Open Access Article. Published on 18 May 2020. Downloaded on 11/24/2025 10:50:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Nanoscale

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2020, 12, 11306

Received 7th February 2020,
Accepted 6th April 2020

DOI: 10.1039/d0nr01077d

Universal direct patterning of colloidal quantum
dots by (extreme) ultraviolet and electron beam
lithography+t

Christian D. Dieleman, €22 Weiyi Ding,? Lianjia Wu, ©® Neha Thakur, ©
P b

lvan Bespalov,” Benjamin Daiber, 22 Yasin Ekinci, Sonia Castellanos
Bruno Ehrler (2 *?

Colloidal quantum dots have found many applications and patterning them on micro- and nanoscale
would open a new dimension of tunability for the creation of smaller scale (flexible) electronics or nano-
photonic structures. Here we present a simple, general, one-step top-down patterning technique for col-
loidal quantum dots by means of direct optical or electron beam lithography. We find that both photons
and electrons can induce a solubility switch of both PbS and CdSe quantum dot films. The solubility
switch can be ascribed to cross-linking of the organic ligands, which we observe from exposure with
deep-UV photons (5.5 eV) to extreme-UV photons (91.9 eV), and low-energy (3-70 eV) as well as highly
energetic electrons (50 keV). The required doses for patterning are relatively low and feature sizes can be
as small as tens of nanometers. The luminescence properties as well as carrier lifetimes remain similar

rsc.li/nanoscale after patterning.

Introduction

Colloidal quantum dots (CQDs) have developed to be a high-
performance and reliable platform for numerous applications
ranging from photovoltaics,"”> to LEDs,>* single photon
sources,™® transistors”® and many more.”'® This class of
nanocrystals is extremely versatile due to their tunable pro-
perties in terms of size, composition and surface chemistry,
which in turn influence important characteristics like
bandgap, absorption and emission wavelengths, photo-
luminescence quantum yield, charge transport, processability,
colloidal stability and film formation properties."’ Extending
the unique tunability of these nanocrystals by patterning them
on the micro- or nanoscale can lead to entirely new appli-
cations, for instance small LEDs for high resolution (flexible)
displays'* or waveguiding structures that support directional
emission.”® Ultimately, nanostructuring on the scale of the
wavelength of light can lead to collective effects such as reso-
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nances, allowing for enhanced emission and absorption of
metasurfaces.’* Manufacturing of these structures requires
multiple intricate processing steps, like stamping,'? template
stripping™® or multistep lithography with lift-off."®

Typically, nanostructures for large-scale applications are
written by (deep) ultraviolet lithography (4 = 193-365 nm,
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 complexity pushes the industry to
introduce a new technique based on extreme UV lithography (4
= 13.5 nm, EUVL), which will likely become the standard in
large scale lithography manufacturing over the next years.
Photolithography processes rely on masks to write the nano-
structures onto a substrate covered with photoresist. The illu-
mination light induces a solubility change of the resist, which
allows for subsequent dissolution of either the illuminated
(positive tone) or unexposed (negative tone) areas. Maskless
e-beam lithography (EBL) on the other hand is used for
smaller structures, 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.

Previous work has been carried out on patterning of col-
loidal quantum dots. Wang et al. exploited the degradation of
1,2,3,4-thiatriazole-5-thiolate capping ligands. These are
soluble in polar solvents, and become insoluble thiocyanate
ligands, by UV-radiation (1 = 254 nm).'® This approach with
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other light-sensitive ligands was later expanded to include
blue-light lithography (4 = 405, 450 nm) as well."” Palazon
et al. used X-rays from an XPS source (1 = 0.83 nm, 1486.6 eV)
to pattern nanocrystals directly by cross-linking the ligands."®
Highly energetic e-beam has also been explored for direct pat-
terning of metallic nanoparticles'®*° and more recently for
semiconductor nanocrystals (30 keV, 100 keV),*"** and other
more energetic sources summarized in an overview by Palazon
et al.”

