.11a-f
show the simulated spectra with the Gaussian fit in red. It is clear
that for increasing SNR the fit starts to appear to be more narrow
as the base of the curve is not influenced as much by the noise
level. Figure 2.11g shows the fitted FWHM value as function of the
SNR as well as the actual FWHM used to simulate the spectra. For
low SNR the FWHM is grossly overestimated, but when the signal
improves, the fit converges on the actual value in a fashion that
broadly resembles an inverse square root dependence. At an SNR

of 10 the fitted value is still around 9% too high indicating that
higher SNR is preferred. Figure 2.11h shows a similar trend in
the fitted FWHM of the measured spectra. When plotted against
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the measured intensity, the FWHM seems to follow the same
inverse square root dependence as the simulated spectra. We
therefore conclude that the observed change in FWHM cannot
give us significant information on the physical properties of the
nanocrystals.

Figure 2.11: The effect of signal-to-noise on FWHM. (a) Simulated PL spectra
with different SNR but fixed peak center and FWHM. (b-f) Show different spectra
with varying SNR from 2 to 30. The red lines indicate the fit. (g) Shows the
fitted FWHM as function of the SNR. Errorbars are within every plot point. It is
clear that the fitted FWHM depends on the SNR and that the fit converges onto
the correct value only when the signal is good enough. (h) The fitted FWHM of
the measured CdSe PL spectra as function of the integrated intensity. The trend
in FWHM is similar as for increased SNR in (g).
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QD film thickness/PL intensity relation

Figure 2.12: PL intensity as function of film thickness of EUV exposed and
developed CdSe films.

Stretched exponentials of fitted lifetime curves of EUV exposed CdSe
films

Figure 2.13: Fitted values of the stretched exponential exponent β of EUV

exposed CdSe films.



2.5 appendix 43

Estimation of internal photoluminescence quantum yield of EUV exposed
CdSe films.

We estimate the relative change of PLQY from the internal PLQY,
by dividing the rate of emission, by the sum of all rates (Equation
2.2).

PLQYint =
krad

ktotal
≈ krad

krad + knon−rad
(2.2)

This estimate assumes that there are no changes in outcoupling.
As we can fit our lifetime data with two exponential terms,
with two lifetimes, we can also determine two rates: k1 = 1

τ1

and k2 = 1
τ2

. We can determine the relative change in PLQY by

calculating the ratio of krad
ktotal

. We assume here that τ1, the long
lifetime component is the radiative component and τ2, the short
time component is the non-radiative component, as the radiative
lifetimes of CdSe are dominated by slower time components [111,
112]. By calculating this measure for PLQY of the sample before
exposure and normalizing all the other PLQY values to this value,
we can estimate the relative change in PLQY. We can observe that
the PLQY decreases after EUV exposure by 20 - 50%.

Figure 2.14: Estimated internal PLQY of EUV exposed CdSe films.
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Deep-UV exposed sample

Figure 2.15: CdSe film exposed to 225 nm DUV and developed in toluene. (a)
Silicon substrate (19 × 19 mm) was exposed to 4000 mJ cm-2 of a 225 nm
laser. After development the exposure spot (4 mm diameter) is visible on the
substrate, although the remaining film is very thin. (b) Optical microscope
close up of part of the edge of the exposure spot. Contrast between exposed
and unexposed areas is faint, but visible.



3
C O L L O I D A L Q UA N T U M D O T PAT T E R N I N G V I A
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“With every mistake, we must surely be learning."

— George Harrison, While My Guitar Gently Weeps
(1968)
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3.1 introduction

Photolithography is not the only form of lithography used for the
manufacturing of (semiconductor) devices. Electron-beam lithog-
raphy EBL is a reliable platform for patterning materials beyond
the diffraction limit. As mentioned in chapter 1, the wavelength
of an electron depends on its momentum and therefore the ac-
celeration voltage. Nevertheless, the wavelength of the electrons
in a e-beam lithography system is on the order of picometers
(10

-12 m), which is 5 orders of magnitude magnitude smaller than
visible light and still 4 orders of magnitude smaller than extreme-
ultraviolet (EUV). This allows electron beams to write smaller
features in a single step as compared to the systems that use
photolithography, where multistep lithography and advanced
optics with high NA is necessary to reach sub-wavelength feature
sizes.

A second benefit of e-beam lithography is the absence of masks
in the process, as the electron beam can be turned on and off
while the sample moves underneath. This gives an enormous
flexibility in the exposure pattern, as every possible design can be
"pixelated" and transferred into the resist. This flexibility comes
at the cost of exposure time however, as the fact that only a single
spot is exposed means that the total exposure time for a compli-
cated image is longer than with photolithography where a whole
wafer can be exposed at once. Nonetheless, due to its precision
EBL has found an important place in nanofabrication for writing
sub-10 nm features, lab-scale prototyping and experiments, as
well as photomask fabrication. The e-beam directly induces the
chemical changes in the resist material, similarly leading to a
solubility contrast between exposed and unexposed areas.

High-energy electron beams have previously also been used
to pattern colloidal nanoparticles. Reetz et al. [113] and Bedson
[114] explored direct patterning of metallic nanoparticles with
e-beam. More recently for semiconductor nanocrystals were di-
rectly patterned with e-beam (30 keV, 100 keV) [75, 79] and other
more energetic sources summarized in an overview by Palazon
et al. [115]. In this chapter we discuss the general, one-step, direct
patterning of colloidal quantum dots with either low- or high-
energy electron beams (3 eV – 50 keV). Similar to the previous
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chapter we find that the quantum dot ligands cross-link upon
exposure, therefore allowing selective redispersion of unexposed
nanoparticles, while preserving the luminescent properties. Due
to the precision and versatility of the e-beam, single features can
be made sub-100 nm, while very intricate luminescent designs
are possible.

3.2 results and discussion

Similar to the previous chapter, we synthesized two types of
colloidal quantum dots (CQDs) from CdSe and PbS. Although
we obtained the best results with CdSe, which it what we show
here, the technique works for both materials. The ligands used
are the still the same 18-carbon mono-unsaturated oleic acid. The
patterning works similar to the process described in chapter 2

and shown in Figure 2.1a. Spin coated thin layers of CQDs on
silicon were directly exposed to three different exposure sources
in the form of electron beams with either low energy electrons (0
- 70 eV) in a low-energy electron microscope (LEEM, SPECS P90)
with a fixed beam spot, depending on its aperture, or high-energy
electrons (50 kV) in a commercial EBL system (Raith Voyager) that
allowed for exposures of a wide variety of designs. The samples
were developed by dipping the samples into toluene or hexane
for 10 seconds.

As with EUV exposure, the electron beam irradiation induces
chemical reactions in the materials. As the incoming electrons of
commercial e-beam systems like the one used in this work have a
high energy (50 kV), these electrons have a similar effect as high-
energy photons discussed in the previous chapter: ionization and
generation of an electron cascade that can lead to reactions like
bond cleavage [55, 82] as well as cross-linking, when radicals
interact with double bonds [83, 84]. Next to the photoelectrons
created by ionization of the resist molecules, secondary electrons
emitted from the substrate also play a role, as the mean free path
of electrons from a high-energy keV electron beam is longer (10

s of nm) than that of photo-electrons emitted after EUV photon
absorption, which is expected to be in the 1 nm range [55].
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Figure 3.1 shows some typical structures created by e-beam
lithography. More examples can be found in appendix 3.5. In this
case we use a 50 keV electron beam (100 µC cm−2), which leads
to a large number secondary electrons with a broad energy distri-
bution. As in the case of EUV exposure discussed in chapter 2, we
find that the e-beam exposed areas remain on the substrate upon
development. The structures are well-resolved, rendering the
smallest structures down to around 65 nm, which corresponds
to a diameter of 10 quantum dots clustering together. From
these observations, one can conclude that it is possible to pattern
these materials well below the diffraction limit of deep-ultraviolet
lithography (DUVL) in a one-step e-beam exposure.

Figure 3.1: SEM images of e-beam patterned CQDs. (a) Larger, circular structure
of CdSe CQDs written with e-beam lithography (100 µC cm−2). (b) Thin (100

nm) lines of CdSe written with e-beam (100 µC cm−2). (c) Array of pillars of
CdSe quantum dots with 500 nm spacing written with a 100 µC cm−2 e-beam
dose. (d) Close-up of one of the pillars. The diameter is around 65 nm.
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Figure 3.2 shows an atomic force microscopy (AFM) height map
of a patterned array of CdSe CQD columns. The columns are
spaced 1 micron apart and are very well resolved. The height
and shape are very consistent and can reach a thickness of over
100 nm. This is only a small part out of a larger field of columns,
meaning that the resulting structure is constant over large micron
sized areas. Next to these very regular structures, EBL also allows
for more intricate structures. These type of individual "building
blocks" can also form more difficult overall structures as shown
further in this chapter.

Figure 3.2: AFM height map of exposed and developed CdSe CQD film. The
pattern of CQD columns is well resolved, with features of about 100 nm height.
The pattern is uniform and extends over a large area.

Similar to extreme-ultraviolet (EUV) exposed films, e-beam
exposed and developed films of varying dose were investigated
for their photoluminenscence (PL) behaviour. Figure 3.3a,b shows
the observed PL as function of exposure dose. We observe an
increase in PL as function of exposure dose, which is allocated
to the increasing film thickness at higher doses. Weak PL can be
observed at exposure doses as low as 20 µC cm-2, indicating that
even very small e-beam doses can already cross-link a few CQDs.
Higher doses crosslink a larger part of the film, hence increasing
the PL. In the investigated dose range, with a maximum of 300

µC cm-2 no plateau in the PL is reached, indicating that the full
film is not yet cross-linked. At high doses one might expect
beam damage affecting the emission intensity, for instance due to
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removal of ligands which would reduce surface passivation, but
for the dose range tested we do not observe a decrease in intensity.
As the film thickness continues to increase, the PL intensity also
increases, even at doses >200 µC cm−2 which is on the high end
of the tested exposure doses.

Similar to the EUV samples, we do observe a larger variation
in the PL intensity at higher doses and thicker films, likely due
to the increased chance of anisotropy in a thicker film. After a
Gaussian fit of the PL curve we extract the peak location of the PL

as function of exposure dose (Figure 3.3c). The energy of the peak
emission slightly red-shifts upon small e-beam doses, very similar
to the red-shift observed in the EUV exposed CQDs in chapter 2.
With similar reasoning we allocate this red-shift to the cross-
linking itself and possible subsequent changes in intraparticle
distance, thereby enhancing Förster resonant energy transfer
(FRET) [92–95]. The subsequent blue-shift that was observed with
EUV exposed CQDs seems to be less pronounced after the e-beam
exposure at higher doses, which could be explained by the fact
that as mentioned before, we seem not yet to be in the regime
of complete cross-linking. Removal of some surface atoms could
nonetheless explain the small blue-shift we do observe. The fitted
full-width at half-maximum (FWHM) is becoming smaller as well,
as can be found in appendix 3.5, and is likely related to the
change in SNR, as explained in appendix 2.5.
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Figure 3.3: (a) Photoluminescence spectra of CdSe films after exposure with
e-beam and development. (b) The integrated PL intensity as function of e-
beam dose shows an increase in PL intensity as function of the exposure dose,
which is related to the increased thickness of the remaining quantum dot
film. Error bars indicate spread between multiple measurements on the same
sample. (c) Position of peak fluorescence of CdSe films after exposure to e-beam
and development. Exposure leads to an initial redshift, followed by a small
blue-shift.

