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Abstract

An important promise of nanophotonic structures ranging from photonic crystals and metamaterials to plasmonics
is to control the emission rate and directionality of single emitters. A prerequisite is that emitters can be precisely
positioned with respect to the photonic structure. In this work we demonstrate a method that achieves 70 nm resolution,
and which can be applied irrespective of the emitter and substrate chemistry.

1. Introduction

Considerable effort in nanophotonics is focused on the controlled positioning relative to nanophotonic structures
of single fluorescent nano-objects, such as luminescent colloids, quantum dots, or diamond nanocrystals containing
fluorescent color centers. These efforts are fueled by the promise of plasmonics, metamaterials and photonic crystals
to control the emission dynamics and directivity of single emitters. For instance, the resonant ‘plasmon’ response of
free electrons in noble-metal nanostructures can be used to mimic radio-frequency antennas to control emission and
absorption of light [1–5]. Directionality and enhanced emission rates result from a combination of strong, coherent
scattering and local enhancement of fields in nanoscale gaps between metal particles. The functionality of such
nanophotonic structures crucially depends on precise fabrication, including accurate placement of the fluorophore at
a sweet spot that will ultimately require positioning within a volume of 20×20×20 nm3. This estimate holds both
for metallic nanophotonic structures [6, 7], and for the typical accuracy required when assembling emitters with, for
example, high-Q-cavity point defects in photonic-crystal membranes [8, 9].

Several approaches have been reported to integrate lithographically defined nanophotonic structures with single
nanoscale light sources in a spatially selective manner and significant progress has been made towards the desired goal
of a positioning accuracy of ca. 20 nm in each dimension. Often, integration occurs after the source and the sample
have been fabricated individually in separate steps, since the processes required to obtain desirable fluorescent sources
and tailor-made nanophotonic structures are usually not compatible. Several groups have explored nanomanipulation
techniques for controllable placement of single fluorescent nano-objects by either mechanically pushing with a probe
tip [8–11], or by gluing the source to a probe and scanning it over a desired location [12–15]. Regarding positioning
accuracy, scanning-probe techniques are currently limited by the size of the object holding the source. Typical sizes
of nano-objects containing fluorescing sources are around 50 nm. Furthermore, scanning-probe positioning is highly
time consuming, easily taking on the order of hours to assemble a single source-nanostructure combination. While
scanning-probe techniques are acceptable for proof-of-concept quantum-optics experiments, many applications could
benefit from less deterministic, yet faster methods to control where nano-sized sources are deposited. A common
example is the quantification of the performance of plasmon antennas, which usually requires screening a large num-
ber of structures. A possible bottom-up route to truly nanoscopic ensembles of emitters coupled to photonic building
blocks consists of incorporating fluorescing sources into self-assembled structures, which has been demonstrated on
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Figure 1: Schematic of the QD localization method, where negative resist HSQ is used to define the mask that protects the underlying QDs from
being disabled by the plasma etch. In step 1, QDs (red) are first spin coated on the substrate and then capped by a thin layer of PMMA (blue).
In step 2 a protective mask is formed by spin coating, EBL exposure and development of the negative resist HSQ (dark purple). During step 3 a
reactive plasma etches through the PMMA layer and removes the QDs except where the HSQ structures act as an etch mask.

DNA-functionalized particles [16, 17] and furthermore in template-grown structures [18]. While such self-assembled
composites allow ultimate relative positioning of source and nanophotonic structure, fabrication of sophisticated an-
tenna designs is challenging. To harness ubiquitous planar processing technologies it is desirable to develop easy and
quick techniques to reliably localize emitting quantum sources on nanostructured planar samples. A promising solu-
tion is functionalization of a predefined sample area as recently realized by Curto et al. [5]. Electron beam lithography
(EBL) was used to create a polymer mask that prevents quantum-dot (QD) attachment, except in 70×70 nm2 areas
where the mask is perforated. The method of Curto et al. has been successfully reproduced by Dregely et al. [19], and
similar approaches have been published by Kramer et al. [20] and Ureña et al. [21]. Importantly, these methods all
rely on the selective patterning of a substrate with a self-assembled monolayer (SAM) to ensure surface-specific bind-
ing of ligand-decorated QDs to predefined areas of the sample, a challenging method regarding the involved process
steps and parameters [22]. As an alternative to surface-functionalization techniques that require challenging surface-
chemistry steps, the nanophotonics community has explored multiple variations of methods to incorporate fluorescent
sources into EBL resists that are then selectively exposed and removed, such that a defined volume of resist holding
the sources remains in the desired position. This method of pattering resist with incorporated emitters can be done in
two fashions: With positive resist, the emitters contained in the ultimately remaining volume will not be exposed to
the electron beam [23, 24]. As a drawback, in order to define truly nanoscopic source volumes, the time consuming
process of exposing the entire area to be cleared from emitters has to be carried out. On the other hand, when using
negative resist, exposure can be constrained to the positions where emitters are intended to be present [25]. However,
a sufficient fraction of sources then needs to withstand the irradiation by high-energy electrons without degradation of
their optical properties [26, 27]. Finally, Sorger et al. have demonstrated a localization method for emitters where self-
assembled nanostructures are deposited on a planar, dye-doped resist film which is subsequently exposed to an oxygen
plasma [28]. The plasma removes all organic materials, including the resist layer, and deactivates the incorporated
emitters except directly under the deposited nanostructures, which act as an etch mask. Naturally, the co-localization
technique by Sorger et al. is only applicable to nanostructures able to withstand the plasma treatment.