Here we show a general, single-step, resistless method that
allows direct pattering of two different semiconductor
quantum dots (CdSe, PbS) with either low- or high-energy
photons (5.5 eV or 91.9 eV; DUV & EUV) or low- to high-energy
electron beams (3 eV-50 keV). 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 photoluminescence
efficiency remains almost constant upon patterning, making
the pattering technique suitable for optical applications.

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-unsatu-
rated, long (C18) carboxylic acid. We then deposited these
CQDs by spin coating thin films onto silicon substrates and
exposed them to five different exposure sources; three UV light
sources in the form of near UV light (1 = 365 nm, 3.4 eV) from
a MA BA 6 Mask aligner, more energetic light from a YAG DUV
laser (4 = 225 nm, 5.5 eV) and EUV light (4 = 13.5 nm, 91.9 eV)
from a synchrotron (Swiss Light Source) as well as two electron
beam sources with either low energy electrons (0-70 eV) in a
Low Energy Electron Microscope (LEEM, SPECS P90), or high-
energy electrons (50 kV) in a commercial EBL system (Raith
Voyager). To pattern the CQDs by EUV lithography we used
open frame exposure for large areas (0.5 x 0.5 mm?), or diffrac-
tive transmission optics to write either lines or pillars using
interference lithography. The size of the features was varied by
changing the grating period. After exposure, the samples were
developed by dipping into toluene or hexane for 10 seconds.
By exposing the CQDs to the UV light or electron beam
irradiation, chemical reactions are induced. These reactions
can include cross-linking between the quantum dot ligands,
upon which exposed areas become insoluble in the developer.
This solubility change allows for contrast between the exposed
and un-exposed areas and the formation of nanostructures of
nanocrystals (Fig. 1a). Upon exposure with EUV photons, the
high energy of the photons induces ionization events in the
absorbing atom, leading to the creation of photoelectrons,
holes and reactive radicals.>® These electrons typically still
have a relatively high energy of around 80 eV (ref. 25) and can
scatter inelastically with other electrons, losing energy along
the way. The energy transfer from the photoelectron to the sur-
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roundings 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 respect-
ively.® 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 a molecule in an antibonding orbital.***” This
process results in bond cleavage and subsequently in the gene-
ration 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.”®*° As the absorption of
one EUV photon can lead to a multiple of lower-energy photo-
electrons, EUV radiation can have an inherent chemical ampli-
fication, possibly requiring lower exposure doses.

By e-beam exposure, high-energy electrons have a similar
effect as high-energy photons: ionization and generation of an
electron cascade that leads to similar reactions. 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 (~10s of nm) than that of photo-
electrons emitted after EUV- photon absorption, which is
expected to be in the 1 nm range.>* Based on the potential
cross-linking chemistry of oleic acid ligands, we anticipated
that exposure to radiation could transform the material into a
cohesive network of nanocrystals which is insoluble in the
developing solvents, even though the unexposed 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 and e-beam radiation. Fig. 1b-e shows pillars
written in PbS CQD films by EUV (180 nm pillar diameter,
400 nm pitch, 140 mJ em ™2, Fig. 1b and c) and line/space pat-
terns written by EUV in CdSe CQD films (50 nm line width,
100 nm pitch, 55 mJ cm™?, Fig. 1d and e). More examples can
be found in the ESI (section S17). 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 pm® The development is
rapid, with almost no CQDs left in the unexposed areas after
10 s of immersion in the developer. Fig. 1f-h show some
typical structures created by e-beam lithography. In this case
we use a 50 keV electron beam (100 uC cm™?), which leads to a
large number of secondary electrons with a broad energy dis-
tribution. As in the case of EUV exposure, we find that the
e-beam exposed areas remain on the substrate upon develop-
ment. The structures are well-resolved, rendering the smallest
structures down to around 60 nm, which corresponds to a dia-
meter 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 DUV litho-
graphy in a one-step e-beam exposure.