PL lifetime traces (Figure 3.4a) do not reveal a clear trend in
changes of the PL lifetime. We observe multi-exponential decay

that is fitted with a stretched exponential: y (t) = A1e−
(

t
τ1

)β

+

A2e−
t

τ2 [107]. We find that lifetimes are relatively stable upon
exposure (lifetimes τ1 = 4.0±0.25 ns, τ2 = 1.7±0.5 ns, Figure 3.4b),
although it seems that exposure to e-beam leads to a slight de-
crease in the decay lifetime. The stretched exponential exponent β,
shown in appendix Figure 2.13, as function of dose, also appears
to be stable at β = 0.36 ± 0.018 for e-beam exposure. If we use
these lifetime components again to estimate a relative change in
internal photoluminescence quantum yield (PLQY) (see appendix
3.5), it seems that e-beam exposure yields a relative increase in
PLQYint. It is likely that our assumption about the absence of
changes in outcoupling plays a role in this observed increase. We
think however that the exposure is at these doses is not affecting
the quantum dots enough to disqualify this technique for optical
applications.
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Figure 3.4: PL lifetime traces of (a) e-beam exposed CdSe films after develop-
ment. (b) Fitted lifetime components of the e-beam exposed films as function of
dose. There is no clear trend in the lifetimes, but radiative lifetime τ1 becomes
slightly shorter after exposure. Errorbars indicate the error of the fit.

As EBL electrons are very energetic and as we have observed in
the previous chapter that lower energy light (5.5 eV) can already
lead to cross-linking, we exposed the CQD layers to low-energy
electrons (LEE, 0 - 70 eV) in order to investigate whether we ob-
serve a minimum threshold for electron energy to induce chemi-
cal changes. Figure 3.5 shows the average height of a developed
CdSe film as function of dose and electron energy, based on AFM

measurements (appendix 3.5). We can already observe changes
to the material at electron energies as low as 3 eV. Increasing the
dose does not seem to have a significant influence on the changes
in the material as these doses are high enough to insolubilize the
whole film. At these low energies higher doses are necessary for
cross-linking than in the case of 50 keV electrons, indicating that
the cross-linking process may be less efficient at lower energies.
Nonetheless there is a difference between the minimum energy
required by incident photons (5.5 eV, chapter 2) as compared to
incident electrons (3 eV). This difference shows that the energy
threshold for converting the material is different for photons
and electrons, presumably because the way they induce chemical
reactions is different. Low-energy photons, that do not induce
ionization promote only resonant electronic transitions, which
may induce chemical reactions if the relaxation of these states
leads to bond cleavage. Electrons on the other hand can also
generate radicals which may allow chemical changes at lower
energy. Despite this, the fact that both electrons and photons
lead to chemical changes shows that the patterning mechanism
presented in these first chapters is versatile and universal. As
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long as a minimum energy threshold is reached, 3 eV for elec-
trons and 5.5 eV for photons, as-prepared quantum dots can be
cross-linked to pattern them at micron- and nanoscale.

Figure 3.5: Thickness of CdSe films after exposure to low-energy electrons (LEEs)
and development. Depending on the dose, 3 eV electrons can already lead to a
solubility switch of the CQD film.

Finally, we demonstrate the versatility and the intricate pat-
terns possible by directly patterning as synthesized CdSe quan-
tum dots into a miniature version of the painting “The Girl with
the Pearl Earring” by Johannes Vermeer (Figure 3.6a). This im-
age was first pixelated, and the gray value was translated into
the filling fraction of the individual pixel, which was then used
for e-beam exposure. Figure 3.6b shows that also this complex
developed structure shows bright PL, demonstrating the feasi-
bility of directly pattering active semiconductor quantum dots
for complex optoelectronic devices. Next to this we believe it
should be possible to pattern monolayers or double layers of
CQDs, for instance by crosslinking the ligands to functionalizing
molecules on the substrate. Here it will be key to make use of
this functionalization to create selective adhesion of the CQDs to
the substrate.

3.3 conclusions

We show a general one-step nanopatterning technique for as-
synthesized CdSe quantum dots with direct e-beam lithography.
Low-energy electrons (from 3 eV) can already be used to induce
insolubility reactions to pattern CQDs. Highly energetic electrons
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Figure 3.6: (a) Optical microscope image of "The Girl with the Pearl Earring"
(Johannes Vermeer, Mauritshuis Den Haag, NL) patterned in CdSe quantum
dots with e-beam. (b) Fluorescence map of the remaining CdSe quantum dot
film. Excitation wavelength λ = 405 nm, detected emission λ = 545 nm. Note
that the colorscale is reversed, as the luminescence of the CQDs yields a negative
image.

(50 keV) from commercial EBL systems allow for patterning as
well. Features can be as small as 60 nm which roughly corre-
sponds to about 10-15 CQDs in diameter. Low doses in the order
of several hundred µC cm-2 are sufficient to induce the patterning
mechanism, in the order of commercial state-of-the-art e-beam
patterning materials. Optimizing ligand chemistry might improve
this sensitivity even further. The luminescent properties seem to
be relatively unaffected by the exposure, even at higher doses.
The versatility and simplicity of the technique allows for intricate
designs at both nano- and micron scale. This simple, universal
patterning technique can open a route to numerous applications
with active semiconductors patterned on the nanoscale.

3.4 experimental methods

Chemicals and synthesis: Used chemicals and synthesis meth-
ods are similar to the methods described in chapter 2.
Film preparation: Samples for EUV exposure were made by spin
coating thin films of quantum dots onto clean silicon substrates.
The substrates were cleaned by subsequent ultrasonic cleaning
in soap water, DI water, ACE and IPA. After sonication the sub-
strates were cleaned 30 mins in acid piranha solution (7:3 vol
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H2SO4:H2O2) and finally 15 mins ozone plasma. Quantum dot
solutions with a concentration between 10 and 35 mg/mL were
filtered (0.2 micron PTFE filter) and spin coated at 2500 rpm for
20 seconds, resulting in films with a thickness of around 20 - 100

nm.
High-energy e-beam exposure: E-beam exposure was done in
a Raith Voyager commercial e-beam lithography system with a
voltage of 50 kV, LC30 column mode with 0.135 nA beam current.
Films were developed in toluene immediately after exposure.
Low-energy electron exposure: Experiments on exposing the
quantum dot samples to low-energy electrons were performed
in Leiden University using the ESCHER low-energy electron
microscope (LEEM) experimental setup. The design of the setup
is based on a commercial aberration-corrected LEEM SPECS P90

instrument. Exposure to electrons of well-controlled energy and
dose was performed using a LEEM built-in beam blanking system.
For each single exposure event the sample was exposed to elec-
trons of known energy. The electron energy value was constant
during each exposure event. After finishing the exposure the
electron beam was blanked and the sample stage was moved to
a new unexposed position. As the result a 2D array of exposed
oval-shaped areas was created. Within the array the x-axis corre-
sponds to a change of dose at constant electrons energy while the
y-axis corresponds to changes of energy at constant dose. After
the exposure, the sample was developed in toluene and resulting
pattern was analyzed using AFM.
Scanning Electron Microscope: Scanning Electron Microscope
images were taken by a FEI Verios 460 at voltages between 5 and
10 kV at 100 pA.
Atomic Force Microscopy: AFM images were taken on a Veeco
Dimension 3100 (Bruker) and a Dimension Icon (Bruker) in tap-
ping mode in tapping mode, at a linescan frequency of 1 Hz.
Photoluminescence: PL of samples was measured using a WITec
alpha300 SR confocal microscope with 100× Zeiss objective (NA
0.9). A 405 nm Thorlabs S1FC405 fiber coupled laser diode was
used as excitation source. A 405 nm notch filter was used to
remove the laser light in the detection path which was coupled
to the detector. Light is collected in reflection on a UHTC 300

VIS WITec spectrometer. The PL spectra were converted to the
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energy scale using a Jacobian transformation [110]. The setup
can be used to record single spectra as well as to perform spatial
PL mapping.
Photoluminescence lifetime measurements: Fluorescence life-
times were recorded with a home-built TCSPC setup (PicoQuant
PDL 828 “Sepia II” and a PicoQuant HydraHarp 400 multichan-
nel) in an inverted microscope with an Olympus 60× Plan Apoc-
hromat water immersion objective. The samples were excited by
a 485 nm laser (PicoQuant LDH-D-C-485) , which was pulsed
at a repetition rate of 0.5 MHz. The excitation laser signal was
blocked in the detection path by a Thorlabs FEL-500 long-pass
filter in combination with a 488-NF notch filter.
Optical microscope: Optical microscope images were recorded
with a Zeiss AxioCam ICc 5 equipped with a 20×/0.2 objective.
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3.5 appendix

E-beam patterned QD films

Figure 3.7: More examples of patterned quantum dot films. (a) Micron sized
straight lines and letters of CdSe. (b) Sub-100 nm curved lines of CdSe CQDs
patterned by e-beam lithography, dose 100 µC cm-2. (c) Single pillar of CdSe
CQDs patterned by e-beam, dose 100 µC cm-2. All samples are developed with
toluene.

FWHM as function of SNR

The PL spectra of exposed and developed CdSe films were first
normalized and then fitted with a Gaussian profile (Equation
2.1) in Mathematica in order to obtain peak location and FWHM,
as described in appendix 2.5. Figure 3.8a shows the normalized
spectra of e-beam exposed and developed CdSe films. As is
the case with the EUV exposed samples, we observe a small
narrowing of the linewidth with increasing dose, that becomes
clear when isolating the FWHM in Figure 3.8b. The effect is small,
however, and is most likely related to the SNR, as explained in
appendix 2.5.
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Figure 3.8: (a) Normalized PL spectra of e-beam exposed and developed CdSe
films. Lighter colors indicate higher doses. Besides an initial redshift, differences
between the spectra are very subtle. (b) The FWHM of the PL spectra as fitted
for e-beam and exposed and developed CdSe films. There is an apparent
narrowing of the linewidth with increasing dose.

Stretched exponentials of fitted lifetime curves of e-beam exposed CdSe
films

Figure 3.9: Fitted values of the stretched exponential exponent βof e-beam
exposed CdSe films.

Estimation of internal PLQY of e-beam exposed CdSe films

We estimate the relative change of PLQY from the internal PLQY,
similar to the method described in appendix 2.5, by dividing
the rate of emission by the sum of all rates (Equation 2.2). We
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observe a small increase in PLQY, but it should be noted that this
method assumes no changes in outcoupling of light.

Figure 3.10: Estimated internal PLQY of e-beam exposed CdSe films.

