C O L L O I D A L Q U A N T U M D O T PAT T E R N I N G V I A
ELECTRON-BEAM LITHOGRAPHY

“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 lithography 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 acceleration 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 extremeultraviolet (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 complicated 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 directly 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 highenergy 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 highenergy 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 distribution. 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.

3.2 results and discussion

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

49

50

cqd patterning via e-beam lithography

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 crosslinking 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.

3.2 results and discussion

Figure 3.3: (a) Photoluminescence spectra of CdSe films after exposure with
e-beam and development. (b) The integrated PL intensity as function of ebeam 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.

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

that is fitted with a stretched exponential: y (t) = A1 e
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A2 e 2 [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 decrease 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.
− τt
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Figure 3.4: PL lifetime traces of (a) e-beam exposed CdSe films after development. (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 observe a minimum threshold for electron energy to induce chemical 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 electrons 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 patterns 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 (Figure 3.6a). This image 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 feasibility 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 assynthesized 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 corresponds 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 methods 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 substrates were cleaned 30 mins in acid piranha solution (7:3 vol
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H2 SO4 :H2 O2 ) 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 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.
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 tapping 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 lifetimes were recorded with a home-built TCSPC setup (PicoQuant
PDL 828 “Sepia II” and a PicoQuant HydraHarp 400 multichannel) in an inverted microscope with an Olympus 60× 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.
Optical microscope: Optical microscope images were recorded
with a Zeiss AxioCam ICc 5 equipped with a 20×/0.2 objective.
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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 β of 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 lowenergy electrons of different energy and at different dose. 3 eV electrons can
already convert the material into an insoluble film.
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