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™?) with Fourier Transform Infrared Spectroscopy (FTIR).
The QD ligand, oleic acid, is a relatively simple molecule, an
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Fig. 1 (a) Direct quantum dot patterning with different irradiation sources. Colloidal quantum dots are spin coated onto silicon substrates to form
thin films. After irradiation with photons or electrons 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—h) are SEM images. (b) Large field of patterned PbS pillars (180 nm diameter, 400 nm pitch) after EUV-exposure (140 mJ cm™2) and devel-
opment. 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™). (e) Close up of CdSe lines. The individual quantum dots can easily be identified. (f) Larger, circular structure of CdSe QDs written with
e-beam lithography (100 pC cm™2). (g) Thin (~100 nm) lines of CdSe written with e-beam (100 uC cm™2). (h) Pillars of CdSe quantum dots with a dia-
meter around 65 nm written with 100 uC cm~2 e-beam dose.
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18-carbon-atom long mono-unsaturated molecule, with a car-
boxylic end group. The most prominent features in the FTIR
spectra are the features between 2800 and 3100 cm™", between
1300 and 1600 cm™" and around 1100 cm ™" (see Fig. 2).

The absence of an absorption peak around 1700 cm™" indi-
cates the absence of protonated -COOH end groups, which
would reveal the presence of unreacted excess of oleic acid in
the sample before exposure, or the formation of free ligands
upon exposure. The peaks between 1300 and 1600 cm™"' are
related to the symmetric and asymmetric stretching modes of
deprotonated carboxylate COO™ as bound to inorganic nano-
particles and quantum dots.>**> The absorption between
1300-1700 cm™" does not change as function of dose, and we
therefore conclude that the binding of the ligands to the
crystal surface remains unaffected, which is important for
maintaining a passivated QD surface. The high wavenumber
region, around 2925 cm™", corresponds to stretching modes of
CH, (2850 cm™"), CH; (2950 cm™")**>*? and the CH bending of
the C=CH bonds (3005 cm™').>* We observe a systematic
decrease and broadening of the peak at 3005 cm™', which
corresponds to a reduction in the number of double bonds
when higher doses of EUV are interacting with the sample.
The often used, but generally weak feature for C=C around
1650-1640 cm™" was on the level of the noise and therefore
not used in this analysis. C—=C features below 1000 cm™" 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 sub-
strates and therefore not used. Finally, we observe an increase
in the peak around 1105 cm™", commonly attributed to C-C-H
stretching in metal oleate molecules.*® 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
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Fig. 2 FTIR spectra of EUV exposed PbS 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 CH, stretches.
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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™' does not disappear even at
the highest dose, meaning that many ligands remain
unchanged.

Further evidence of such cross-linking was found by
measuring the height profile of an EUV exposed PbS film with
Atomic Force Microscopy (AFM) mapping shown in the ESI
(section S27t). The film shows virtually no reduction in thick-
ness at the edge of an exposed area before development. This
result is consistent with the observation that only a fraction of
the ligands cross-link the QDs 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 material, 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.>® A stiffer material is consistent with
cross-links of the organic ligands into a denser network.

In order to determine the optimal dose for writing nano-
structures with EUV, we write the PbS pillars at a range of
intensities and measured their topology with AFM (Fig. 3). We
find that even at low exposures (40 + 6 mJ cm™~?) 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.*®* When increasing the
dose, the features become thicker and more clearly resolved,
with sharper contrast between lines and spaces and a more

40 mJ/cm?
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30E
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@ Oy g 202
) ©. © 0 O £
00 ... 3
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Fig. 3 AFM image of PbS pillars exposed to different doses of EUV light.
(a) Low doses lead to thin features remaining after development, (b and
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.
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reproducible shape. At 80-120 = 15 mJ cm™> 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 struc-
tures with EUV is particularly desirable because in commercial
applications, which require an even lower dose of 20-30 m]
em™?, the EUV photons are produced 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. Overexposure emerges when the
number of photons necessary for a solubility switch is sur-
passed outside of the intended region. As the features are
written with interference lithography, the light 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 the ESI (section S37).

Since the onset of cross-linking was hard to define by AFM
because of the absence of a sharp edge, photoluminescence
(PL) measurements were performed on EUV-exposed CdSe
films as an accurate probe suitable for very thin films (Fig. 4a
and b). An appreciable PL is detected for doses as low as
19.7 mJ cm?, consistent with the optical microscopy images
(Fig. S51). The PL intensity increases with increasing dose, as a
thicker film of QDs remains on the substrate. This increase in
PL plateaus at doses over 280 mJ cm™> (Fig. 4b and Fig. S57).
EUV doses higher than 280 mJ cm™> do not lead to significant
changes in PL intensity.