Low Energy Electron exposed CdSe film

Figure 3.11: AFM image of dose test of CdSe quantum dots, exposed to low-
energy electrons of different energy and at different dose. 3 eV electrons can
already convert the material into an insoluble film.
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“The further one travels the less one knows. The less one
really knows. "

— George Harrison, The Inner Light (1968)
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of CsPbBr3 nanocrystals with electron-beam lithography" (in preparation)
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4.1 introduction

Perovskite nanocrystals (NCs) have proven themselves as an in-
teresting materials platform for a diverse range of applications.
Their simple colloidal synthesis allows for cheap solution pro-
cessing and the system is easily tunable. Other semiconductor
colloidal quantum dots (CQDs), like II-VI systems, are most com-
monly tuned by the quantum confinement effects arising from
their small size [20, 21] and to a lesser extend by their compo-
sition, as it requires precise alloying [116, 117]. The bandgap of
perovskite NCs, however, can be readily manipulated via compo-
sitional changes, most easily by halide exchange [37]. Mixture
of the halides allows for gradual bandgap adjustments [37, 118].
Moreover, many different precursors and elements form the per-
ovskite crystal structure, allowing easy substitution of elements
and a wide library of possibilities in adapting the material to have
desired properties, for instance with methylammonium-based
[119], formamidinium-based [120] or lead-free tin-based per-
ovskites [121]. Organic ligands, that passivate the surface of the
crystals and provide colloidal stability, can also influence the elec-
tronic environment of the nanocrystals and alter the shape during
synthesis. This allows perovskite NCs to be suitable for many
applications including photovoltaics [2, 46], photodetectors[122,
123], scintillators [124, 125] and light-emitting diodes (LEDs) [5, 44,
45]. Next to this, perovskites have shown to be efficient emitters,
exhibiting long charge carrier lifetimes and defect resistance. Pat-
terning active materials like these is a useful way to expand their
tunability as it may allow more intricate designs that can improve
efficiencies or expand the functionality. In previous work we
showed a method to pattern CQD directly by extreme-ultraviolet
lithography (EUVL) or electron-beam lithography (EBL) without
affecting their luminescent properties significantly. In this work
we show this method can also be applied to perovskite nanocrys-
tals, to create perovskite patterns down to 100s of nanometers
that still show luminescence.

Most of the works on patterning perovskite NCs do not make
use of direct lithography. Some approaches include self-assembly
[126], laser assisted deposition [127, 128], ink-jet printing [129] or
multi-step lithography [130, 131]. Previous work on patterning
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perovskites via lithography has been carried out by Palazon et
al. who showed that exposure of perovskite nanocrystals to an
X-ray photoelectron spectroscopy (XPS) source could impede ion
exchange in the crystals and reduce their solubility [76]. It is,
however, not obvious that direct patterning with lithographic
techniques is straight-forward. Although perovskites are often
described as "defect resistant" due to the mobile nature of ions
in the crystal, the material also has stability issues, induced
by exposure to oxygen, water or even long exposure to light
[132]. In scanning electron microscopes (SEMs) it is also observed
that perovskite can be destroyed under the electron beam. Even
though the damage in SEM imaging is induced by the high dose
from repetitive scanning across the probe, the highly energetic
(but lower dose) electron beam used in e-beam lithography could
also lead to damages of the perovskite NCs, rather than induce
local chemical changes that are necessary for direct patterning as
observed in our previous chapters.

Here we synthesize CsPbBr3 NCs, spin-coat them into thin films
and expose them directly to an electron beam in a commercial
lithography machine. Upon exposure and subsequent develop-
ment of the films in various solvents we can create well-defined
perovskite structures on the substrate. Feature sizes can be as
small as 100s of nanometers. We find that the chemical changes
in the ligands are due to a cross-linking reaction as well as partial
detachment of the ligands that creates a less soluble assembly of
nanocrystals. As the required doses are still relatively high, we
do find some damage to the material in terms of a reduced pho-
toluminescence quantum yield (PLQY). The developed samples
are, however, still luminescent and we believe that this technique
is suitable for device fabrication, especially with more efficient
cross-linking ligands or repassivation of the crystal surface after
processing.

4.2 results and discussion

We synthesize CsPbBr3 nanocrystals by adapting the approach
of Protesescu [37] and Lu [133], which combines the hot-injection
of a Cs-oleate into a solution of PbBr3, oleylamine (OlAm) and
oleic acid (OA) in 1-octadecene (ODE). After purification we are
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left with cubic CsPbBr3 NCs of around 15 nm in toluene. These
crystals can be spin-coated onto silicon substrates to form thin
layers of nanocrystals with a thickness up to 100 nm. A typical
film of NCs as can be seen in Figure 4.1a. As can be seen in the
image, the cubic particles arrange themselves into larger ordered
structures. These films are then directly exposed to the elec-
tron beam of a commercial e-beam lithography machine (Raith
Voyager). This machine operates at 50 keV and different beam
currents can be used for exposing the perovskite films. In order
to explore whether the approach we used in the previous chapter
is also applicable to these perovskite NCs, we expose the films
to doses between 100 and 10 000 µC cm-2 in line patterns with
a width of 50, 100, 200 and 500 nm as well as 1, 2 and 5 µm.
After the exposure we develop the samples in a solvent mixture
of chloroform and refrigerated tetrahydrofuran (THF), leading to
remaining structures of perovskite NCs on the substrate where
the electron beam has exposed the film. Some of these structures
can be observed in Figure 4.1b-h. This behavior, where material
becomes partially insoluble electron beam exposure is reminis-
cent of negative photoresists that are cross-linked by the electron
beam. Unlike commercial photoresists, that are typically con-
verted with doses in the order of 100s of µC cm-2, the perovskite
nanocrystals need a higher exposure dose of 2000 µC cm-2 in
order to obtain a clear structure. Figures 4.1b-e show examples of
different line patterns formed by the e-beam patterning. One can
observe lines of 1 µm, 500 nm, 200 nm, and 100 nm respectively.
In all cases, the individual nanocrystals can be observed. Down to
500 nm the lines are very well defined, with remarkably straight
edges. When scaling down further, small imperfections start to
influence the line roughness to a greater extend. As the NCs we
use are cubic, good stacking and self-assembly is beneficial for
straight edges. Another factor playing a role in the line-edge
roughness is the particle size distribution. Even though in gen-
eral the NCs are of similar size and shape, larger particles tend to
to be harder to redissolve during the development process and
can lead to less optimal particle assembly. This may disrupt the
line edges as is visible in the thinner lines of 200 nm and 100 nm
in Figures 4.1d-e.
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A balance between underexposure and overexposure of the fea-
tures exists. When underexposing, not enough material remains
on the substrate to form the desired features, while overexposure
causes features to blur and leads to more particles remaining
on the substrate where not intended. Some examples of this
can be found in Figure 4.7 in the appendix. The optimum doses
are relatively high as compared to commercial resist materials
and also as compared to our previous work with CdSe and PbS
[134], in the order of 2000 µC cm-2. This may be related to the
size difference of the crystals, used in this work, as compared to
previous systems. As the nanocrystal size is growing, the surface-
to-volume ratio reduces and if patterning is dependent on ligand
interactions, the reduction of ligands to particle volume may be
detrimental for the sensitivity.

Figure 4.1f shows the map of Amsterdam as a pixelated image.
Individual pixels are 200 nm × 200 nm with an overall image
size of 150 µm × 150 µm, making this a map with scaling 1 : 23

million. In Figures 4.1g and h magnifications of the image can
be seen in the form of a line of pixels touching at the corners
and a single isolated pixel respectively. These examples clearly
show a resolution of 200 nm and placement of these structures
is accurate at the defined positions. In the single pixel one can
also observe the individual NCs. Here, again the influence of the
arrangement of the crystals can be observed as the crystals seem
to be oriented in a 45° angle with respect to the sides of the
square, leading to slightly truncated corners. Although not the
focus of this work, it could be interesting to further optimize the
stacking of nanocrystals in the future, to match the final shape of
the desired features.
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Figure 4.1: SEM images of unpatterned (a) and e-beam patterned (b-h) CsPbBr3

nanocrystals at a dose of 2000 µC cm-2. (a) Shows the crystals after synthesis,
spin-coated into thin films. (b-e) Show lines of NCs of 1 µm, 500 nm, 200

nm and 100 nm, respectively. Thinner lines exhibit more apparent line-edge
roughness as small variations in particle size have a larger effect on the relative
smoothness of the line-edge of thinner lines. (f) A pixelated image of the map
of Amsterdam consisting of 200 nm × 200 nm pixels. (g-h) Detailed images of
these pixels. These structures can be placed with high precision and touch in
the corners. Good assembly of the NCs is beneficial for straight edges.

Figure 4.2 shows atomic force microscopy (AFM) images of
the patterned nanocrystals. It is clear that good contrast of the
patterns is achieved between the substrate and thick structures
in the order of 100 nm. These thicknesses correspond to film
thicknesses that are relevant for device fabrication.

Figure 4.2: AFM images of patterned CsPbBr3 nanocrystals, with a detail of the
map of Amsterdam (a) and the 1 µm lines (b). There is good contrast between
the intended structures and the substrate. The thickness is around 100 nm.
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Patterning perovskite nanocrystals does not serve a function if
their intrinsic functionality is lost. The photoluminenscence (PL)
should therefore remain after processing. We spatially map the
PL with a confocal microscope system (WITec alpha300 SR) where
the structures are excited with a 405 nm laser coupled into the
objective. Figure 4.3a shows the PL spectrum of the CsPbBr3 NCs.
We observe the typical emission profile of CsPbBr3 with peak
emission around 2.42 eV or 513 nm, as observed by others [37,
133]. Figure 4.3 shows optical microscope and PL intensity maps
side by side for e-beam patterned line patterns (b,c) and the
Amsterdam map (d,e). The exposed and developed structures
are still very brightly luminescent and show the same emission
line shape as before exposure. The line patterns visible in the
PL map have a width of 1 µm in the left column, 500 nm in the
middle column and 200 nm in the most right column. 500 nm
lines can be resolved by the microscope due to the high NA of
the objective (0.9). The 200 nm lines cannot be spatially resolved,
even though emission is detectable from this block of lines. The
exposure doses in Figure 4.3 used for patterning are 2000 and
1000 µC cm-2 for the 1 micron lines and 3000, 2000, 1600 and 1000

µC cm-2 for the 500 nm lines from top to bottom, as shown in the
figure. From the microscope images it seems that the lines in this
region are more or less similarly resolved after patterning, but PL

intensity appears slightly less bright for higher doses. For the 200

nm lines, which are written with the same exposure doses as the
500 nm lines, the story is slightly different. In this case, the lower
dose of 1000 µC cm-2 is not enough to form a thick structure and
thus PL is not very bright. At least 1600 µC cm-2 is necessary to
resolve a clear structure, but both contrast and PL are higher at
2000 µC cm-2. At higher doses, the PL seems to diminish again.
This raises the question to what extend the patterning and expo-
sure dose affects the photoluminescence quantum yield (PLQY),
as the dose should be high enough to resolve the structures.
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Figure 4.3: (a) Observed spectrum of patterned and unpatterned CsPbBr3

nanocrystals. The spectra are very similar in shape and have a peak emission
at 2.42 eV/ 513 nm. Optical microscope (b, d) and PL intensity maps (c,e) of
patterned CsPbBr3 NCs. Structures are excited with a 405 nm laser and PL

around the peak emission of the perovskite is integrated. A dose of least 1000

µC cm-2 is needed for good contrast. Features down to 500 nm can be resolved.
Doses over 2000 µC cm-2 diminish the PL intensity. Exposure doses are in the
image. The Amsterdam map is exposed at 2000 µC cm-2.

