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Abstract: The precise and deterministic integration of fluorescent emitters with photonic
nanostructures is an important challenge in nanophotonics and key to the realization of
hybrid photonic systems, supporting effects such as emission enhancement, directional
emission, and strong coupling. Such integration typically requires the definition or im-
mobilization of the emitters at defined positions with nanoscale precision. While various
methods were already developed for creating localized emitters, in this work we present
a new method for the deterministic fabrication of fluorescent nanostructures featuring
well-defined optical transitions; it works with a minimal amount of steps and is scal-
able. Specifically, electron-beam lithography is used to directly pattern a mixture of the
negative-tone electron-beam resist with the europium complex Eu(TTA)3z, which exhibits
both electric and magnetic dipolar transitions. Crucially, the lithography process enables
precise control over the shape and position of the resulting fluorescent structures with a
feature size of approx. 100nm. We demonstrate that the Eu(TTA)3 remains fluorescent
after exposure, confirming that the electron beam does not alter the structure the optical
transitions. This work supports the experimental study of local density of optical states
in nanophotonics. It also expands the knowledge base of fluorescent polymer materials,
which can have applications in polymer-based photonic devices. Altogether, the presented
fabrication method opens the door for the realization of hybrid nanophotonic systems
incorporating fluorescent emitters for light-emitting dielectric metasurfaces.

Keywords: nano-fabrication; localized emitters; Eu’, magnetic dipole transitions, electron
beam lithography

1. Introduction

Quantum emitters can emit light via the process of spontaneous emission [1]. This
effect is observed in atoms and molecules, quantum dots, quantum wells, and defect centers
in crystals. Importantly, the emission rate of a given transition is not fixed but depends on
the electromagnetic environment of the source. While this effect was first described by E.M.
Purcell in 1946 in the context of nuclear magnetic resonance [2], it is now at the heart of an
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important research stream in nanophononics aiming to control the emission properties on
nanoscale light sources using engineered photonic nanostructures.

Up to now, most research on manipulating spontaneous emission with nanostructures
has focused on electric dipole (ED) transitions. Magnetic dipole (MD) transitions are usually
several orders of magnitude weaker and thus often neglected [3]. However, there is a grow-
ing interest in the study of magnetic light-matter interactions [4], which is facilitated by the
deployment of special quantum emitters, such as rare-earth ions [5-7] or semiconductor
quantum dots [8]. These emitters can feature prominent MD transitions with comparable
or even greater strength than their ED transition [9]. Various photonic structures have been
investigated for their potential to enhance the MD transition, including metallic mirrors,
metal films, hyperbolic metamaterials, and a range of plasmonic and all-dielectric nanos-
tructures [8,10-23]. Low-loss high-refractive-index dielectric nanostructures are particularly
interesting for coupling with magnetic emitters. Despite the non-magnetic response of the
constituent dielectric materials (y = 1), they exhibit magnetic Mie-type resonances [24],
even for basic structure geometries such as spheres or cubes [25-28]. Moreover, they can
be engineered to support high-quality-factor Fano resonances or quasi-bound states in the
continuum [29]. Such resonances are often accompanied by significant magnetic field en-
hancements, which can reach several orders of magnitude for specifically tailored photonic
structure geometries [30,31]. Therefore, high-refractive-index dielectric nanostructures
show great promise in tailoring the emission of magnetic dipole transitions through the
magnetic Purcell effect.

Experimental demonstrations so far include the modification of the branching ratio of
emission via the electric or magnetic transition channel using, e.g., a Mie-resonant dielectric
metasurface [18] and the enhancement of magnetic light emission with all-dielectric optical
antennas [20]. However, in almost all realized coupled systems, there has been no control
over the lateral placement of the emitters. Typically, the emitters are dissolved in a polymer
and spin-coated onto the prefabricated nanostructures [14,19]. This results in a layer
of active material covering the nanostructures. A notable exception was presented by
Sugimoto et al. [32], where the branching ratio between the magnetic and electric dipole
transitions was enhanced by a factor of up to 7 using a colloidal silicon nanosphere antenna
decorated with Eu®>" complexes. However, the employed wet chemical process is very
limited in terms of the accessible geometries and does not allow for a selective decoration
of only certain parts of the sphere’s surface. Sanz-Paz et al. obtained positional control
by defining the nanoantennas at the tip of a scanning probe microscope [20]. While this
method is powerful for basic studies, it is not suitable for fabricating integrated photonic
quantum systems.