This paper reports a generally applicable approach to lithographically define areas decorated with fluorescing QDs
on planar samples. Briefly, we first uniformly cover a substrate with QDs without any spatial selectivity. Subsequently,
we deactivate all emitters in regions that are not protected by a lithographically defined mask. We have developed
this method as we found it far from trivial to obtain spatial control using the existing wet chemical methods described
above. On basis of the results obtained with our complementary method, i.e., homogeneous coverage and selective
removal, we argue that it is generally applicable, with excellent spatial resolution down to 70 nm, and without requiring
chemical specificity.

2. Materials and Methods

Our route to local functionalization is complementary in philosophy to the method of Curto et al. [5], in that
rather than defining where QDs should selectively bind, we first deposit QDs everywhere and then selectively remove
QDs everywhere, except in the desired regions. Since selective removal of QDs using lithography requires that QDs
survive the process required to create the mask, we discuss an implementation in the worst case scenario for mask
definition, which is EBL using negative resist, where the QDs are directly exposed to the high-energy electron beam,
which might deteriorate their optical properties. The process flow for our method is depicted schematically in Fig. 1.
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Figure 2: Fluorescence intensity images of samples prepared according to our localization method. The circular bright region denotes the Gaussian
pump spot. (a) Sample after fabrication step 2, i.e. after EBL exposure and HSQ development. The darker region in the center in the shape of the
number ‘seven’ was exposed to the electron beam and therefore shows a reduction in fluorescence by about 60% as compared to the unexposed
region. (b) Same region on sample shown in (a) after the etch step 3 has been carried out. All QDs outside the region protected by the HSQ mask,
i.e., the region in the shape of the number ‘seven’ have been removed by the etching step. (c) Fluorescence intensity image of sample where narrow
horizontal lines, spaced by 5 µm, of exposed HSQ protected QDs from removal. The inset shows a SEM image of the lowest line in the main panel,
showing a HSQ line width of 70 nm. (d) Same as (c), but with even narrower HSQ lines with 40 nm width. Two exposed lines are still clearly
visible in the center of the image while other lines are missing and fluorescent sources appear at random positions.

Step 1: Depositing QDs homogeneously For our experiments we use a commercial batch of QDs, Qdot 800 ITK
Organic (Invitrogen, catalog number Q21771MP) dispersed in decane. The glass cover slips (Menzel) that we
used as a substrate were cleaned with a 15 min bath in base Piranha (prepared from NH3(aq., 30%):H2O2(aq.,
30%):H2O in 1:1:5 ratio) at 75◦C. We first spin coat a diluted solution of QDs (50 parts anisole on 1 part 1 µM
QD solution) on a glass substrate at 1500 rpm for 45 s [denoted in red in Fig. 1]. As next step, we spin coat a
20 nm thick PMMA layer (PMMA M = 495 kD, 2% in anisole, spin coated at 4000 rpm for 45 s followed by a
1 min baking step on a hotplate at 150◦C) to protect and immobilize the QDs [blue in Fig. 1].