In order to estimate the changes in PLQY we expose a film of
CsPbBr3 NCs and to different e-beam doses without development
and spatially map the absorbance as well as PL. Measuring ab-
sorbance properly requires a transparent substrate. As glass or
quartz is not conductive, however, patterning a perovskite layer
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on top of glass is not possible. It causes charging of the sample
and drifting of the electron beam, which makes proper expo-
sure impossible. Therefore, indium tin oxide (ITO)-coated glass
substrates were used to allow for dissipation of charges under
exposure. We expose the sample to different doses ranging from
200 to 10 000 µC cm-2 (dose factor 0.1 - 5.0). Subsequently the
absorbance at 405 nm, the same wavelength used for excitation
of PL, of the exposed area was mapped in an integrating sphere
setup [135]. Under the optical microscope it was already visible
that exposure leads to changes in absorbance, as areas exposed
to higher doses appear darker (see appendix, Figure 4.8). Figure
4.4a shows the absorbance map of exposure fields on an undevel-
oped CsPbBr3 film. The dose factors need to be multiplied with
2000 µC cm-2 in order to obtain the exposure dose. Figure 4.4b
shows the measured absorbance as function of exposure dose
for three different samples. The error bars indicate the standard
deviation of the measured absorbance over the different pixels.
We observe an increase of the absorbance from 0.126 ± 0.016 of
the unexposed film to about 0.159 ± 0.011 at a dose factor of 1.0,
after which the absorption seems to level off and only increases
very slightly even when the exposure dose is 5 times higher. The
observed trend is the same for all samples.
It is not immediately obvious why the absorption increases. One
explanation could be an increased film thickness. In AFM, how-
ever, we do not observe any clear increase in film thickness as is
evident from the thick remaining structures after development.
Another explanation could be the outgassing of volatile organic
compounds from the film, which might originate from breaking
of the organic ligands. The relative increase in inorganic content
of the film could give rise to absorption changes. In this case,
however, one would expect a decrease in film thickness and a
strong reduction in IR absorption of organic functional groups.
As is shown in an upcoming section, this is not the case. A change
in refractive index of the material is also a possibility, although
we were not able to confirm.

Figure 4.4c shows a typical PL intensity map of one of the ex-
posed samples. The intensity is normalized to the 95

th percentile
intensity value as some pixels were extremely bright. The mean
values and spread of the PL in all the exposure fields can be found
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Figure 4.4d. We observe a similar but opposite trend to the ab-
sorption: an initial fast decrease up to dose factor 1.0, from 0.704

± 0.132 to 0.401 ± 0.069, followed by a plateau and eventually
further decrease. The exposure does therefore alter the material.
Most of this change seems to happen up to 2000 µC cm-2, which
coincides with the dose that yields well-defined features. Higher
doses did not change the resolved features significantly, but it
does seem to have a further effect on the PL properties. From the
relative changes in absorbance, +26.1% and PL, -42.9%, one might
estimate the PLQY does decrease quite significantly by a factor 2.
This does, however, assume that the outcoupling is not changed
in the exposed areas as the light is collected in an objective above
the sample and the emission is not collected in every direction.
A change in film roughness might, however, scatter more light
into more shallow angles.

Figure 4.4: Absorbance and PL intensity of exposed but undeveloped CsPbBr3

films. (a) Absorbance map of exposed NC film. White labels indicate the dose
factor, which should be multiplied with 2000 µC cm-2. Individual exposure
fields are 50 µm × 50 µm. (b) Absorbance as function of exposure dose of
three different samples. (c) PL intensity map with the relative PL intensity per
exposure dose. (d) Average PL intensity as function of exposure dose for three
different samples.
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We measure radiative lifetime to understand the changes we
measured in PL intensity. We measure unexposed as well as
patterned CsPbBr3 films via time correlated single photon count-
ing (TCSPC) with a pulsed 485 nm laser. We fit the decay curves
with a two-exponential model, where the first term is a stretched
exponential term (equation 4.1) in order to take into account the
nature of nanocrystals [107, 134]. As they are an assembly of very
small, single, isolated crystals, there is likely a distribution of
radiative decay rates as these rates can slightly vary from crystal
to crystal, more so than in a 3D bulk material. The stretch factor
β is an indicator of how wide the distribution of rates is and
can take a positive value below 1. A β of 1 indicates the limit
where only one rate is present and we can ignore the stretched
exponent.

I(t) = A1e
(
− t

τ1

)β

+ A2e−
t

τ1 + b.g. (4.1)

where:

I(t) = Number of PL counts at time t

An = Dimensionless prefactor for each expontential term

τn = Characteristic lifetime

β = Dimensionless stretched exponential factor

b.g. = Background counts

The PL decay curves can be found in Figure 4.5. We fit the first
50 ns of lifetime decay and find two lifetime components, one
around 1 ns and one around 4 ns. The fast decay component is
constant over different doses, while the longer component has
more spread. The observed spread is, however, also present from
measuring different spots on the same sample. Fitted lifetime
components of similar, unexposed samples can be found in ap-
pendix Figure 4.5. The stretched exponential β is stable around
0.75 (appendix Figure 4.10), which indicates a relatively small dis-
tribution of rates. Previously we assigned the faster component
to be the radiative lifetime, while the longer component is related
to non-radiative processes. From these data points, however, it is
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not obvious that there is increase in the non-radiative processes
as the longer lifetime component does not show a clear trend,
although it does seem to increase with high exposure doses, over
4000 µC cm-2.

Figure 4.5: (a) Time resolved photoluminescence of exposed CsPbBr3. (b) Fitted
lifetime components.

The optical measurements therefore show an overall reduction
in PL intensity with increasing exposure dose, although there is
bright luminescence in developed structures with an unchanged
lineshape. In a similar trend we observe an increase in absorp-
tion, likely due to changes in the refractive index. The measured
radiative lifetime does not seem to change dramatically with
dose, however. Although there are many processes that could
influence the measured lifetime, it is possible that the short life-
time component is not purely radiative and therefore changes
in non-radiative processes are less easily observed. For good
integration into efficient devices, this requires more investigation.

In order to shed more light on the underlying patterning
mechanism, we investigate the changes in the organic part of
the perovskite, by measuring Fourier transform infrared spec-
troscopy (FTIR). The spectra of differently exposed perovskite
films can be found in Figure 4.6. The changes are only very
small, indicating no major loss of organic material. This excludes
outgassing of volatile organic compounds as mechanism for
changing absorption. The bands around 2950 cm-1 and 2850

cm-1 correspond to asymmetric and symmetric CH2 stretches
respectively. These are the most prominent bands due to the
long carbon chains present in both oleic acid and oleylamine.
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The features around 1450 cm-1 and 1550 cm-1 can be attributed
to the COO- anchoring group of oleic acid. These peaks are
mostly unaffected by the exposure, indicating a good connec-
tion with the inorganic cations in the crystal structure, either
Cs or Pb. An obvious change is the increase in the features be-
tween 3100 cm-1 and 3300 cm-1, that can be ascribed to several
NH2 modes. This may indicate that with higher doses, more free
amine-groups are present in the film, which could be an explana-
tion for the decrease in PLQY, as not all facets of the perovskite
will be properly passivated. The other change is happening in the
wavenumber range around 1000 - 1100 cm-1. These peaks are re-
lated to stretches between two carbon atoms in a chain. The ratio
between the high-wavenumber peak and the low-wavenumber
peak is continuously shifting towards the latter with increasing
dose. This points to rearrangement of ligand chains, and possible
cross-linking. Overall we hypothesize that long ligands partly
cross-link upon exposure, as we have observed before in previ-
ous work [134]. In combination with partial ligand detachment,
which leads to charged surfaces, the nanocrystals are likely to
form larger clusters of interconnected NCs. This strongly reduces
the solubility of the crystals, thereby creating an insoluble mate-
rial. The oleates are not affected, thereby keeping luminescence
mostly intact.
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Figure 4.6: FTIR spectra of e-beam exposed CsPbBr3. The films were exposed
to different doses of electrons. The spectra are normalized to the peak at 2950

cm-1. The main changes are observed in the amine groups and the arrangement
of the C-C bonds within the long ligand chains.

4.3 conclusion

We have shown that it is possible to pattern CsPbBr3 nanocrystals
in a simple one-step lithography process. We observe a reduc-
tion of PLQY of the material after processing, but luminescence
remains and radiative decay is relatively stable. We attribute the
patterning mechanism to cross-linking of the surface ligands, that
next to passivating the surface and providing colloidal stability
also function as the scaffold for creating a network that creates a
cohesive perovskite pattern. The amine ligands, however, seem
to partially detach from the crystal, thereby reducing the passiva-
tion. We can pattern the NCs down to 100s of nanometers. With
this patterning of perovskite on the nanoscale it is possible to
persue better performing devices, for instance by making use of
nanophotonic structures to engineer the emissive properties.