The lack of control over the placement of the emitters in integrated nanostructure
geometries largely limits the performance and functional scope of the coupled systems.
Precisely placing the emitters in the photonic structure architecture is crucial for effectively
controlling the coupling between the two entities [33]. Ideally, for maximum interaction,
the emitter should be positioned in the area where the magnetic local density of optical
states (LDOS) takes the largest values [25]. Alternatively, precise positioning of the emitters
can enable control over the directional emission properties [34]. The target areas for emitter
placement typically have subwavelength dimensions, posing a challenge for fabricating
the hybrid structures with the required precision. For ED emitters, a range of methods for
their precise placement and integration with photonic nanostructures has been demon-
strated [35], including selective surface functionalization in combination with covalent
binding of the emitters [36,37], dip-pen lithography [38], local exposure of emitter-doped
resists [39], nanomanipulation with an atomic force microscopy (AFM) tip [40], and fab-
rication of nanostructures at predetermined emitter positions [41]. However, the flexible
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and deterministic fabrication of nanoscale photonic architectures with the incorporation of
precisely placed fluorescent material remains challenging. For example, Ref. [39] uses a
positive resist, which is not suitable for the small filling factor exposures needed to define
nanoscale emitter structures. The AFM method proposed by [40] allows for the study of
single nanoantennas, but does not scale to metasurfaces. Dip-pen lithography suffers from
limited resolution and determinism of the structures, the fabricated spots are >500 nm
wide and vary in shape [38]. Selective surface functionalization can yield deterministic
structures with accuracies below 100 nm [36]. However, this approach requires multiple
chemical processes and is highly substrate dependent. C. A. Barrios (2012) [42] and H. M.
Lee (2008) [43] demonstrated the fabrication of nanoscopic fluorescent structures using
image reversal in the electron-beam resist polymethyl methacrylate (PMMA). By using
electron-beam exposures with a high dose, > 1 mCcm ™2, the normally positive PMMA
resist becomes both negative and fluorescent. The resulting fluorescence spectra are very
broad (> 100 nm linewidth). Most importantly, the precise placement of emitters featuring
magnetic dipolar transitions has not been achieved so far. In contrast, our work realizes a
negative-tone resist with embedded Eu(TTA)3 emitters featuring well-defined electric and
magnetic dipolar transitions and corresponding distinct peaks in their fluorescence spectra.

Specifically, we demonstrate the deterministic fabrication of fluorescent nano- and
microstructures by directly exposing a Eu**-doped resist with electron-beam lithography,
as shown in Figure la. The fabrication scheme thus inherits the full structural flexibility
and placement accuracy from the employed electron-beam lithography (EBL) process,
including the capability for precise integration into nanostructures via precision-aligned
two- or multistep EBL procedures [44]. For a more comprehensive review of EBL we
refer the reader to review papers by A. A. Tseng [45] or Y. Chen [46]. Eu®* is particularly
suitable for studying MD transitions as the Eu®*(°Dy) — Eu’*(“Fy) transition occurs
in the visible wavelength (1) at A = 590 nm. Eu* also features several ED transitions,
with Eu®*(°Dg) — Eu®*("F,) at A = 610 nm being the dominant one [47].

To obtain the Eu®*-doped resist, europium complexes Eu(TTA)3 are embedded into
a negative-tone EBL resist (ma—N 2400), which works as a host matrix. As shown in
Figure 1d, Eu(TTA); is selected because its organic chains allow the complex to dissolve
effectively in common solvents [48]. The complexes are excited in the UV spectral range
(A < 375nm). Through non-radiative processes, the absorbed energy is transferred to
the ionic core of the complex, where the emission occurs for Eu>*(°Dg) — Eu>*(’F))
i € {0,1,2,3,4}; see Figure 1b. The emissions from the complexes are from an “ionic” state,
resulting in sharp transitions with a full-width at half maximum (FWHM) of 10 nm in the
visible region; see Figure 1c.

This approach is directly scalable up to wafer-level processing within the boundaries
of electron-beam lithography as its base technology, making it highly suitable for scientific
applications and prototyping. However, for industrial applications that require series or
mass production of nanostructured wafers, additional research and approaches, e.g., in-
volving UV lithography, would be required. Altogether, our method opens the pathway for
the experimental realization of designed photonic nanostructures incorporating localized
nanoscale emitters. In particular, this top-down approach offers the opportunity to create
both single fluorescent objects and deterministically placed arrangements of many nano-
objects. Thus, our work will enable the realization of previously inaccessible designs of
integrated hybrid quantum systems, thereby empowering the deeper study of light-matter
interactions that rely on the precise positioning of the emitters in the nanostructure.
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Figure 1. (a) Process of creating the fluorescent nanostructures, from left to right. First, the resist
is spin-coated onto the substrate. Next, it is exposed with electron-beam lithography. Third, it is
developed to obtain the fluorescent nanostructures. (b) Energy diagram of Eu(TTA)3, where the
ligand absorbs UV light (up arrow). Then, by non-radiative (dashed arrows) energy transfer, the °Dg
state is populated, and by radiative decay (indicated with solid arrows) the photons with different
energies are emitted. (c) Fluorescence spectra of unexposed ma—N:Eu(TTA)3 thin film (100 nm) with
a Eu(TTA)3 concentration of 1%. (d) Chemical structure of Eu(TTA)3.

2. Materials and Methods

The transitions of Eu>" are very well defined, making them a good candidate for
probing the LDOS of nanostructures. Unlike fluorescent films that cover a complete array,
randomly dispersed nanoparticles without control, or complicated chemical procedures,
here we demonstrate the deterministic fabrication of fluorescent emitters on the scale of
metasurfaces, with the resolution of meta-atoms in the visible.

To prepare the photoluminescent resist, Eu(TTA)3; (Gelest Inc., Morrisville, PA, USA:
Europium(Ill)Thenoyltrifluoroacetonate 95%) was mixed with the negative-tone electron-
beam resist ma—N2401 (Micro Resist Technology, Berlin, DE, Germany: ma-N 2401),
with a mass percentage of 0.1, by stirring it for 10 min. The solution was stored in the dark
for 24 h and subsequently filtered with a 0.2 pm filter. Next, the ma—N : Eu(TTA)z mixture
was spin-coated onto a 15 mm x 15 mm Si substrate (500 rpm for 5s followed by 3000 rpm
for 60s). Then, it was baked on a hotplate at 90 °C for 60 s. Electron-beam exposure was
performed at 30 keV with a current of 20 pA using the commercial EBL system (RAITH
GmbH, Dortmund, De, Germany: eLINE). The exposure dose was controlled by the dwell
time. Following the exposure, the substrate was developed in ma—D 331 developer for 30,
then washed with distilled water, and dried with N> gas.