The PL of e-beam exposed CdSe films shows a similar be-
havior as the EUV exposed films (Fig. 4c and d). PL intensity is
increasing with increasing dose, due to thicker QD films
remaining. Doses as low as 20 uC cm™> are already enough to
cross-link a small amount of quantum dots and measure
appreciable PL intensity. At high doses one might expect beam
damage affecting the emission intensity, for instance due to
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 pC em™ > which is
on the high end of the exposure doses.

We fit the PL curves with a Gaussian profile to extract both
the peak location (Fig. 4e and f) and full width at half
maximum (FWHM) as a function of the dose (shown in ESI,
Fig. S5f). For both EUV and e-beam exposed samples 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 QD ligands may reduce the interparticle
spacing. This reduction enhances the energy transfer between
the nanocrystals via the Forster Resonance Energy Transfer
(FRET) that favors emission from lower-bandgap quantum
dots.””*° As the efficiency of energy transfer is strongly depen-
dent of the distance between the two dipoles, small differences
in interparticle distance in the order of several A can already
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lead to such small red-shifts in the spectrum of photo-
luminescence.*’ The reduction in interparticle spacing also
increases the electronic coupling between dots, reducing the
quantum confinement.?”~***>*3 Wwe attribute the blue-shift at
higher doses to a slight etching of the quantum dot surface by
the high dose of highly energetic electrons. This removal of
only a few surface atoms reduces the size of the QD core,
leading to an effectively smaller crystal with more confine-
ment, while not necessarily changing the radiative lifetimes.**
The blue-shift we observe (10-20 meV) corresponds to less
than 0.1 nm reduction in QD radius.”> 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 CH,/CH; 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 (Fig. S6t),
which is an indication that the photoluminescence quantum
yield (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 surface passivation or
changes in the electronic environment of the surface.’®*” 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 instance 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.*® The stability 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.

Photoluminescence lifetime measurements are an accurate
way of quantifying changes in non-radiative recombination."’
We recorded lifetime traces of CdSe QD films exposed to
different doses of EUV light and e-beam irradiation after devel-
opment using a Time Correlated Single Photon Counting
(TCSPC) setup. Lifetime traces for EUV and e-beam exposed
samples are shown in Fig. 5a and b respectively. Although
decay traces of quantum dots in solution or single quantum
dots commonly exhibit a single exponential decay, multi-expo-
nential decay behavior is often found in solid-state ensembles
of quantum dots.”** Similar to previous work we observe a
bi-exponential decay consisting of one stretched exponential

B
term: y(t) :Ale’(i) +Ae 2.7 Fig. 5¢ shows the different
lifetime components for EUV exposure as function of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Photoluminescence spectra of CdSe films after exposure with EUV (a) or e-beam (c) and development. The integrated PL intensity as func-

tion of EUV (b) or e-beam (d) shows an increase in PL intensity as functio
remaining quantum dot film. Error bars indicate spread between multiple

n of the exposure dose, which is related to the increased thickness of the
measurements on the same sample. (e) Position of peak fluorescence of

CdSe films after exposure to EUV and (f) e-beam and development. Exposure leads to an initial red-shift, followed by a small blue-shift.

exposure dose. We can observe a small initial decrease in life-
time for both 7, and 7,, which is consistent with the enhanced
interparticle energy transfer described above. Above 200 m]
em™> we observe a slow increase in 7; with increasing dose.
For e-beam exposed samples of a different batch of QDs we
also find that lifetimes are relatively stable upon exposure (life-
times 7; = 2.5 = 0.25 ns, 7, = 1.7 + 0.5 ns, Fig. 5d). The stretched

exponential exponent f, shown in ESI Fig. S10, as function of

This journal is © The Royal Society of Chemistry 2020

dose, also appears to be stable at f = 0.29 + 0.01 for EUV
exposure and f = 0.36 + 0.018 for e-beam exposure. We use
these lifetime components to estimate a relative change in
internal PLQY (see ESI, section S8t), and find that upon EUV
exposure PLQY;,, drops by 20-50%, while e-beam exposure
yields a relative increase in PLQYj,. It should be noted
however, that this analysis assumes no changes in outcou-
pling, which could affect the results. Although a small
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Fig. 5 PL lifetime traces of (a) EUV and (b) e-beam exposed CdSe films after development. Fitted lifetime components of the (c) EUV and (d)
e-beam exposed films as function of dose. Radiative lifetimes become shorter after exposure, but are remarkably stable after the initial decrease.