4.4 experimental methods

Chemicals: Hexane (anhydrous) and toluene (anhydrous) were
purchased from VWR. Lead bromide (PbBr2, 98% pure) was pur-
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chased TCI. Cesium carbonate (Cs2CO3, 99.5% pure), 1-octadecene
(ODE, technical grade 90%), oleic acid (OA, technical grade 90%),
oleylamine (OlAm, technical grade 90%), tetrahydrofuran (THF,
anhydrous, >99.9% pure), acetone (ACE, analytical grade), iso-
propanol (IPA, analytical grade), methanol (MeOH, analytical grade)
were purchased from Sigma Aldrich. Double-side polished sili-
con wafers were purchased from Siegert Wafer. ITO-coated glass
microscope slides (19 mm × 19 mm) were purchased from Dia-
mond Coatings.
Nanocrystal synthesis: Synthesis of the CsPbBr3 nanocrystals
was performed via a recipe adapted from Lu et al. [133] and
Protesescu et al [37]. First cesium oleate precursor was prepared
by adding 1.63 g of Cs2CO3 with 15.8 mL of OA with 34.2 mL
ODE into a three-neck flask in a glovebox, to ensure oxygen and
water-free conditions. The flask was attached to a Schlenk line
and evacuated 3x and under flow of N2, then the solution was
heated to 110 °C under continuous stirring for 3 hours until all
precursors were dissolved and a clear solution with the color of
melted butter had formed. The solution was cooled to room tem-
perature, and small amounts were taken from this stock solution.
For the final nanocrystal synthesis, 0.138 g PbBr2 was combined
in a glovebox with 0.5 mL OlAm, 0.5 mL OA and 10 mL ODE in
a 50 mL three-neck flask. The flask was evacuated 3x and refilled
with N2. Subsequently, the flask was heated to 120 °C and left for
1 hour to degas and boil off any water. The precursor dissolved
as well and a clear, cream-colored solution formed. Subsequently,
the temperature was increased to 150 °C and 1 mL of Cs-oleate
precursor solution was injected. After a couple of seconds, the
solution turned bright yellow/green and the reaction was subse-
quently quenched in an ice bath. The reaction solution showed
bright green fluorescence under UV.
To purify the reaction product, 1 mL of the reaction liquid was
mixed with 1 mL of toluene, followed by centrifugation at 12000

rpm for 10 minutes. The supernatant was discarded and the
precipitate was dispersed in 200 µL of hexane. The solution was
centrifuged for 10 minutes at 12000 rpm again and supernatant
was again discarded. Finally, the precipitate was dispersed in 100

µL toluene and centrifuged 5 minutes at 4000 rpm. The super-
natant was kept as final solution. This process was repeated until
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all the reaction solution was purified.
Film preparation: Samples for exposure were made by spin-
coating thin films of nanocrystals on clean silicon substrates. The
substrates were cleaned by subsequent in soap water, DI water,
ACE and IPA and finally 15 minutes of oxygen plasma. NC solu-
tions were filtered (0.2 micron PTFE filter) and spin-coated at 2500

rpm for 20 seconds, resulting in films with a thickness of around
100 nm.
High-energy e-beam exposure: E-beam exposure was done in
a Raith Voyager commercial e-beam lithography system with a
voltage of 50 kV, LC30 column mode with 0.135 nA beam current.
Films were developed in toluene immediately after exposure.
Scanning Electron Microscope: Scanning Electron Microscope
images were taken by a FEI Verios 460 at voltages between 5 kV
and 10 kV at 100 pA.
Atomic Force Microscopy: AFM images were taken on a Veeco
Dimension 3100 (Bruker) in tapping mode. Linescan frequency
was 1 Hz.
Photoluminescence: Photoluminescence of samples was mea-
sured using a WITec alpha300 SR confocal microscope with 100×
Zeiss objective (NA 0.9). A 405 nm Thorlabs S1FC405 fiber cou-
pled laser diode was used as excitation source. A 405 nm notch
filter was used to remove the laser light in the detection path
which was coupled to the detector. Light is collected in reflection
on a UHTC 300 VIS WITec spectrometer. The PL spectra were
converted to the energy scale using a Jacobian transformation
[110]. The setup can be used to record single spectra as well as
perform spatial PL mapping.
Photoluminescence lifetime measurements: Fluorescence life-
times were recorded with a home-built TCSPC setup (PicoQuant
PDL 828 “Sepia II” and a PicoQuant HydraHarp 400 multichan-
nel) in an inverted microscope with an Olympus 60× Plan Apoc-
hromat water immersion objective. The samples were excited by
a 485 nm laser (PicoQuant LDH-D-C-485), which was pulsed at a
repetition rate of 10 MHz. The excitation laser signal was blocked
in the detection path by a Thorlabs FEL-500 long-pass filter in
combination with a 488-NF notch filter.
Absorption measurements: Absorption measurements were per-
formed in a custom built integrating sphere setup, described
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in previous work [135]. Absorbance was measured at 405 nm,
under excitation of a 405 nm Thorlabs S1FC405 fiber coupled
laser diode.
Optical microscope: Optical microscope images were recorded
with a Zeiss, AxioCam ICc 5 equipped with a 20×/0.2 objective.
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4.5 appendix

Overexposed perovskite nanostructures

Figure 4.7: SEM images of overexposed perovksite NC structures. The higher
doses used in these parts of the exposure field (4000 - 8000 µC cm-2) cause
more residual NCs to remain on the substrate after development, even though
in the intended patterns are also resolved.

Optical microscope images of e-beam exposed perovskite NC films

Figure 4.8: Optical microscope images of 3 different e-beam exposed perovskite
NC films. It is clear that exposure to the e-beam alters the absorbance of the
films, as also observed in chapter 4, Figure 4.4.



4.5 appendix 79

TCSPC data of perovskite films

Figure 4.9: TCPSC data (a) and fitted lifetime components (b) τ1, τ2 and (c) β.
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Figure 4.10: Fitted stretched exponent β of exposed perovskite films.
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T O WA R D S WAV E G U I D I N G A N D L A S I N G I N
D I R E C T LY PAT T E R N E D C O L L O I D A L Q UA N T U M
D O T F I L M S

”To recognize that the greatest error is not to have tried
and failed, but that in trying, we did not give it our best
effort."

— Gene Krantz (2000)

Parts of this chapter are based on:

Dieleman, C. D., Kolkowski, R., Pal, D., Geuchies, J.J., van der Burgt, J., Gar-

nett, E.C., Houtepen, A.J., Koenderink, A.F. & Ehrler, B. "Directly patterned,

electrochemically charged colloidal quantum dots for lasing devices" (in prepa-

ration)
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5.1 introduction

The excellent light-emitting properties of colloidal quantum
dots (CQDs) make them interesting candidates for all kinds of ap-
plications. Their tunable bandgap, narrow emission line shapes
and possibility to be used as single photon source, has made them
exciting candidates for light-emitting diodes (LEDs) [136, 137],
lasing structures [13, 138] and quantum emitters [8, 139]. Some
CQD systems have already found their way into commercial prod-
ucts in several display technologies as accurate color filters. CQD

lasers are among the most interesting applications of this class
of nanomaterials. The combination of tunable emission wave-
length, narrow line width with a cheap synthesis and solution
processability, make for an attractive package that might unlock
solution processable lasing devices. Some challenges, however,
do remain. Although the quantum confinement effects, that give
the colloidal CQDs their name, assure a large separation between
quantized energy levels which makes the lasing threshold less
sensitive to temperature fluctuations, the degeneracy of the band
edge states requires that the average number of excitons in a
CQD film is higher than 1 in order for stimulated emission to
outcompete absorption [32]. Although CQDs support biexcitons,
their lifetime is very short, in the order of <100 picoseconds [140].
This means that, in order to achieve optical gain and lasing, the
CQD assembly needs to be pumped by high-powered continuous-
wave lasers or with extremely short femtosecond pulses in order
to put enough energy density into the system.

One way of overcoming this challenge is by charging or doping
of the CQDs. The concept of doping is visualized in the scheme
in Figure 5.1. In an undoped system, two conduction band (CB)
edge states are available. After excitation, electrons, and the holes
they leave behind in the valence band (VB), will thermalize to
the band edges. In this situation there is an equilibrium between
electrons at the band edges, in both energy levels. Therefore,
the probability of a second photon being absorbed and exciting
a second electron into the remaining CB edge state equals the
probability it will cause stimulated emission of the first excited
electron. On average the system will behave like a transparent
material, since as many photons "leave" the material as are com-
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ing in. A state of population inversion will only be reached when
the ground state is quickly depleted by fs excition or high excita-
tion densities. Optical gain is only achieved when the stimulated
emission can outcompete the absorption by excitation of VB edge
electrons. When the material is doped, however, the lowest CB

states at the band edge are already occupied. This effectively
reduces the ground state absorption and therefore lowers the
threshold for amplified stimulated emission (ASE), allowing for
lower excitation densities to be sufficient to reach a state of pop-
ulation inversion. Previous works have shown that doping the
CB of CdSe QDs is indeed a way to lower the gain threshold to
values below one exciton per quantum dot [30, 77, 141]. There
are several approaches to dope the CQDs either by photochemical
doping or electrochemical charging. With photochemical charg-
ing an exciton is created in the quantum dot by the absorption of
a photon. By adding a hole scavenger in the film, the electrons re-
main in the CQDs, effectively doping the CB edge. The downside
of this method, is that the hole scavenger can be depleted as it is
a sacrifical molecule, thereby losing its effectivity. This method
also gives little direct control over the doping level, as the system
needs to be excited first to create the charges.
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Figure 5.1: The principle of gain in doped CQDs. In an undoped system 2

electrons can occupy the CB edge states. After excitation of one electron, a
second photon can either be absorbed or cause stimulated emission, leading
to an average state of optical transparency. In the doped system, band edge
transitions are initially blocked, meaning that after excitation of electrons
higher than the bandgap and thermalization of the holes, a state of population
inversion is reached much quicker, allowing for optical gain.

Electrochemical doping on the other hand works by applying
a potential in an electrochemical cell where the quantum dot
medium will act as a cathode that is reduced by injecting elec-
trons. By countering the added negative charges by mobile ions
in the electrolyte that can move into the quantum dot film, the
charges can be stabilized inside the CQDs [142]. The benefits of
this approach are the stability of doping, the reversibility and the
accurate control over the doping levels. By simply changing the
applied potential, the doping can be used to either only passivate
trap states in the bandgap or also dope the other energy levels
in the bands to a larger or smaller extent. Recently it was shown
that this electrochemical doping does give a high degree of con-
trol over the gain threshold of CdSe/CdS/ZnS CQDs and can
therefore be used to create and tune an effective gain medium
[30].

In order to achieve lasing, it is however also necessary to
combine an effective gain medium with an optical cavity. There
are several examples of quantum dot films combined with optical
cavities in order to achieve lasing [13, 138, 143, 144]. In all of
these cases, the cavity is placed below or on top of the emitting
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material either in the form of Fabry-Pérot cavity or distributed
feedback (DFB) grating. Prins et al. showed that by creating 2D
Bragg gratings out of CQDs, the Bragg scattering can manipulate
the light emission [16], while Le Feber et al. used ring resonators
made of CQDs to achieve lasing [13]. In both cases the CQDs are
deposited into a template to form the pattern. In this work, we
pattern the emitter (CdSe/CdS/ZnS CQDs), by means of direct
electron-beam lithography (EBL) into a waveguiding structure
that can supply distributed feedback to the system in order
to act as an optical cavity. We observe directional emission of
the outcoupled light and we can control the angle of emission
by adjusting the grating period. We do not yet observe lasing
in our structures. With the help of optical simulations we make
suggestions towards fabricating a device that will show successful
lasing with a low-threshold gain due to electrochemical charging.

5.2 bragg gratings

For our design we choose to use a Bragg grating design as it can
provide strong feedback in a system with a simple design. The
Bragg equation, Equation 5.1, describes the relationship between
the wavelength of light, the direction of light emission and the
grating properties.

k0 sin θ = ±
(2πne f f )

λem
±m

2π

Λ
(5.1)

where:

k0 = The wave vector of the light

θ = The angle of light in free space

ne f f = The effective refractive index of the grating

m = The grating order

λem = Wavelength of the light

Λ = Periodicity of the grating

By matching the periodicity to the emission wavelength, one
can obtain a wavevector in the out-of-plane direction, where θ
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= 0 degrees. Simultaneously, there is a higher order mode in
the in-plane direction providing distributed feedback, acting as
optical cavity. By creating a bullseye grating, the grating period
is the same in every radial direction, therefore providing this
feedback from every direction in the plane. The downside of this
type of grating, however, is that this effect is strongest when the
center is excited, while the further one moves to the outside of
the structure, towards larger radii of the concentric rings, the
more the grating will behave like a line grating.