It is well known that the Eu®*(°Dy) — Eu®*("Fy) transition (A = 610nm) is very
sensitive to the local environment [49]. It is therefore important to check if the fluorescence
of the emitters is dependent on the electron-beam dose. Furthermore, as the electron-beam
dose determines the state of the electron-beam resist, it is also important to investigate if
there is parasitic emission from ma-N, like PMMA in [42], for the different considered
electron-beam doses. Thus, as a first step, we investigated the fluorescence as a function
of the electron-beam exposure dose. To this end, we fabricated arrays of microstructures
exhibiting a bowtie shape with a size of 3um x 3pm and a gap of 100nm, from the
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doped resist and varied the exposure dose between 100 uC cm 2 and 540 uCcm~2 in
steps of 20 uC cm—2. Next, the sensitivity, contrast, and resolution limit of the resist were
investigated.

3. Results
3.1. Fluorescence of Exposed Doped Resist

Figure 2a shows a scanning electron micrograph (SEM) of a fabricated bowtie array
exposed at a dose of 380 uCcm~2. This dose resulted in the best reproduction of the
structural design parameters and a gap of 100 nm. Dark areas in the image represent the
resist structures. Note that there is some residual resist remaining in between the actual
structures, which could likely be avoided by further optimization of the development
process or additional process steps such as an oxygen plasma etch. To analyze the general
fluorescence properties of the exposed structures, a commercially available confocal laser
scanning microscope (PicoQuant, Berlin, DE: MicroTime 200) was used. The samples
were excited within the excitation band of Eu(TTA)3 with a 375 nm laser (pulse duration
60 ps, repetition rate 20 MHz, output power of 25 uW). For focusing on the sample, a 0.95
NA 100x Olympus objective was used, which also served to collect the emitted light in
reflection geometry. The excitation conditions resulted in an expected laser spot diameter
on the sample of 250nm. A piezo stage served to control the position of the objective.
The fluorescent signal was then counted with a single-photon avalanche diode. A filter
with a pass band between A = 550nm and A = 750 nm and a longpass filter with a cut-on
edge at A = 550nm were used to remove the excitation light from the signal reaching
the detector.

Figure 2b shows the measured fluorescence map of the same structure as depicted
in Figure 2a. As a first important observation, the Eu(TTA)3; remains fluorescent after
exposure to the electron beam, and the shapes of the microstructures are well reproduced
in the measurement.

Next, to investigate the fluorescence spectra of the sample, the microscope output was
coupled to a spectrometer (Oxford Instruments, Belfast, Northern Ireland: Andor Kymera
328i) equipped with a camera (Andor Newton) to record the signal. Figure 2c shows
the measured spectra of the structures fabricated, similar to the structures in Figure 2a,
with exposure doses of 100 pC cm~2, 380 uC cm~2, and 540 uC cm 2. The signals are not
corrected for background noise. Notably, while the peak intensity varies for the different
structures, a systematic dependence of the fluorescence signal on the exposure dose is not
apparent. Furthermore, the spectral position of the fluorescence maximum is not affected
by the exposure for any of the considered dose values. Importantly, and in contrast to [42],
we do not detect any parasitic emission from the resist at the excitation powers used in
this experiment.

Figure 2d shows the fluorescence intensity as a function of exposure dose. Each data
point is obtained from spectrally resolved measurements by averaging the signal within a
10nm window around A = 590nm and A = 610nm. We then fit the resulting data using a
standard line fit I(D) = aD + b. For A = 590 nm this procedure yields a = 0.02,b = 64.6,
and a standard deviation of ¢ = 15; while for A = 610 nm we obtain a = —0.13, b = 403,
and 0 = 93. From this we deduce that there is a negligible change in intensity for the
590 nm transition while the 610 nm transition shows a small decrease, noting that the latter
also exhibits a much larger variability in its intensity. However, there is a large variation in
the intensity of the signal at A = 610 nm. For example, at a dose of 300 uC cm 2, the count
is 400 while at a dose of 320 pC cm 2 the count is 200. Furthermore, there is a reduction
in intensity at A = 610nm as compared to the unexposed resist. On average, the counts
are 300 compared to 400 for the unexposed resist under otherwise-identical measurement
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conditions. We attribute this reduction and variability to the hyper-sensitive nature of the
Eu®*(°Dy) — Eu’*("F,) transition. This transition is very sensitive to the local electronic
potentials as compared to other transitions [50].
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Figure 2. (a) SEM of microscopic bowtie array fabricated from the ma—N:Eu(TTA)3 resist mixture
at an exposure dose of 380 uC cm 2. (b) Fluorescence map of the same resist structures as shown
in (a). (c) Fluorescence spectra taken from microscopic bowties similar to these shown in (a) for
different exposure doses used for fabrication. Red, green, and blue lines correspond to doses of 100,
380, and 540 uC cm~2, respectively. (d) Intensities of the A = 590 nm transition, blue circles, and the
A = 610nm transition, red squares, for structures fabricated at different exposure doses. The solid
lines are linear fits to the data.