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.

Both EUV photons and EBL electrons 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 Low Energy
Electrons (LEE, 0-70 eV) and (deep-)UV ((D)UV) light (4 =
365 nm, 3.4 eV, and 4 = 225 nm, 5.5 eV).

Fig. 6 shows the average height of a developed CdSe film as
function of dose and electron energy, based on AFM measure-
ments (Fig. S12f). We can already observe changes to the
material at electron energies of 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 larger doses are necessary for
cross-linking than in the case of 50 kV electrons, indicating
that the cross-linking process may be less efficient at lower
energies.

Using lower-energy photons by DUV exposure is also poss-
ible. Previously Wang et al. already showed that (D)UV or blue
light (4 = 254, 365, 405, 450 nm, 4.9, 3.4, 3.06, 2.75 eV) can be
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Fig. 6 Thickness of CdSe films after exposure to low-energy electrons
and development. Depending on the dose, 3 eV electrons can already
lead to a solubility switch of the QD film.

used for patterning QDs covered with photoactive ligands, as
these molecules are unstable and degrade under exposure and
their destruction leads to colloidal instability of the QDs.'®"”

This journal is © The Royal Society of Chemistry 2020
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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 4 = 225 nm
(5.5 eV) UV light from a Nd:YAG-laser (NT342B, Ekspla) did
induce a solubility switch, however only at very high doses of
4000 mJ cm™> (see ESI, Fig. S137), which is two orders of mag-
nitude higher than for EUV photons. 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. 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. Electrons on the other hand can
also generate radicals which may allow chemical changes at
lower energy. Despite this difference, the fact that both elec-
trons and photons lead to chemical changes shows that our
patterning mechanism is versatile and universal. As long as a
minimum energy threshold is reached, 3 eV for electrons and
5.5 eV for photons, as-prepared quantum dots can 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 crosslinking, possibly due to the fact that one
absorbed EUV photon can create multiple reactive species that
may crosslink more QDs simultaneously, requiring less
photons for full conversion.

Finally, we demonstrate the versatility and the intricate pat-
terns possible by directly patterning as- synthesized CdSe
quantum dots into a miniature version of the painting “The
Girl with the Pearl Earring” by Johannes Vermeer (Fig. 7a).
This image was first pixelated, and the gray value was trans-
lated into the filling fraction of the individual pixel, which was
then used for e-beam exposure. Fig. 7b shows that also this
complex developed structure shows bright PL, demonstrating
the feasibility of directly pattering active semiconductor
quantum dots for complex optoelectronic devices. Next to this

ElOptical microscope|s

Intensity (cts)

Fig. 7 (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 1 = 405 nm, detected
emission 1 = 545 nm.) Note that the color scale is reversed, as the
luminescence of the QDs yields a negative image.
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complexity, we believe it should be possible to pattern mono-
layers 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.

Conclusions

We show a general one-step nanopatterning technique for as-
synthesized PbS and CdSe quantum dots with several types of
radiation. Both relatively low-energy photons (from 5.5 eV) as
well as electrons (from 3 eV) can be used for patterning, as well
as higher-energy EUV photons (91.9 eV) and highly energetic
electrons (50 keV). Features can be as small as 60 nm which
roughly corresponds to about 10 QDs 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
are relatively low and in the same range as commercial state-of-
the-art patterning materials (~120 mJ cm > for EUV, ~100 uC
em™ for e-beam) and optimizing ligand chemistry might
improve the sensitivity even further. The exposure to energetic
electrons and extreme-UV photons, even to relatively high doses,
does not significantly affect the luminescent properties. The ver-
satility 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.