We fabricate these structures from CdSe/CdS/ZnS CQDs, that
have shown to be efficient quantum dot emitters, and can be
charged electrochemically to lower their gain threshold [30]. We
fabricate the gratings from the emitters themselves via direct
EBL as developed and described in an earlier work [134]. We use
indium tin oxide (ITO)-coated glass substrates in order to allow
for the electrochemical charging of the CQDs during the measure-
ments. This conductive substrate can also dissipate charges dur-
ing the electron-beam patterning. We spin coat a 80 - 100 nm film
of CQDs on top of the substrate and irradiate the films directly
with the e-beam. After development in tetrahydrofuran (THF)
we obtain the desired structures as the e-beam cross-links the
ligands and turns the individual CQDs into an insoluble cohesive
structure. Figure 5.2 shows the fabrication process (a) and SEM
images of the structures (b,c). We created a bullseye grating with
a duty cycle of 50% and varying pitch from 300 to 500 nm. Each
grating consisted of 300 concentric rings, thereby varying the
size of the overall gratings, depending on the periodicity. The
process leads to clear periodic structures from the CQDs directly.
The edges are well defined, and individual CQDs can still be
identified. These structures are large enough to be visible by eye,
and illuminating the patterned substrates with UV light shows
they remain brightly fluorescent, as seen in Figure 5.2d. Figures
5.2e and f show that the light is scattering differently from grat-
ings with a different periodicity, indicating that the gratings are
effectively interacting with incoming light.



5.2 bragg gratings 87

Figure 5.2: (a) Fabrication of bulls-eye gratings from CdSe CQDs following the
direct EBL method described in earlier chapters. (b,c) SEM images of different
gratings fabricated with direct EBL. The structures are well defined. (d,e) Optical
microscope images of fabricated gratings with different periodicities under
(d) UV or (e) regular illumination. The outcoupling of light for the grating
with Λ = 400 nm is more efficient and therefore appears brighter. (f) Fabricated
gratings on top of ITO-coated glass. The different gratings reflect different
colors of light, depending on their periodicity.

We investigate the effect of the patterned structures on the an-
gular emission pattern by characterizing the emission in Fourier
space. We investigate the structures in with two different set-
ups (see Experimental section, 5.6), one with continuous wave
excitation at 405 nm and one with a femtosecond pulsed laser
at 400 nm. We can measure the Fourier image of the emission
pattern at a camera as well as on a spectrometer, to get a view
of the dispersion relation of the emission in k-space as function
of wavelength. Figure 5.2a shows the Fourier images of gratings
with different periodicities varying from 300 nm to 500 nm in
steps of 50 nm. We can clearly see that the structuring of the CQDs
has a direct effect on the outcoupling of the light. When exciting
the structures in the center, we observe rings of brighter intensity
around the origin of the image at kx = 0 and ky = 0 with a radius
depending on the periodicity. This is a clear indication that the
light is directed into fixed angles depending on the periodicity,
just as we would expect from Bragg scattering. We observe a
good agreement between the Bragg theory (red lines in Figure
5.2a) and our measurements. Deviations are most likely from
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manufacturing imperfections, as the edges of our gratings are
not perfectly smooth. When we spectrally resolve the image of
the back-focal plane (Figure 5.2b) we can also observe a clear
trend when moving from structure to structure. As we move
from structures with small periodicity (300 nm) to high period-
icity (500 nm) we observe two bands, indicative of a photonic
band structure, expected from the positive and negative term
in equation 5.1. These lines are converging until they crossover
in the Λ = 400 nm grating at 1.99 eV / 620 nm, close to the
photoluminenscence (PL) peak at 1.98 eV / 625 nm. By increasing
the periodicity further, the bands start diverging. The crossover
point of these bands is what we aim for, as it is indicative of a
resonance at k‖ = 0 and therefore shows emission out-of-plane
in a very narrow cone. This is thus also the period where we
expect the strongest distributed feedback from the grating. The
Fourier camera image shows that the only feature in this image
is a bright spot in the middle, signaling directional emission in
the direction normal to the sample plane. This effect can also be
observed under a regular optical microscope, where the grating
with the matching periodicity to the emission wavelength (Λ =
400 nm) appears to have brighter PL, which can be explained by
the more effective outcoupling of the light in the direction of the
objective.
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Figure 5.3: (a) Colormaps of Fourier space camera images of CdSe gratings
with different periodicity. We observe rings of higher intensity around the
center of the image, corresponding to light being scattered into specific angles.
A periodicity of Λ = 400 nm causes bright emission into a small cone out-of-
plane. Red circles indicate the expected angles of emission from Bragg theory.
(b) Spectrally resolved Fourier images. We observe 2 bands converging and
crossing each other at k‖ = 0 at the emission wavelength for the Λ = 400 nm
grating, indicating out-of-plane emission optimized for the peak emission
wavelength of the CQDs.

5.3 towards a lasing cqd device

The next step in getting to a lasing device is by electrochemically
charging the sample and doping the CQDs with electrons. Figure
5.4 shows the PL spectrum over time, while the patterned films
are periodically charged and discharged and therefore doped
and dedoped by ramping the potential up and down between the
open-circuit voltage of -0.3 V and -1.5 V against an Ag pseudo-
reference electrode (PRE). Photoluminescence is quenched when
the film is charged due to increased Auger recombination when
charging the film. This pattern is similar to previously reported
work, indicating that after patterning it is still possible to re-
versibly dope the material [30]. This control is important for
realizing a lasing CQD device.
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Figure 5.4: PL from patterned CQDs under applied potential. With the patterned
CQD films as working electrode, the potential is cycled from -0.3 V, the open-
circuit voltage, to -1.5 V. PL is quenched due to increased Auger recombination
when the film gets charged.

Although we observe that our patterned CQD surfaces manip-
ulate the light emission, we are not able to observe lasing from
these metasurfaces, not even at extremely high pumping powers.
This means that, even under these conditions, the gain is smaller
than the loss in the system.

In order to understand our system better, and determine largest
loss factors, we perform optical simulations. We determine the
presence of optical resonances and their locations within the
structures and check whether the fabricated structures can sus-
tain a waveguided mode through the emitting layer. We model a
simple 1D system in COMSOL, similar to our experimental grat-
ing, where we have a layer 120 nm CQDs on top of a 250 nm ITO

layer on top of glass. The medium above the CQDs is simulated as
air. We model the system for a periodicity if 400 nm with a 50%
duty cycle. The results can be found in Figure 5.5. We do observe
the presence of a waveguiding mode in the ITO layer, under the
grating. This mode does cause a standing wave perpendicular to
the substrate, leading to directional out-of-plane emission. We
can observe this resonant optical mode also by a dip in transmis-
sion in Figure 5.5. The exact location of this dip is a not exactly at
the emission wavelength, but at 645 nm, indicating that a slight
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change in the periodicity of the structure may achieve stronger
resonance at 625 nm. When looking in the in-plane optical mode,
we do observe a mode at 660 nm, again mostly present in the ITO

or CQD layer. Both of these results suggest that the high index of
the ITO (n = 1.8), which is higher than the index of the CQD layer
(n = 1.75), is pulling the optical mode into the substrate, thereby
not enhancing the electric field in the emitter layer enough to
achieve lasing, but rather moving it to a location with high loss.

Figure 5.5: Results of optical modeling of our Bragg grating, as fabricated. We
model a 120 nm film of CQDs on top of n = 1.8 ITO and glass in air. We scan
a wavelength range in order to find optical modes in in-plane direction (a)
and out-of-plane (c) direction. The spatial distribution of electric field strength
of the modes in in-plane (b) and out-of-plane (d) directions. The modes are
mostly present in the ITO layer.

5.4 discussion and outlook

By extending the optical modeling we can investigate different
systems to recommend changes to our design in order to achieve
lasing in future devices. The primary challenge is to have a larger
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share of the optical mode in the CQD layer than in the ITO. Here
we discuss three possible changes to the pattern to accomodate
this: refractive index changes in the ITO, increased CQD layer
thickness and an index matching top layer. As mentioned in the
previous section, patterning the emissive layer does affect the
electric field and allows for waveguiding modes to exist in the
stack. The relatively high index of the ITO, however, pulls the
optical mode into this layer, thereby reducing the optical field
strength in the CQD layer. By lowering the ITO index, the CQDs on
top will become the higher index material and therefore a larger
part of the optical mode’s energy will live in the emitter layer.
Previously the Klimov group has shown that this type of “index
engineering” can be beneficial to confine the optical mode into
the emitter layer when building lasing devices from CQDs. The
desired lower index of n = 1.5 can be achieved by co-sputtering
ITO and SiO2 [138].

The second approach would be to fabricate patterned layers
of CQDs on top of a dense base layer. In the current structures,
the layer thickness is achieved by a one-layer spin-coating of a
solution with very high concentration. In such an approach, the
first layer would be spin-coated with intermediate concentration,
followed by chemical cross-linking with a ligand exchange that
immobilizes the CQDs. A second layer on top of the first could
then be patterned into the desired grating.

Finally, one can confine an optical mode in the intermediate
CQD layer by adding an extra layer on top of the patterned
structure that is index matched to the substrate. This creates a
waveguide much like the classic optical fiber. This top layer could
be an insulating polymer layer like poly(methyl methacrylate)
(PMMA) or SU-8, but as we are seeking to electrochemically dope
the material as well, we instead suggest that this index-matched
material will be the electrolyte. In the case of lower-index ITO,
one such electrolyte could be dimethylsulfoxide (DMSO) which
has a refractive index of n = 1.479. Figure 5.6 shows the optical
mode in case of incorporating all these changes to the system.
The individual contributions of these changes can be found in
the appendix 5.7. As can be seen in Figure 5.6, the combination of
these approaches is beneficial for confining the optical mode into
the quantum dot layer, as lowering the ITO index moves the mode
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more into the CQDs, the top layer pulls the mode even further out
of the ITO and the increased CQD layer thickness accommodates a
larger fraction for the mode in the emitter, although the effect is
not as strong for the in-plane mode. In the case of increased CQD

layer thickness with low-index ITO in air, there is also a strong in-
plane mode in the CQD layer (see appendix Figure 5.12), however,
the mode in the out-of-plane direction is less confined to the
emitter layer. It is, however, clear that an increase in emitter layer
thickness combined with low-index ITO will be beneficial. Finally,
it should be noted that the modes are not yet coinciding with
the wavelength of peak emission. Therefore, small changes to
the periodicity should be made as well, in order to optimize the
system further. With these improvements to the system, we are
confident that lasing can be achieved from a solution processed
device in the near future.
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Figure 5.6: Results of optical modeling of our Bragg grating, with changes
to the design: increased 240 nm film of CQDs between n = 1.5 ITO and glass
and another layer of glass on top. We scan a wavelength range in order to
find optical modes in in-plane (a) direction and out-of-plane (c) direction. The
spatial distribution of electric field strength of the modes in in-plane (b) and
out-of-plane (d) directions. The mode in-plane is not very strong, but the
out-of-plane mode is now mostly present in the CQD emitter layer.