3.2. Deterministic Fabrication of Fluorescent Nanostructures

To further demonstrate the capability of our approach to define nanoscale fluorescent
structures in a deterministic way, we fabricate two more types of example structures,
namely, one complex structure with multi-scale features and an array of nanoscale dots.
The complex geometry can only be created with a high-contrast resist, while the dot array
demonstrates the resolution limit of the resist. The dot array is designed to have a period
of 800 nm. The resolution limit of the pure ma—N 2401 resist is specified to be 50 nm by the
manufacture (Micro Resist Technology, Berlin, DE: ma—N 2401).

After testing various emitter concentrations, we found that a ma—Nj_y:(Eu(TTA)3),
x =9 x 10~%, where x indicates the mass ratio, resulted in reasonable exposure characteris-
tics like sensitivity and contrast, while showing sufficiently strong fluorescence for optical
characterization; see Appendix A for more details. The optimal exposure dose for this
mixture, which resulted in the smallest dots without showing any signs of underexposure,
such as detachment from the substrate, was found to be 380 uC cm 2.

In Figure 3a,ce, the Friedrich Schiller University (FSU) logo is presented. The logo of
50 um is exposed using a 100 pm write field with the previously mentioned optimal beam
conditions. The corresponding layout is generated by making a binary from a logo image
and converting it into a layout file (GDSII). The minimal feature size of the layout is 100 nm
and the maximum feature is 5 pm. These features are all well reproduced in the exposed
resist. In Appendix B, a comparison between the FSU logo layout and the SEM image of
the developed fluorescent resist is shown. This demonstrates that the contrast of the resist
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is not significantly affected by the presence of the Eu(TTA)3 and remains functional as a
negative-tone EBL resist. The exposures were performed without utilizing a proximity
correction algorithm for the exposure, which could be implemented to further improve the
accuracy with which complex patterns are reproduced.

Figure 3b,d,f, summarizes the results obtained for the nannodot arrays. The nanodots
demonstrate the minimal feature size possible in the resist. The tilted SEM of the resist
dots in Figure 3b shows well-defined pillars with vertical walls. However, there are some
residues surrounding the pillars, suggesting that the development procedure needs to be
optimized. The dot array shown in Figure 3d, with corresponding fluorescence map in
Figure 3f, was exposed with a dose of 5 fC. The inset in Figure 3d shows the radius r as a
function of the dot dose D. This was measured by exposing an array of dots with a pitch of
400nm to different doses, varying logarithmically from 0.32 fC to 32 fC. Next, the mean
radius of the dots in the array, as observed after development, was measured using SEM
images. If the dots are not present, the radius is set to zero. The dots require a dose of 5 fC
to remain on the substrate for a radius of 40 nm. The radius of the dots increases to 100 nm
for a dose of 15 fC. For higher doses, the radius saturates around 120 nm.

T
10t
Dose (fC)

150

100

50

Intensity (counts)

0

Figure 3. Tilted close up SEM of (a) the fabricated fluorescent FSU logo, and (b) a squared array of
nanodots demonstrating ability to create complex shapes. (¢,d) Top-view SEM of fabricated logo and
nanodot array. (e,f) Fluorescence maps of the logo and nanodot array, respectively, with the scale bar
of the intensity to the right of the nanodot array. The inset in (d) shows the mean radius (r) of an
array of dots as a function of the exposure dose (D).

4. Discussion

We have demonstrated the deterministic fabrication of fluorescent nano- and mi-
crostructures featuring distinct electronic transitions. This was achieved by direct exposure
of a negative-tone resist mixed with Eu(TTA)3 via electron-beam lithography. In particular,
we created fluorescent structures, namely, dots with a radius of 40 nm. The resist also has
good contrast, as demonstrated by the fabrication of the university logo that has a large
feature size range from 100 nm to 3 pm, thereby evidencing the high structural flexibility of
our approach in an exemplary fashion. Using microscopic fluorescence spectroscopy, we
show that the Eu(TTA)3; emission spectrum is not qualitatively altered by the electron beam
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exposure. The fluorescent resist has good exposure properties, with an optimal exposure at
380 uC cm 2 for area exposures and 5 fC for dot exposures.

The main challenge with our fluorescent resist arises in the development process.
As seen in Figure 3, there are residues left on the sample. To reduce these residues and
further improve the structure quality, further optimization of the development process is
required. We already performed some initial steps in this direction. As a first step, we tested
longer development times. However, in this case the adhesion of the nanostructures to the
substrate weakens, causing them to detach. Thus, as a next step, we investigated the use of
hexamethyldisilazane (HMDS) (Micro Resist Technology, mr-APS1) as a common adhesion
promoter for Si substrates and ma—N 2400 series resists. However, this adhesion promoter
did not prove effective for our fluorescent resist. While these initial steps did not yet yield
the desired outcome, we are confident that further optimization of the development process
is possible. For example, different developers for ma-N resists like ma-D332 or ma-D525,
different adhesion promoters or substrate functionalizations, as well as additional process
steps like dry etching for footage removal, can be tested.

