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ABSTRACT: We measure the near-infrared photolumines-
cence spectra of colloidal quantum dots coupled to the
localized electric and magnetic resonances of subwavelength
silicon nanodisks. The spectral position of the resonances with
respect to each other is controlled via the nanodisk geometry.
We observe a strong influence of the nanodisk resonance
positions on the quantum dot photoluminescence spectra. For
separate resonances, the spectral density observed in trans-
mittance measurements correlates with the spectral range
covered by a broad emission spectrum. For the case of spectral
overlap of the electric and magnetic dipolar resonances we enter a new regime for coupling, where the characteristic transparency
effect evident in the transmittance spectra is accompanied by a pronounced single emission maximum. Our experimental
observations are in good qualitative agreement with numerical calculations.
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Owing to their numerous potential applications such as
efficient quantum light sources, biosensing, and effi-

ciency-enhanced solar cells, optical nanoantennas have become
an active field of research.1,2 Up to now, research into optical
nanoantennas has been mostly focused on plasmonic
structures, due to the large field enhancements3 that can be
achieved in plasmonic hot spots. However, the performance of
plasmonic nanoantennas is compromised by strong dissipative
losses of metals at optical frequencies. This is particularly
critical for complex nanoantennas comprising larger amounts of
metal, such as arrayed nanoantennas for unidirectional
scattering,4,5 and for nanoantennas that rely on loss-sensitive
effects. Examples of the latter include magnetic Fano
resonances6−8 or on-demand emission of single or entangled
photons.9,10 Furthermore, the strong losses also imply that the
quantum efficiency of a hybrid system consisting of an already
efficient nanoemitter coupled to a plasmonic particle will be
significantly lower than that of the nanoemitter alone in many
cases, as the fraction of the energy going into nonradiative
channels is usually increased by the presence of a lossy metallic
structure.11 It is worth noting that this drawback is not obvious
from the most commonly specified characteristics of plasmonic
nanoantennas, namely, directivity, beam width, and front-to-
back ratio, which merely describe the emission pattern, but do

not take the radiation efficiency of the nanoantenna into
account.
A possible way to overcome the problem of dissipative losses

in plasmonic nanoantennas is to rely on low-loss dielectric
designs, which utilize the localized modes of high-index
dielectric (e.g., silicon) nanoparticles. Considerable efforts
have been made recently to understand the modes and
scattering properties of such high-index all-dielectric subwave-
length nanoparticles, revealing that they support both electric
and magnetic diplar resonances.12−16 Importantly, by reducing
the symmetry of the nanoparticles, e.g., using nanodisks as
opposed to the widely studied spheres, it is possible to tune the
spectral positions of their fundamental electric and magnetic
modes with respect to each other through a simple variation of
the disk aspect ratio, including the important case of
overlapping both these resonances at the same spectral
position.16

Furthermore, all-dielectric nanoparticles,17,18 nanoantenna
arrays,19 and metamaterials20 have already been theoretically
studied for light extraction and emission enhancement
applications. Recent work predicts that such dielectric nano-
particles can perform as highly directional nanoantennas16,21−23
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and that even for single-element all-dielectric nanoantennas
huge front-to-back ratios in combination with high directivities
can be obtained.16 Of particular interest is the role of the
magnetic resonances, as they provide a novel additional channel
for influencing emission dynamics. In fact, the formation of
magnetic field hot-spots can be expected for high-index all-
dielectric nanoparticles, suggesting dielectric nanoantennas as a
promising platform for controlling magnetic dipolar emis-
sion.24,25 Experimentally, however, the use of all-dielectric
nanoparticles supporting electric and magnetic resonances as
photonic elements for tailoring the emission of nanoemitters
remains unexplored. Here we demonstrate, for the first time to
our knowledge, the coupling of quantum dots (QDs) to such
resonant silicon nanoparticles and investigate the emission
properties of the coupled system. In particular, we demonstrate
that for the condition of the spectral overlap of electric and
magnetic resonances of comparable strength, which is a unique
property of our system, we achieve an emission spectrum
exhibiting a single maximum. In contrast to the case of separate
resonances, this maximum is not accompanied by a
corresponding resonant feature in the transmittance spectrum.
We note that this is a new coupling regime never attained with
plasmonic nanoparticles to date. While a range of interesting
effects including modifications of the emission spectrum,26−29