5.5 conclusions

We have shown waveguiding structures patterned from emitters
directly. Direct EBL is a suitable fabrication technique to pattern
colloidal CQDs into optical surfaces to manipulate light emission.
We show control over the angle of emission and that a standing
wave for out-of-plane emission forms in the quantum dot grating.
Electrochemical doping of the CQD structures is still possible at
-1.5 V similar to unpatterned CQD films. In the current system,
losses are too high to allow for lasing. In order to create an
optical cavity that can support lasing, we need to adjust our
system further. Here, index engineering plays an important role
as the current structure does not confine enough of the mode
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inside the emitter. By lowering the substrate index, increasing
the emitter layer thickness and possibly adding an extra layer
index-matched material on top, a lasing device can be achieved
in the foreseeable future.

5.6 experimental methods

Chemicals: Tetrahydrofuran (THF, anhydrous, >99.9% pure), oc-
tane (anhydrous, >99% pure), acetone (ACE, analytical grade) and
isopropanol (IPA, analytical grade) were purchased from Sigma
Aldrich. Double-side polished silicon wafers were purchased
from Siegert Wafer. ITO-coated glass slides were purchased from
Kintec and cut into (15 mm × 15 mm) substrates.
Nanocrystal synthesis: Nanocrystal synthesis was performed
following previously reported methods [30]. In short, the CdSe
core crystals were synthesized by adding 60 mg of CdO with 280

mg of octadecylphosphonic acid (ODPA) in 3 g of TOPO in a three-
neck flask. The mixture was heated to 150 °C under vacuum for
1 hour to melt the products and degas the solution. After 1 hour,
the mixture was heated to 320 °C. After the solution turns clear,
1 mL of trioctylphosphine (TOP) was added before raising the
temperature to 380 °C. At this temperature, a Se-precursor of 60

mg Se in 0.5 mL TOP was swiftly injected. After ± 25 seconds
reaction time, the reaction liquid was cooled to room temper-
ature with an airgun. Purification was done by adding equal
parts of methyl acetate to the reaction liquid, centrifugation and
redispersion in hexane, followed by filtering thorugh Milipore
0.2 µm filters and a second washing step.
Synthesis of Cd-Oleate and Zn-Oleate: Cd-oleate was prepared
by dissolving 1.32 g Cd-acetate with 7.4 g OA in 52.4 g ODE. For
the Cd-oleate synthesis, 1.32 g of Cd-(acetate)2 was dissolved in
52.4 g of ODE and 7.4 g of OA. The mixture was heated to 120

°C and left for 3 hours under vacuum. After 3 hours the solution
was cooled to room temperature.
For Zn-oleate, Zn(II)-(acetate)2 was added to 1.6 mL of OlAm and
1 g of OA in a 20 mL vial. The vial was heated in a nitrogen-
purged glovebox to 130 °C.
Shell Growth of CdS and ZnS: For the CdS shell growth, 50

nmol of CdSe cores and 3.0 mL of ODE were added to a three-neck
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flask. The mixture was degassed for 1 hour at room-temperature
and for 2 hours at 120 °C. Subsequently, the solution was heated
to 310 °C under a nitrogen flow. During the heating, from 240 °C
onwards, Cd-oleate and 1- octanethiol in 8 mL ODE were injected
dropwise using a syringe pump. After growth of the CdS shell
the solution was degassed at a pressure of 0.5 mbar for 1 hour
at 120 °C. For growing the ZnS shell, the core/shell solution
is heated to 280 ° C under nitrogen flow. At 210 °C a desired
amount of Zn-oleate and 1-octanethiol in ODE was injected at a
rate of 2 mL h-1. After precursors are finished, the solution was
cooled to room temperature with an airgun. The solution was
washed twice by addition of methanol:butanol (1:2), redispersed
in hexane centrifuged and washed once more with methyl ac-
etate and finally redispersed in toluene. Finally, the solution was
filtered with a 0.2 µm filter and stored in the glovebox.
Film preparation: Samples for exposure were made by spin-
coating thin films of nanocrystals on clean silicon substrates. The
substrates were subsequently cleaned in soap water, DI water,
ACE and IPA and finally 15 minutes of oxygen plasma. NC so-
lutions were filtered (0.2 micron PTFE filter) and spin-coated by
adding a drop of 40 µL to the substrate and spinning 60 seconds
at 500 rpm, followed by 30 seconds at 500 rpm, resulting in films
with a thickness of around 80 - 100 nm.
High-energy e-beam exposure: E-beam exposure was done with
a Raith Voyager commercial e-beam lithography system with a
voltage of 50 kV, in MC40 or MC60 column mode with a 0.94

± 0.02 or 2.20 ± 0.05 nA beam current, respectively. Films were
developed by immersion in refrigerated THF for 45 - 50 seconds
immediately after exposure, followed by a quick rinse in anhy-
drous octane. The sample was dried with a nitrogen gun.
Scanning Electron Microscope: Scanning Electron Microscope
images were taken by a FEI Verios 460 at voltages between 5 kV
and 10 kV at 100 pA.
Fourier microscopy: For recording of k-space images of the bulls-
eye gratings two setups were used. The first setup is described
by addition of a Fourier setup to an existing setup [135, 145]. For
the Fourier path, a pellicle beam splitter (BP145B1 Thorlabs) was
added right behind the objective. The samples were excited with
a 405 nm laser (S1FC405 Thorlabs). The detection path consists of
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a 450 nm long-pass filter, a set of telescopic lenses, a Fourier lens
(0.4 NA) that can be taken out for real-space imaging, a tube lens
and a CCD camera (Retiga Lumo model 01-RET-LUMO-R-M-
16-C, Teledyne Photometrics). Fourier images were taken at 200

and 500 ms integration time, with 2 × 2 pixel binning.
In the second setup we used a pulsed femtosecond laser beam
with a central wavelength of 400 nm, repetition rate 1 MHz
and average power of around 1 uW to excite the patterned CQD

structures. This beam is created by frequency doubling of a near-
infrared output beam from a Light Conversion ORPHEUS-F Opti-
cal Parametric Amplifier (OPA) at 800 nm, 1 MHz repetition rate,
pulse duration around 120 fs. The infrared beam is focused on
a beta-barium borate (BBO) crystal, producing second-harmonic
generation (SHG) at 400 nm which is then collimated and filtered
by a 750 nm short-pass filter. The blue light is coupled to a 10

m-long optical fiber and transported to another setup, where the
light from the fiber is collimated by Nikon objective (10×, NA =
0.25). This beam is additionally filtered using a band-pass filter
(400 nm center wavelength, 40 nm transmission window) and
transmitted through a pair of linear polarizers for control of the
power and polarization of the beam. Finally, the beam is focused
by a Nikon objective (10×, NA 0.25), and incident on the sample.
Emission is collected on the other side of the sample using a
Nikon objective (50×, NA = 0.7). A 500 nm long-pass filter is
used to block the beam. Images of the back-focal plane can be
collected either in 2D on a Andor Clara CCD camera sensor,
providing panchromatic Fourier images of luminescence, or in
1D, by Andor iVAC CCD camera using Shamrock 303i imaging
spectrometer, providing spectrally resolved Fourier images of
luminescence. Clear signatures of grating anomalies are recorded
when the CQD grating grooves are oriented horizontally (as im-
aged in the camera sensor frame), and excited by a blue beam
polarized parallel to the grooves. A figure of the setup can be
found in the appendix 5.7.
Electrochemical charging of CQD films: We measured the spectro-
electrochemical response of our CQD film in a three-electrode con-
figuration, where the QD film on ITO was our working-electrode
(WE), we used a Ag PRE and a Pt counter electrode (CE). The
electrodes were submerged in a 0.1 M LiClO4 in acetonitrile
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electrolyte solution. The potential between the WE and PRE was
scanned with 20 mV s-1 in between the open-circuit potential (-0.3
V) and -1.5 V two times, controlled by a PGSTAT128N Autolab
potentiostat, and simultaneously, the PL of the film was recorded
with a fiber-based UV-vis spectrometer (USB2000, Ocean Optics).
Optical simulations: We use finite element method simulations
software COMSOL Multiphysics v5.2 to model the bullseye sys-
tem. We approximate the 2D bullseye system as a 1D periodic
array with a fixed pitch of 400 nm. As the system is large, we use
Bloch - Floquent boundary conditions at the sides of the unit cell
(along the periodicity axis) in the model. We defined two ports
at the ends (perpendicular to the periodicity axis), namely the
excitation and receiving port. The model was illuminated with a
plane wave at normal incidence at the excitation port with both
in-plane and out-of-plane electric field vectors and placed in the
glass medium. The receiving port is on the air side; it absorbs
almost all the incident light without any artificial reflection from
that air boundary.
Optical microscope: Optical microscope images were recorded
with a Zeiss, AxioCam ICc 5 equipped with a 20×/0.2 objective
or 50×/0.2 objective.
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5.7 appendix

Laser setup for Fourier imaging

Figure 5.7: Overview of laser setup used for imaging spatial an spectral Fourier
images.
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Optical modeling results in thin CQD structures

Figure 5.8: Results of optical modeling of our Bragg grating, with changes to
the design: 120 nm film of CQDs on top of low-index n = 1.5 ITO and glass in
air. We scan a wavelength range in order to find optical modes in (a) in-plane
direction and (c) out-of-plane direction. The spatial distribution of electric
field strength of the modes in (b) in-plane direction. We find no modes in the
out-of-plane direction.
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Figure 5.9: Results of optical modeling of our Bragg grating, with changes to
the design: 120 nm film of CQDs on top of regular n = 1.8 ITO and glass, but
with glass on top. We scan a wavelength range in order to find optical modes
in (a) in-plane direction and (c) out-of-plane direction. The spatial distribution
of electric field strength of the modes in (b) in-plane and (d,e) out-of-plane
directions.
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Figure 5.10: Results of optical modeling of our Bragg grating, with changes to
the design: 120 nm film of CQDs on top of low-index n = 1.5 ITO and glass, but
with glass on top. We scan a wavelength range in order to find optical modes
in (a) in-plane direction and (b) out-of-plane direction. The spatial distribution
of electric field strength of the modes in (c) out-of-plane direction. We find no
modes in the in-plane direction.
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Optical modeling results in thin CQD structures

Figure 5.11: Results of optical modeling of our Bragg grating, with changes
to the design: increased 240 nm film of CQDs on top of regular n = 1.8 ITO

and glass in air. We scan a wavelength range in order to find optical modes in
(a) in-plane direction and (c) out-of-plane direction. The spatial distribution
of electric field strength of the modes in (b) in-plane and (d,e) out-of-plane
directions.
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Figure 5.12: Results of optical modeling of our Bragg grating, with changes to
the design: increased 240 nm film of CQDs on top of n = 1.5 ITO and glass in
air. We scan a wavelength range in order to find optical modes in (a) in-plane
direction (c) and out-of-plane direction. The spatial distribution of electric field
strength of the modes in (b) in-plane and (d) out-of-plane directions.
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Figure 5.13: Results of optical modeling of our Bragg grating, with changes to
the design: increased 240 nm film of CQDs on top of regular n = 1.8 ITO, but
with glass on top. We scan a wavelength range in order to find optical modes
in (a) in-plane direction (d) and out-of-plane direction. The spatial distribution
of electric field strength of the modes in (b,c) in-plane and (e,f) out-of-plane
directions.
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S U M M A RY

Colloidal quantum dots (CQDs) and other semiconductor (SC)
nanocrystals (NCs), like perovskites, are nanosized semiconduc-
tor particles with a tunable bandgap and interesting optical
properties. CQD and other SC NCs, have been an active field of re-
search for several decades because of their versatility in terms of
synthesis and application. As solution-processable, tunable semi-
conductor, CQDs and NCs have been envisioned for numerous
applications ranging from active material and stabilizer in photo-
voltaics, spectral downshifting for solar and display technologies,
photodetectors and lasers, among others, some of which are al-
ready commercial mass products. The tunability of NCs makes
it relatively easy to optimize the material to the intended appli-
cation in terms of bandgap, absorption, emission wavelength,
conductivity, charge transfer and compatibility with different
surrounding materials and chemical environments. At the same
time, patterning these nanocrystals at the nanoscale could add
another knob to turn in order to expand the usability of CQDs
or improve their performance. In this thesis we present work on
patterning of CQDs and NCs with several lithographic techniques.