Our method builds upon the knowledge of fluorescent electron-beam resists and
improves upon previous works, now enabling a narrow linewidth of ~ 10nm for dis-
tinct optical transitions( Eu**(°Dg) — Eu®*("F)) i € {0,1,2,3,4}) of both electric and
magnetic dipolar character. As such, the fluorescent nanodots demonstrated here offer
new opportunities to probe both the magnetic and electric components of light, thanks
to the magnetic dipolar character of the Eu**(°Dg) — Eu®*(“F;) transition. Importantly,
our fabrication approach enables experimental studies up to wafer scale. Considering
the high flexibility and spatial resolution of the EBL process, it also allows for the precise
integration of emitters into arbitrary nanostructures via precision-aligned two- or multistep
EBL procedures. As such, our work offers important new opportunities for the study of
light-matter interactions at the nanoscale, enabling the experimental realization of even
complex designs of integrated hybrid quantum systems that require the exact placement
of emitters.
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Abbreviations

The following abbreviations are used in this manuscript:

Eu(TTA);  Europium(III) thenoyltrifluoroacetonate

ED Electric dipole

MD Magnetic dipole

LDOS Local density of optical states
EBL Electron-beam lithography
SEM Scanning Electron Microscope

A wavelength
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Appendix A. Concentration in Resist

Adding Eu(TTA); to the ma—N resist significantly alters the exposure properties
depending on the concentrations of the resist. In Figure A1, the effect of different Eu(TTA)3
concentrations is demonstrated. As a reference, a pure ma—N resist is shown in Figure Ala,
with the corresponding fluorescence spectrum in Figure A1d. The optimal ma—N:Eu(TTA)3
mixture, with a concentration of 0.1%, is represented in Figure Alb, with the spectra in
Figure Ale. In Figure Alc, with the fluorescence spectrum in Figure Alf, an Eu(TTA)3
concentration of 1% are provided. The resist does not develop properly at this concentration
and a thin film (10nm) of fluorescent material is left on the sample. The spectra shown
in the figures were collected under the same measurement conditions as described in the
main text. With the optimal concentration of Eu(TTA)s, the sample develops properly and
all the transition lines of the compound are detectable.
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Figure A1. Bright-field microscope images of patterned resists with (a) no Eu(TTA)3, (b) an Eu(TTA)3
concentration of 0.1%, and (c) a concentration of 1%. (d—f) are fluorescence spectra taken from the
logos shown in (a—c), respectively.

Appendix B. Layout Compared to SEM

Here, we compare the layout of a complex geometry, in our case a binary of the FSU
Jena logo, and the developed fluorescent resist. Figure A2a presents the layout, Figure A2b
the developed resist after exposure, and Figure A2c the overlay of the two. To generate
the overlay, the outline of the layout is rendered in green, and in the SEM image white is
turned to magenta; as a result, when the two images are overlaid the result is light blue. In
Figure A2c, almost no magenta remains, meaning we have a qualitative match between the
layout and exposed structure. In the figure, there are some horizontal green lines which are
artifacts of the generated layout which connect the paths. This does not have an effect on
the exposure.
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Figure A2. (a) Layout of the FSU Jena logo used as a test for the exposure of complex geometry with
EBL. (b) SEM image of the resulting fluorescent resist mask after exposure and development. (c) The
overlay of the SEM image shown in (b) where white is turned to magenta and the layout shown in
(a) in green. There is almost no magenta remaining, meaning we have a qualitative match between

layout and SEM image.

References

1. Allen, L.; Eberly, J.H. Optical Resonance and Two-Level Atoms; Courier Corporation: North Chelmsford, MA, USA, 1987; Volume 28.

2. Purcell, EM.; Torrey, H.C.; Pound, R.V. Resonance absorption by nuclear magnetic moments in a solid. Phys. Rev. 1946, 69, 37.
https://doi.org/https://doi.org/10.1103 /PhysRev.69.37.

3. Saliba, L.E; de Sousa Filho, P.C.; de Castro, G.R.; Serra, O.A.; Martines, M.A.U. Luminescent properties of Eu (ttfa) 3 complexes
incorporated into MSU-4 mesoporous silica matrices. Biointerface Res. Appl. Chem. 2016, 6, 1872-1878.

4. Baranov, D.G,; Savelev, R.S.; Li, S.V,; Krasnok, A.E.; Ali, A. Modifying magnetic dipole spontaneous emission with nanophotonic
structures. Laser Photonics Rev. 2017, 11, 1600268. https://doi.org/https://doi.org/10.1002/1por.201600268.

5. Ofelt, G.S. Intensities of Crystal Spectra of Rare-Earth Ions. J. Chem. Phys. 1962, 37, 511-520. https://doi.org/10.1063/1.1701366.

6. Judd, B.R. Optical Absorption Intensities of Rare-Earth Ions. Phys. Rev. 1962, 127, 750-761. https://doi.org/10.1103/physrev.127.
750.

7. Carnall, W,; Fields, P.; Rajnak, K. Spectral intensities of the trivalent lanthanides and actinides in solution. II. Pm3*, Sm3*, Eu®t,
Gd3+, Tb3+, Dy3+, and Ho®*. J. Chem. Phys. 1968, 49, 4412-4423. https://doi.org/https://doi.org/10.1063/1.1669892.

8.  Noginova, N.; Zhu, G.; Mavy, M.; Noginov, M.A. Magnetic dipole based systems for probing optical magnetism. |. Appl. Phys.
2008, 103, 07E901. https:/ /doi.org/10.1063/1.2830650.

9.  Blasse, G.; Bril, A.; Nieuwpoort, W. On the Eu3+ fluorescence in mixed metal oxides. J. Phys. Chem. Solids 1966, 27, 1587-1592.
https:/ /doi.org/10.1016/0022-3697(66)90236-8.

10. Karaveli, S.; Zia, R. Spectral Tuning by Selective Enhancement of Electric and Magnetic Dipole Emission. Phys. Rev. Lett. 2011,
106, 193004. https:/ /doi.org/10.1103/physrevlett.106.193004.