Experimental methods

Chemicals

Lead oxide (PbO, 99.995%), selenium (Se, 99.999% pure),
n-octane (>98%) were purchased from Alfa Aesar. Hexane
(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 (analyti-
cal grade), sulfuric acid (H,SO,4, 97.5%) and hydrogen peroxide
(H,0,, 30%) were purchased from Sigma Aldrich. Double-side
polished silicon wafers were purchased from Siegert Wafer.

Nanocrystal synthesis

PbS nanocrystals were synthesized following Barkhouse et al.>*
In a typical synthesis of PbS quantum 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 °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 °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
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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, discard-
ing of the supernatant and redispersion in toluene. Finally the
quantum dots were stored in octane at the desired
concentration.

Synthesis of the CdSe quantum dots was done similar to
Capek et al.”>® 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 °C
for 5 hours, yielding a clear, orange solution while hot and a
clear, deep-golden colored solution upon cooling. A cadmium
precursor was made by adding 0.0942 g 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 °C under N,. The temperature was
raised to 260 °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 °C. The reac-
tion 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 nano-
crystals. 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 sub-
strates were cleaned by subsequent ultrasonic cleaning in soap
water, DI water, ACE and IPA. After sonication the substrates
were cleaned 30 min in acid piranha solution (7:3 vol
H,S0,: H,0,) and finally 15 min 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.

EUV exposure and development

The films were exposed to 91.9 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 x
0.5 mm?®) 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 by a dip in clean
toluene and subsequently in IPA, before drying with N,. Open
frame samples were subsequently characterized by AFM, FTIR,
PL microscopy, and TCSPC. Patterned samples were analyzed
by SEM and AFM.
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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 devel-
oped 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 LEEM experimental setup. The design of the
setup is based on a commercial aberration-corrected LEEM
SPECS P90 instrument. Exposure to electrons of well-con-
trolled energy and dose was performed using a LEEM built-in
beam blanking system. For each single exposure event the
sample was exposed to electrons 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 corresponds 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.

(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 1000 W Hg lamp as exposure
source. Samples were exposed through a contact mask in hard
contact mode at a 100 pm gap. Various exposures were made
at 25 mW cm™? for total doses up to 10 000 mJ cm ™,

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) produ-
cing 355 nm light pumps a parametric oscillator with SHG to
generate 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)
in tapping mode at a frequency of 1 Hz and a Dimension Icon
(Bruker) in tapping mode.

Photoluminescence

Photoluminescence of samples was measured using a WITec
alpha300 SR confocal microscope with 100x Zeiss objective
(NA 0.9). A 405 nm Thorlabs S1FC405 fiber coupled laser

This journal is © The Royal Society of Chemistry 2020
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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 con-
verted to the energy scale using a Jacobian transformation.”®
The setup can be used to record single spectra as well as
perform spatial PL mapping.

Photoluminescence lifetime measurements

Fluorescence lifetimes were recorded with a home-built Time
Correlated Single Photon Counting setup (PicoQuant PDL 828
“Sepia II” and a PicoQuant HydraHarp 400 multichannel) in
an inverted microscope with an Olympus 60x Plan
Apochromat 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.

Fourier transform infrared spectroscopy

FTIR samples were spin coated on double side polished silicon
substrates with a thickness of 500 pm. Spectra were recorded
in transmission with a Bruker Vertex 80v under vacuum con-
ditions. Each spectrum is an average of 20 spectra with a

resolution of 4 cm™".

Optical microscope

Optical microscope images were recorded with a Zeiss,
AxioCam ICc 5 equipped with a 20x/0.2 objective.

Abbreviations

AFM Atomic force microscopy

CQD Colloidal quantum dot

DUVL  Deep ultraviolet lithography

EBL Electron beam lithography

EUVL  Extreme ultraviolet lithography

FRET  Forster resonant energy transfer

FTIR  Fourier transform infrared spectroscopy
LEE Low energy electrons

LEEM Low energy electron microscopy

PL Photoluminescence

PLQY Photoluminescence quantum yield
SEM Scanning electron microscopy

TCSPC Time correlated single photon counting
XPS X-ray photoelectron spectroscopy

YAG Yttrium aluminium garnet
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