Chapter 1 starts with an introduction to quantum dots, nanocrys-
tals and lithography. We cover the basics of the synthesis of II-VI
CQDs as well as perovskite NCs. We introduce some of their appli-
cations and provide insight in the current landscape of patterned
NCs. Next to this, we cover some fundamentals of lithography,
both in the form of deep-ultraviolet lithography (DUVL) and
extreme-ultraviolet lithography (EUVL) as well as electron-beam
lithography (EBL).

In Chapter 2 we demonstrate a general one-step nanopattern-
ing technique for as-synthesized PbS and CdSe CQDs with ad-
vanced photolithography. We find we can use both relatively low
energy photons (from 5.5 eV), as well as higher energy EUV pho-
tons (91.9 eV) for patterning features as small as 60 nm directly.
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We find that the solubility change is achieved by cross-linking the
organic ligands, to create a cohesive CQD film. Required doses
are relatively low and, in the order of commercial state-of-the-art
patterning materials (~120 mJ cm−2) for EUV. The exposure to
EUV photons, even to relatively high doses, does not significantly
affect the luminescent properties, which allows for fabrication of
luminescent structures directly.

In Chapter 3 we expand on our patterning of PbS and CdSe
CQDs with e-beam-based lithography techniques as well. We find
that low-energy electrons (from 3 eV) can already be used to in-
duce insolubility reactions to pattern CQDs, yet with high electron
beam dose. Highly-energetic electrons (50 keV) from commercial
EBL systems allow for patterning at much lower doses. Doses on
the order of several hundred µC cm-2 are sufficient to induce
the patterning mechanism. This dose is in the same range as
commercial state-of-the-art e-beam resists. From time correlated
single photon counting (TCSPC) and photoluminenscence (PL)
experiments we find that luminescent properties seem to be rela-
tively unaffected by the exposure. The intricate designs that are
unlocked by EBL finally allows us to create a luminescent mi-
croscale version of the famous painting Girl with the Pearl Earring
by Johannes Vermeer.

Chapter 4 covers another extension of the technique in terms
of a different materials class: perovskites. We pattern CsPbBr3

NCs via EBL into different designs. We find it is possible to create
features around 100 nm and we can pattern the nanocrystals
with high precision in elaborate designs. We observe a reduction
of photoluminescence quantum yield (PLQY) of the material after
processing, but luminescence is nonetheless bright and radiative
decay is relatively stable. We attribute the patterning mechanism
to cross-linking of the surface ligands as elucidated by Fourier
transform infrared spectroscopy (FTIR). The amine ligands, how-
ever, seem to partially detach from the crystal, thereby reducing
the passivation.

In the final Chapter 5 we use our patterning technique for a
light emission application. We fabricate waveguiding structures
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patterned from emitters directly. The direct EBL described in
Chapter 2 is a suitable fabrication technique to pattern colloidal
CQDs into optical surfaces, like Bragg gratings, to manipulate
light emission. We show control over the angle of emission and
that a standing wave for out-of-plane emission forms in the CQD

grating. We show that the patterned film can be charged but
so far no lasing was observed. Optical simulations show that in
our system losses are currently too high. We need to adjust our
system further, for instance with index engineering, as the current
structure does not confine the optical mode enough inside the
emitter.



S A M E N VAT T I N G

Colloïdale kwantumdeeltjes (CKD’s) en andere halfgeleider na-
nokristallen (NK’s), zoals perovskieten, zijn halfgeleider deeltjes
op nanoschaal met een aan te passen bandkloof en interessante
optische eigenschappen. CKD’s en halfgeleider NK’s vormen
een actief onderzoeksveld voor meerdere decennia door hun
veelzijdigheid op gebied van synthese en toepassingen. Door de
eenvoudige verwerkbaarheid in oplossing en de aanpasbaarheid
van deze halfgeleiders, hebben kwantumdeeltjes en NK’s tallo-
ze toepassingen gevonden, variërend van actieve materialen of
stabilisator in fotovoltaïsche cellen, materiaal voor spectrale ver-
schuiving voor zonnecel- en displaytechnologiën, fotodetectoren
en lasers. De eerdergenoemde aanpasbaarheid van NK’s maakt
het relatief eenvoudig om het materiaal te optimaliseren voor
de voorgenomen toepassing op het gebied van de bandkloof,
absorptie, emissiegolflengte, geleidbaarheid, ladingsoverdracht
en compatibiliteit met verschillende materialen en chemische
omgevingen. Tegelijkertijd kan het vormen van patronen uit deze
kristallen op nanoschaal een nieuwe knop toevoegen om aan te
draaien ter uitbreiding van de functionaliteit of de toename van
de prestaties van CKD’s. In dit proefschrift presenteren wij werk
op het gebied van het vormen van patronen uit CKD’s en NK’s
met verschillende lithografische technieken.

Hoofdstuk 1 begint met een introductie over kwantumdeelt-
jes, nanokristallen en lithografie. We beschrijven de basis van
de synthese van II-VI CKD’s, evenals perovskiet NK’s. We in-
troduceren enkele toepassingen en geven inzicht in het huidige
landschap van het vormen van patronen uit NK’s. Hiernaast
beschrijven we enkele fundamentele principes van lithografie,
zowel in de vorm van optische diep-ultraviolet (DUV)-lithografie
en extreem-ultraviolet (EUV)-lithografie als elektronenbundelli-
thografie (EBL).
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In Hoofdstuk 2 demonstreren we een algemene techniek voor
het creëren van nanopatronen uit eenvoudig gesynthetiseerde
PbS en CdSe kwantumdeeltjes in een enkele productiestap met
geavanceerde fotolithografie. We vinden dat we zowel fotonen
met een relatief lage energie (vanaf 5.5 eV), als hoger energetische
EUV-fotonen (91.9 eV) kunnen gebruiken om structuren te fabri-
ceren die zo klein kunnen zijn als 60 nm. We vinden dat er een
wisseling in oplosbaarheid plaatsvindt door vernetting van de or-
ganische liganden, waarmee een samenhangende KD-laag wordt
gevormd. De benodigde doses zijn relatief laag en van dezelfde
orde grootte (~120 mJ cm−2) als moderne commerciële materia-
len die zijn ontworpen voor het creëren van nanopatronen. De
blootstelling aan EUV-fotonen beïnvloedt de luminescente eigen-
schappen van de materialen niet significant, zelfs niet bij hoge
doses, waardoor het mogelijk wordt om op een directe manier
luminiscente structuren te maken.

In Hoofdstuk 3 breiden we het vormen van patronen uit PbS
and CdSe CKD’s verder uit met elektronenbundellithografie-
technieken. We vinden dat laag-energetische elektronen (vanaf 3

eV) al gebruikt kunnen worden om reacties te veroorzaken die de
oplosbaarheid van de NK’s verandert. Bij het gebruik van laag-
energetische elektronen zijn echter hoge elektrondoses vereist.
Het mechanisme voor patroonvorming wordt ook geïnduceerd
door hoog-energetische elektronen (50 keV) van commerciële
elektronenbundellithografiesystemen. In dit geval volstaan veel
lagere doses, in de orde van enkele honderden µC cm-2. Dit is
vergelijkbaar met commerciële resistmaterialen. Uit tijdopgeloste-
en stabiele-toestandfotoluminescentie-experimenten vinden we
dat de luminescente eigenschappen relatief ongemoeid blijven
door de blootstelling aan de elektronenbundel. Omdat EBL het
fabriceren van zeer ingewikkelde ontwerpen ontsluit, is het mo-
gelijk om een luminescente microversie te fabriceren van het
beroemde schilderij Het Meisje met de Parel van Johannes Vermeer.

Hoofdstuk 4 omvat wederom een uitbreiding op onze techniek,
door het gebruik van een nieuw klasse materialen: perovskieten.
We vormen patronen uit CsPbBr3 NK’s met EBL in verschillende
ontwerpen. Het is mogelijk om structuren te maken zo klein als
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100 nm en kunnen deze structuren met grote precisie plaatsen,
waardoor we ingewikkelde ontwerpen kunnen fabriceren. We ob-
serveren een afname in de fotoluminescentiekwantumopbrengst
van het materiaal na het fabricageproces, maar luminescentie is
niettemin helder en stralend verval is relatief stabiel. We schrijven
het mechanisme voor patroonvorming toe aan vernetting van de
liganden, zoals Fourier Transformatie Infrarood Spectroscopie
aan het licht brengt. De amineliganden lijken ook deels van de
kristaloppervlakte gescheiden, waardoor de passivatie van de
kristallen afneemt.

In het laatste Hoofdstuk 5 passen we onze patroonfabricage
toe om lichtemissie te beïnvloeden. We fabriceren een lichtgelei-
dende structuur van een emitterend materiaal zelf. De directe
EBL-methode die is beschreven in Hoofdstuk 2 is een geschikt
procedé voor het vormen van CKD’s in optische structuren, zoals
Braggroosters, om lichtemissie mee te manipuleren. We laten zien
dat we controle hebben over de emissiehoek van de lichtbundel
en dat een staande golf wordt gevormd die zorgt voor een direc-
tieve bundel loodrecht op de structuur. Het materiaal kan ook
elektrochemisch worden opgeladen om de drempel voor optische
versterking te verlagen, maar tot op heden zien we geen lasing.
Optische simulaties laten zien dat er in ons huidige systeem
teveel verliezen zijn. Het systeem zou verder geoptimaliseerd
kunnen worden, bijvoorbeeld door indexoptimalisatie, om de
optische modus beter in het emitterende materiaal te begrenzen.
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