11. Rolly, B.; Bebey, B.; Bidault, S.; Stout, B.; Bonod, N. Promoting magnetic dipolar transition in trivalent lanthanide ions with
lossless Mie resonances. Phys. Rev. B 2012, 85, 245432. https:/ /doi.org/10.1103/physrevb.85.245432.

12.  Ni, X,; Naik, G.V,; Kildishev, A.V.; Barnakov, Y.; Boltasseva, A.; Shalaev, V.M. Effect of metallic and hyperbolic metamaterial
surfaces on electric and magnetic dipole emission transitions. Appl. Phys. B 2011, 103, 553-558. https://doi.org/10.1007/s00340
-011-4468-5.

13.  Hussain, R.; Keene, D.; Noginova, N.; Durach, M. Spontaneous emission of electric and magnetic dipoles in the vicinity of thin
and thick metal. Opt. Express 2014, 22, 7744-7755. https:/ /doi.org/10.1364/0e.22.007744.

14. Hussain, R.; Kruk, S.S.; Bonner, C.E.; Noginov, M.A.; Staude, I.; Kivshar, Y.S.; Noginova, N.; Neshev, D.N. Enhancing Eudt
magnetic dipole emission by resonant plasmonic nanostructures. Opt. Lett. 2015, 40, 1659-1662. https://doi.org/10.1364/01.40.0
01659.

15. Aigouy, L.; Cazé, A.; Gredin, P.; Mortier, M.; Carminati, R. Mapping and Quantifying Electric and Magnetic Dipole Luminescence
at the Nanoscale. Phys. Rev. Lett. 2014, 113, 076101. https://doi.org/10.1103/physrevlett.113.076101.

16. Choi, B.; Iwanaga, M.; Sugimoto, Y.; Sakoda, K.; Miyazaki, H.T. Selective Plasmonic Enhancement of Electric- and Magnetic-Dipole
Radiations of Er Ions. Nano Lett. 2016, 16, 5191-5196. https://doi.org/10.1021/acs.nanolett.6b02200.

17.  Murai, S.; Saito, M.; Sakamoto, H.; Yamamoto, M.; Kamakura, R.; Nakanishi, T.; Fujita, K.; Verschuuren, M.A.; Hasegawa, Y.;
Tanaka, K. Directional outcoupling of photoluminescence from Eu(III)-complex thin films by plasmonic array. APL Photonics
2017, 2, 026104. https://doi.org/10.1063/1.4973757.

18. Wiecha, PR.; Majorel, C.; Girard, C.; Arbouet, A.; Masenelli, B.; Boisron, O.; Lecestre, A.; Larrieu, G.; Paillard, V.; Cuche,
A. Enhancement of electric and magnetic dipole transition of rare-earth-doped thin films tailored by high-index dielectric
nanostructures. Appl. Opt. 2019, 58, 1682-1690. https://doi.org/10.1364/20.58.001682.

19. Vaskin, A.; Mashhadi, S.; Steinert, M.; Chong, K.E.; Keene, D.; Nanz, S.; Abass, A.; Rusak, E.; Choi, D.Y.; Fernandez-Corbaton,

L; et al. Manipulation of Magnetic Dipole Emission from Eu* with Mie-Resonant Dielectric Metasurfaces. Nano Lett. 2019,
19,1015-1022. https://doi.org/10.1021/acs.nanolett.8b04268.


https://doi.org/https://doi.org/10.1103/PhysRev.69.37
https://doi.org/https://doi.org/10.1002/lpor.201600268
https://doi.org/10.1063/1.1701366
https://doi.org/10.1103/physrev.127.750
https://doi.org/10.1103/physrev.127.750
https://doi.org/https://doi.org/10.1063/1.1669892
https://doi.org/10.1063/1.2830650
https://doi.org/10.1016/0022-3697(66)90236-8
https://doi.org/10.1103/physrevlett.106.193004
https://doi.org/10.1103/physrevb.85.245432
https://doi.org/10.1007/s00340-011-4468-5
https://doi.org/10.1007/s00340-011-4468-5
https://doi.org/10.1364/oe.22.007744
https://doi.org/10.1364/ol.40.001659
https://doi.org/10.1364/ol.40.001659
https://doi.org/10.1103/physrevlett.113.076101
https://doi.org/10.1021/acs.nanolett.6b02200
https://doi.org/10.1063/1.4973757
https://doi.org/10.1364/ao.58.001682
https://doi.org/10.1021/acs.nanolett.8b04268

Nanomaterials 2025, 15, 219 11 of 12

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sanz-Paz, M.; Ernandes, C.; Esparza, ].U.; Burr, G.W.; van Hulst, N.F,; Maitre, A.; Aigouy, L.; Gacoin, T.; Bonod, N.; Garcia-Parajo,
M.F; et al. Enhancing Magnetic Light Emission with All-Dielectric Optical Nanoantennas. Nano Lett. 2018, 18, 3481-3487.
https://doi.org/10.1021/acs.nanolett.8b00548.

Reynier, B.; Charron, E.; Markovic, O.; Yang, X.; Gallas, B.; Ferrier, A.; Bidault, S.; Mivelle, M. Full control of electric and magnetic
light-matter interactions through a nanomirror on a near-field tip. Optica 2023, 10, 841-845. https://doi.org/10.1364/OPTICA .48
6207.