Step 2: Mask definition We cover the sample with a 60 nm thick layer of negative EBL resist hydrogen silsequioxane
[HSQ, Dow Corning XR-1541, denoted in purple in Fig. 1, 4% solution in methylisobutylketone (MIBK), spun
at 1000 rpm for 4 s, followed by a step at 1500 rpm for 30 s, baked at 90◦C on a hotplate for 45 min]. Before
exposure to the electron beam, a layer of conductive polymer Espacer (Showa Denko) is spin coated on top of
the HSQ at 4000 rpm for 45 s [not depicted in Fig. 1]. Patterns of 100 µm long lines were written with EBL at
30 kV and a range of doses from 400 µC cm−2 to 1600 µC cm−2. After exposure, the Espacer layer is removed by
washing the sample in water for 75 s. The HSQ is developed in a 6% aqueous solution of tetramethylammonium
hydroxide (TMAH) for 60 s at room temperature and rinsed in water for 15 s. A potential problem in this
method is that the PMMA layer underneath our negative resist (HSQ) is itself a positive resist. However,
despite exposure to the electron beam the supporting PMMA layer is not patterned complementarily to the top
HSQ layer, since aqueous TMAH does not develop PMMA. Therefore, the supporting PMMA layer remains
intact. We are hence left with stripes of EBL-exposed HSQ on top of the sample as sketched in the central panel
of Fig. 1.

Step 3: QD removal by etching In the final process step we expose the sample to an O2 plasma (Oxford Instruments
Plasmalab 80+, using a 5 mTorr, 25 sccm O2 plasma with 50 W power at 13.56 MHz) for 20 to 40 s, in order to
etch through the PMMA layer and deactivate the underlying QDs on the sample. The HSQ structures exposed
to the electron beam serve as an etch mask during this process. The resulting structure after step 3 is sketched
in the right panel of Fig. 1. The approximately 80 nm high stack of PMMA and HSQ is left on top of the QDs
but we note that it could be lifted off in acetone if desired.

3. Results

3.1. Quantum dot fluorescence after e-beam exposure

To characterize our samples we use a fluorescence microscope set up. The substrate is placed on an inverted
microscope, and excited with a pulsed laser (532 nm, repetition rate 10 MHz, pulse width around 10 ps) through a
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100× (NA 0.90) dry objective. Fluorescence is collected through the same objective. For excitation we use 33 µW
epi-illumination to pump an area of roughly 25 µm diameter on the substrate. Fluorescence is selected before detection
by a long-pass filter (580 nm cut-off), and is imaged on a Nikon DS-Qi1Mc CCD camera with single emitter sensitivity.
The corresponding width of HSQ lines is quantified afterwards through scanning electron microscopy (SEM) images.

Figure 2(a) shows a fluorescence intensity image of a sample after step 2 in Fig 1, i.e., after the exposure of a
micron sized area in the shape of the number ’seven’ to the electron beam and after the development of the HSQ, how-
ever before the plasma treatment of step 3 was effected. The region exposed to the electron beam is still fluorescent,
although at a lower intensity than unexposed areas, which is a signature of the destructive effect of the electron beam
on a part of the emitters. The overall brightness variation with circular symmetry is the effect of our approximately
Gaussian excitation spot which has the highest intensity in the center of the image. After the plasma etching step [3
in Fig. 1] we obtain the fluorescence intensity image shown in Fig. 2(b), where the marker is now clearly visible as an
area of bright fluorescence, since in this region the QDs were protected from the O2 plasma by the HSQ mask. Note
that the exposure time in Fig. 2(b) is increased from 400 ms to 1500 ms as compared to Fig. 2(a) at identical pump
power. A quantitative analysis of the fluorescence intensity of the area exposed to the electron beam but protected
from etching [inside ’seven’ in Fig. 2(b)] and the QD layer initially deposited in step 1 [outside ’seven’ Fig. 2(a)],
yields the result that almost one third of the QDs survive the EBL step. After the etching step, fluorescence away
from the HSQ protection mask, i.e. outside the ’seven’ in Fig. 2(b), is at a level comparable to the background level
of a bare, clean substrate. We hence conclude that plasma etching very effectively removes or disables QDs, and that
a 60 nm thick HSQ layer effectively protects QDs against the plasma etch.