Bashiri, A.; Vaskin, A.; Tanaka, K.; Steinert, M.; Pertsch, T.; Staude, I. Color Routing of the Emission from Magnetic and Electric
Dipole Transitions of Eu®* by Broken-Symmetry TiO, Metasurfaces. ACS Nano 2024, 18, 506-514. https://doi.org/10.1021/
acsnano.3c08270.

Montagnac, M.; Briilé, Y.; Cuche, A.; Poumirol, ].M.; Weber, S.J.; Miiller, |J.; Larrieu, G.; Larrey, V.; Fournel, E; Boisron, O.; et al.
Control of light emission of quantum emitters coupled to silicon nanoantenna using cylindrical vector beams. Light Sci. Appl.
2023, 12, 239. https://doi.org/10.1038/s41377-023-01229-9.

Mie, G. Beitrdge zur Optik triiber Medien, speziell kolloidaler Metallosungen. Ann. Der Phys. 1908, 330, 377-445. https:
/ /doi.org/10.1002 /andp.19083300302.

Kuznetsov, A.L; Miroshnichenko, A.E.; Fu, YH.; Zhang, J.; Luk’yanchuk, B. Magnetic light. Sci. Rep. 2012, 2, 492. https:
//doi.org/10.1038/srep00492.

Evlyukhin, A.B.; Novikov, S.M.; Zywietz, U.; Eriksen, R.L.; Reinhardt, C.; Bozhevolnyi, S.I.; Chichkov, B.N. Demonstration
of Magnetic Dipole Resonances of Dielectric Nanospheres in the Visible Region. Nano Lett. 2012, 12, 3749-3755. https:
//doi.org/10.1021/n1301594s.

Goémez-Medina, R. Electric and magnetic dipolar response of germanium nanospheres: interference effects, scattering anisotropy,
and optical forces. J. Nanophotonics 2011, 5, 053512. https://doi.org/10.1117/1.3603941.

Staude, I.; Miroshnichenko, A.E.; Decker, M.; Fofang, N.T.; Liu, S.; Gonzales, E.; Dominguez, J.; Luk, T.S.; Neshev, D.N.; Brener, L;
et al. Tailoring directional scattering through magnetic and electric resonances in subwavelength silicon nanodisks. ACS Nano
2013, 7, 7824-7832.

Koshelev, K.; Bogdanov, A.; Kivshar, Y. Meta-optics and bound states in the continuum. Sci. Bull. 2019, 64, 836-842.
https:/ /doi.org/10.1016/j.scib.2018.12.003.

Bakker, RM.; Permyakov, D.; Yu, Y.F; Markovich, D.; Paniagua-Dominguez, R.; Gonzaga, L.; Samusev, A.; Kivshar, Y,;
Luk’yanchuk, B.; Kuznetsov, A.I. Magnetic and Electric Hotspots with Silicon Nanodimers. Nano Lett. 2015, 15, 2137-2142.
https://doi.org/10.1021/acs.nanolett.5b00128.

Barreda, A.; Hell, S.; Weissflog, M.; Minovich, A.; Pertsch, T.; Staude, I. Metal, dielectric and hybrid nanoantennas for
enhancing the emission of single quantum dots: A comparative study. J. Quant. Spectrosc. Radiat. Transf. 2021, 276, 107900.
https://doi.org/10.1016/j.jqsrt.2021.107900.

Sugimoto, H.; Fujii, M. Magnetic Purcell Enhancement by Magnetic Quadrupole Resonance of Dielectric Nanosphere Antenna.
ACS Photonics 2021, 8, 1794-1800. https://doi.org/10.1021/acsphotonics.1c00375.

Vaskin, A.; Kolkowski, R.; Koenderink, A.F,; Staude, I. Light-emitting metasurfaces. ~Nanophotonics 2019, 8, 1151-1198.
https://doi.org/10.1515/nanoph-2019-0110.

Krasnok, A.E.; Simovski, C.R.; Belov, P.A.; Kivshar, Y.S. Superdirective dielectric nanoantennas. Nanoscale 2014, 6, 7354-7361.
https://doi.org/10.1039/c4nr01231c.

Liu, S.; Srinivasan, K.; Liu, J. Nanoscale Positioning Approaches for Integrating Single Solid-State Quantum Emitters with
Photonic Nanostructures. Laser Photonics Rev. 2021, 15, 2100223. https://doi.org/10.1002/1por.202100223.

Curto, A.G.; Volpe, G.; Taminiau, T.H.; Kreuzer, M.P,; Quidant, R.; van Hulst, N.F. Unidirectional Emission of a Quantum Dot
Coupled to a Nanoantenna. Science 2010, 329, 930-933. https://doi.org/10.1126/science.1191922.

Staude, I.; Sreenivasan, VK.A.; Shishkin, I.; Samusev, K.; Decker, M.; Neshev, D.N.; Zvyagin, A.V,; Kivshar, Y.S. Selective
placement of quantum dots on nanoscale areas of metal-free substrates. Phys. Status Solidi (RRL)-Rapid Res. Lett. 2014, 8, 710-713.
https:/ /doi.org/10.1002/pssr.201409215.

Dawood, F.; Wang, J.; Schulze, P.A.; Sheehan, C.J.; Buck, M.R.; Dennis, A.M.; Majumder, S.; Krishnamurthy, S.; Ticknor, M.; Staude,
I; et al. The Role of Liquid Ink Transport in the Direct Placement of Quantum Dot Emitters onto Sub-Micrometer Antennas by
Dip-Pen Nanolithography. Small 2018, 14, 1801503. https://doi.org/10.1002/smll.201801503.