3.2. Spatial resolution

Having proven the principle of our method to selectively remove QDs in EBL defined regions we now turn our
attention to determining its resolution limit, i.e., how small of an area we are able to define, which still contains intact
QDs. To this end we expose narrow parallel lines of HSQ to the electron beam. A close-up SEM image of such a
line of width 70 nm is shown in the inset of Fig. 2(c). Figure 2(c) shows a fluorescence intensity image of a set of
three parallel lines, spaced by 5 µm, of QDs obtained with our localization method. The SEM image in the inset was
taken on the lowest line of the main panel. Clearly, the fluorescence is restricted to areas protected by the HSQ mask.
We therefore conclude that our method is able to reliably localize QDs as fluorescent sources to within a precision
of at least 70 nm. On basis of blinking dynamics observed on the CCD, we attribute the dotted appearance of the
lines in Fig. 2 to a QD line density comparable to 1 per µm. The resolution limit of our method is given by the
minimum achievable size of the protection mask. We have further reduced the width of the HSQ lines to 40 nm by
reducing the electron dose. A SEM image of the smallest obtained lines which still bear QDs is shown in the inset
of Fig. 2(d), together with the respective fluorescence intensity image (main panel). While also at this resolution of
40 nm, exposed lines are clearly visible due to their fluorescence, some lines are missing while emitters also appear
at unexpected positions on the sample. The fact that some of the exposed lines are missing clearly points at adhesion
problems between the resist stack and the sample with diminishing linewidth. Regarding the appearance of fluorescent
spots appearing at unexpected locations on the sample we note that we have witnessed the phenomenon of very small
resist patches detaching from the sample during the development step and reattaching at a different position. We
therefore speculate that the HSQ line could fracture at a critical line width such that the fragments can diffuse and
reattach to act as protective etch masks at random positions on the sample. Careful optimization of the adhesion
between the resists and between resist and substrate together with highly uniform HSQ line widths will push the
resolution limit of our method down to the resolution limit attainable with HSQ EBL processes of around 10 nm [29].

3.3. Comparision to the method of Curto et al. [5]

We close with a discussion comparing our method to the one of Curto et al. [5], also used by Dregely et al. [19].
For spatial selectivity Curto’s method relies on a SAM for selective attachment of amino-functionalized QDs to gold,
combined with a PMMA mask preventing formation of the SAM except in designated unmasked areas. To test
the SAM functionalization implemented by Curto et al. [5], we first use gold striped substrates in unmasked form
(i.e. no PMMA mask to define areas designated for QD binding). We used glass subtrates containing Au stripes
of (nominally) 6 µm width, 30 nm height, and with 6 µm in between stripes, created using optical lithography. By
applying an O2 plasma etching step (same parameters as used in our method for selective QD removal) we obtain a
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Figure 3: Epi-fluorescence images of glass substrates with gold reference stripes and QDs attached. For these images we used a long pass filter
with cut-off at 715 nm to avoid detection of background fluorescence from residual photoresist S1813, and imaged the samples with the patterned
side facing the objective so that the gold stripes would not block pump light and fluorescence. The gold stripes are oriented horizontally. (a) If the
substrate is not functionalized with MUA, the gold stripes appear less bright than the glass surface. (b) On substrates functionalized with MUA,
gold and glass stripes have comparable brightness. (c) A mask of 6 µm wide PMMA stripes has been fabricated perpendicularly to the gold stripes
prior to MUA functionalization in order to define areas designated for QD binding. Fluorescence image is taken with PMMA mask still in place but
after immersion in QD solution. (A) denotes an area of unmasked gold, (B) unmasked glass, (C) masked gold, (D) masked glass. (d) Same sample
as in (c) but after dissolution of the PMMA binding mask. (A)-(D) denote the respective areas in (c) after dissolution of the PMMA binding mask.

reproducible surface chemistry and remove all organic substances that may remain after optical lithography. Leaving
the substrates overnight in an 0.5 g L−1 ethanolic solution of mercaptoundecanoic acid (MUA, Sigma-Aldrich, stored
at 4◦C) leads to the formation of a carboxyl-functionalized SAM on the gold areas. After washing with ethanol and
drying, the functionalized substrate is immersed overnight in freshly prepared 0.5 g L−1 aqueous solution of 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC, Sigma-Aldrich, stored at -20◦C, activates binding between QDs and
MUA) containing QDs at 0.24 nM concentration. These Invitrogen Qdot 800 ITK amino (PEG) quantum dots are
identical to the ones used in our new method, except for having their ligands exchanged to amino-functionalized
polyethylene glycol. As a final step, unattached QDs are washed off by rinsing with water.

Figure 3 evidences the effect of SAM functionalization. Panels (a) and (b) show fluorescence images of Au-striped
substrates immersed in EDC/QDs (a) without and (b) with first having applied the MUA functionalization step. Our
observations confirm the result of Curto et al. [5] that formation of a SAM to covalently bind QDs (Fig. 3b) is a
very effective means to cover gold with fluorophores that would not otherwise bind (Fig. 3a). However, we find that
SAM functionalization in itself provides no selectivity for gold, since the QDs do always bind to glass irrespective of
whether the SAM is present or not. As Ureña et al. [21] [supplementary material] report in a revised version of Curto’s
method, buffering and addition of N-hydroxysuccinimide (NHS) to the activation solution may further enhance EDC
activation and improve QD binding to the SAM. We note that SAM functionalization can be usefully combined with
our lithography method. While our method is in itself ligand chemistry aspecific, one can opt to form a SAM and
thereby potentially improve binding of QDs to gold, prior to creating spatial selectivity lithographically by patterning
a HSQ layer as plasma etch mask.