Pang, L.; Shen, Y.; Tetz, K.; Fainman, Y. PMMA quantum dots composites fabricated via use of pre-polymerization. Opt. Express
2005, 13, 44—49. https://doi.org/10.1364/0pex.13.000044.

Werschler, F,; Lindner, B.; Hinz, C.; Conradt, F; Gumbsheimer, P.; Behovits, Y.; Negele, C.; de Roo, T.; Tzang, O.; Mecking, S.;
et al. Efficient Emission Enhancement of Single CdSe/CdS/PMMA Quantum Dots through Controlled Near-Field Coupling to
Plasmonic Bullseye Resonators. Nano Lett. 2018, 18, 5396-5400. https://doi.org/10.1021/acs.nanolett.8b01533.

Badolato, A.; Hennessy, K.; Atattire, M.; Dreiser, J.; Hu, E.; Petroff, PM.; Imamolu, A. Deterministic Coupling of Single Quantum
Dots to Single Nanocavity Modes. Science 2005, 308, 1158-1161. https:/ /doi.org/10.1126/science.1109815.


https://doi.org/10.1021/acs.nanolett.8b00548
https://doi.org/10.1364/OPTICA.486207
https://doi.org/10.1364/OPTICA.486207
https://doi.org/10.1021/acsnano.3c08270
https://doi.org/10.1021/acsnano.3c08270
https://doi.org/10.1038/s41377-023-01229-9
https://doi.org/10.1002/andp.19083300302
https://doi.org/10.1002/andp.19083300302
https://doi.org/10.1038/srep00492
https://doi.org/10.1038/srep00492
https://doi.org/10.1021/nl301594s
https://doi.org/10.1021/nl301594s
https://doi.org/10.1117/1.3603941
https://doi.org/10.1016/j.scib.2018.12.003
https://doi.org/10.1021/acs.nanolett.5b00128
https://doi.org/10.1016/j.jqsrt.2021.107900
https://doi.org/10.1021/acsphotonics.1c00375
https://doi.org/10.1515/nanoph-2019-0110
https://doi.org/10.1039/c4nr01231c
https://doi.org/10.1002/lpor.202100223
https://doi.org/10.1126/science.1191922
https://doi.org/10.1002/pssr.201409215
https://doi.org/10.1002/smll.201801503
https://doi.org/10.1364/opex.13.000044
https://doi.org/10.1021/acs.nanolett.8b01533
https://doi.org/10.1126/science.1109815

Nanomaterials 2025, 15, 219 12 of 12

42.

43.

44.

45.

46.

47.

48.

49.

50.

Barrios, C.A.; Carrasco, S.; Canalejas-Tejero, V.; Lépez-Romero, D.; Navarro-Villoslada, F.; Moreno-Bondi, M.C.; Fierro, ].L.G.;
Capel-Sanchez, M.C. Fabrication of luminescent nanostructures by electron-beam direct writing of PMMA resist. Mater. Lett.
2012, 88, 93-96. https:/ /doi.org/10.1016/j.matlet.2012.08.035.

Lee, HM,; Kim, Y.N; Kim, B.H.; Kim, S.O.; Cho, S.O. Fabrication of Luminescent Nanoarchitectures by Electron Irradiation of
Polystyrene. Adv. Mater. 2008, 20, 2094-2098. https://doi.org/10.1002/adma.200702221.

Decker, M.; Ruther, M.; Kriegler, C.E.; Zhou, ].; Soukoulis, C.M.; Linden, S.; Wegener, M. Strong optical activity from twisted-cross
photonic metamaterials. Opt. Lett. 2009, 34, 2501-2503. https://doi.org/10.1364/01.34.002501.

Tseng, A.; Chen, K.; Chen, C.; Ma, K. Electron beam lithography in nanoscale fabrication: Recent development. IEEE Trans.
Electron. Packag. Manuf. 2003, 26, 141-149. https://doi.org/10.1109/TEPM.2003.817714.

Chen, Y. Nanofabrication by electron beam lithography and its applications: A review. Microelectron. Eng. 2015, 135, 57-72.
https://doi.org/10.1016/j.mee.2015.02.042.

Taminiau, T.H.; Karaveli, S.; van Hulst, N.E; Zia, R. Quantifying the magnetic nature of light emission. Nat. Commun. 2012, 3,
979. https://doi.org/10.1038 /ncomms1984.

Chu, T.Y. Syntheses, Characterization and Application of Lanthanide Complexes Containing Polymers. Ph.D. Thesis, Polytechnic
University, Hung Hom, Kowloon, Hong Kong, 1999.

Wiglusz, R.; Bednarkiewicz, A.; Strek, W. Synthesis and optical properties of Eu3+ ion doped nanocrystalline hydroxya patites
embedded in PMMA matrix. . Rare Earths 2011, 29, 1111-1116.

Binnemans, K. Interpretation of europium (III) spectra. Coord. Chem. Rev. 2015, 295, 1-45.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.matlet.2012.08.035
https://doi.org/10.1002/adma.200702221
https://doi.org/10.1364/ol.34.002501
https://doi.org/10.1109/TEPM.2003.817714
https://doi.org/10.1016/j.mee.2015.02.042
https://doi.org/10.1038/ncomms1984

	Introduction
	Materials and Methods
	Results
	Fluorescence of Exposed Doped Resist
	Deterministic Fabrication of Fluorescent Nanostructures

	Discussion
	Appendix A. Concentration in Resist
	Appendix B. Layout Compared to SEM
	References