Having successfully applied the SAM functionalization step, we note that we have not been able to succesfully
replicate Curto’s use of a patterned PMMA mask to limit where QDs bind. We fabricated a PMMA mask by transfer-
ring a stripe pattern obtained by optical lithography in Microdeposit S1813 G2 photoresist to an underlying PMMA
layer (200 nm thick, obtained by spincoating a 6% solution of 495 kD PMMA in anisole at 4000 rpm for 45 s, and
subsequent baking at 180◦C for 1 min on a hot plate). The transfer is effectuated by a brief O2 plasma etch step,
ensuring a reproducible surface chemistry of unmasked areas. Since we fabricated PMMA stripes perpendicular to
the gold reference stripes, immersion in MUA, and subsequently EDC/QD solution should result in a checkerboard
pattern of masked and unmasked glass and gold. However, the fluorescence images do not show a strong spatial
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selectivity. Both prior to [Fig. 3(c)], and after [Fig. 3(d)] dissolving the PMMA layer (lift-off in acetone at 50◦C),
we find homogeneously distributed QDs. We believe that during their long incubation time, the QDs diffuse into the
PMMA layer. Indeed, on basis of the diffusion constant for nanometer sized objects in PMMA, we estimate a diffu-
sion time on the order of seconds, orders of magnitude shorter than the incubation time2 in both our work and that of
Ureña et al. [21]. The fact that the spatial selectivity does not appear upon dissolving the PMMA mask suggests that
QDs diffused through the PMMA layer may have bound to the underlying substrate, or redeposit on the sample when
the PMMA is dissolved. While diffusion during incubation might be avoidable by changing the PMMA density and
baking parameters, and while the redeposited QDs might be removable by washing to leave only the covalently bound
QDs, we note that in our methodology unwanted diffusion counteracting the intended spatial localization is avoided
altogether. Indeed, in our method QDs are not removed in a wet development or lift-off step, but rather by dry etching.

4. Conclusion

In conclusion, we have demonstrated a general method to lithographically define areas on any planar sample where
QDs are present and where they are certainly absent with a spatial resolution down to 70 nm. The method relies on
first dispersing QDs homogeneously, then applying a protective polymer layer in which openings are lithographically
defined, followed by a gentle O2 plasma etch. We have successfully applied this masking method also to localize
various organic dyes and using both positive and negative resists. Furthermore, we have established that QDs are
able to withstand patterning with negative EBL resists, which are desirable in terms of writing time but require that
QDs do not bleach under the EBL beam. Thus, our method allows the state-of-the-art resolution of electron beam
lithography to define where fluorophores are deposited for a large variety of geometries and chemistries. Since our
procedure contains no step specific to QD (ligand) chemistry it is applicable to all emitters that can be homogeneously
dispersed, and that can be removed by O2 etching, and can be applied equally well to glass substrates, metal surfaces,
or any other type of substrate, in distinction with the methods of [5, 20, 21] that are substrate specific.

Compared to reported techniques where emitters are incorporated in EBL resist which is then patterned [23–27]
our method offers several advantages. First, clustering of emitters in the resist is not an issue, since resist is spin-coated
on top of predeposited emitters. Second, our method does not suffer from issues resulting from possible redeposition
and diffusion effects since the emitters are removed not as part of resist development, but in a subsequent etching
step. In contrast to methods relying on emitter removal in a wet-chemistry step, our dry-chemical plasma etching
represents a clean and highly effective method. Third, our method localizes emitters to the substrate plane with a
precision given by the source size itself, in contrast to methods where emitters are dissolved in the resist, where resist
thickness limits positioning resolution. We envision a large potential of our method for nanophotonics. For instance,
one can locally overlay emitters on a large number of previously lithographically defined photonic structures by a
second aligned EBL step. Alternatively, it is also possible to functionalize bare glass substrates with a labeled grid of
narrow lines of emitters. If the lines are sub-wavelength in width, yet have µm pitch, such substrates would be useful
when studying photonic structures that are drop cast from solution, such as single crystalline metal or semiconductor
nanowires. In this scenario, an atomic force microscopy or SEM inspection step after optical measurements allows
precise quantification of the emitter-photonic system configuration with sub-wavelength precision.
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