strong Purcell enhancement,28,30 directional emission,4,31

polarization-engineered emission,29,31 and excitation enhance-
ment32 have been demonstrated for plasmonic particles, the
overlap of electric and magnetic resonances of comparable
strength is not possible with a single metallic nanoparticle.
Recent studies29 have attempted the regime of overlapping
resonances with electric and magnetic dipole contributions;
however the emission in each mode has been studied separately
for two orthogonal polarizations. Our system, in contrast, is
characterized by electric and magnetic dipole modes that can be
excited simultaneously by the same polarization and shows no
polarization dependence.
A schematic drawing of our experimental geometry is shown

in Figure 1a. We consider arrays of silicon disks as all-dielectric
nanoantennas featuring a systematic variation of the disk aspect
ratio. Silicon is a particularly attractive material choice because
it not only provides a sufficiently large refractive index to
support magnetic modes while exhibiting extremely low losses

in the near-infrared (NIR) spectral range but also is fully
compatible with standard electronics and microphotonics.
We fabricated silicon disks on silicon oxide using electron-

beam lithography (EBL) on silicon-on-insulator wafers. A
scanning electron micrograph of a typical silicon nanodisk
sample is displayed in the inset of Figure 1. The samples were
then spin-coated with a polystyrene layer containing PbS QDs
emitting in the near-infrared spectral range, which resulted in
the silicon disks being embedded inside the QD-PS matrix as
schematically depicted in Figure 1. Details of the fabrication
procedure can be found in the Methods section.
As a next step, we measured the linear-optical transmittance

spectra for arrays of silicon nanodisks with different nanodisk
diameters embedded into the QD-PS matrix (see Methods for
details). These results are depicted in Figure 2a. The sample

numbers 1−6 correspond to nanodisk diameters of 425, 450,
475, 500, 575, and 600 nm, respectively, which were
determined by taking size estimates from scanning electron
micrographs and varying the diameter in numerical simulations
until finding the best fit for the corresponding measured
resonance positions before the application of the QD-
containing layer. This procedure allows compensating for
slightly inclined sidewalls, which cause the nanodisks to appear
slightly smaller in optical measurements as compared to top-
view SEM images.33 For all samples the center-to-center
distance between neighboring nanodisks was a = 800 nm. Each
fabricated array has a footprint of 500 μm × 500 μm.
In order to compare the measured transmittance spectra with

theory, we performed numerical frequency domain simulations
using CST Microwave Studio with unit-cell boundary
conditions. Figure 2b shows calculated normal-incidence
transmittance spectra for arrays of silicon nanodisks with the
dimensions given above, where we have taken into account the
silicon oxide layer, the silicon handle wafer, and the
experimental referencing procedure. We used nSiOx

= 1.45 for

Figure 1. Sketch of the sample geometry (not to scale). The inset
shows a scanning electron micrograph of a typical silicon nanodisk
sample.

Figure 2. (a) Experimentally measured linear-optical relative trans-
mittance spectra T/T0 of silicon nanodisks with varied disk diameter
covered by a layer of QD-containing polystyrene and (b)
corresponding numerically calculated transmittance spectra. The
solid lines are guides to the eye, showing the individually calculated
electric (cyan) and magnetic (red) mode positions. The additional
green line in (a) indicates the approximate position of the higher-order
mode that appears in experimental spectra due to not strictly normal
incidence. The sample numbers 1−6 correspond to nanodisk
diameters of 425, 450, 475, 500, 575, and 600 nm, respectively. The
inset in (a) shows a schematic of the illumination scenario used in
transmittance measurements. The white dashed lines mark a larger
increment in the nanodisk radii.
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the silicon oxide layer and nSi = 3.5 for the silicon disks and the
handle wafer. The QD-containing polystyrene layer is modeled
as a flat film with a thickness of hPS = 250 nm and an effective
refractive index nPS = 1.46, which was chosen to reproduce the
experimentally observed red-shift of the resonances after the
application of the layer. The height of the silicon nanodisks is
fixed to h = 220 nm. Also shown are the independently
calculated spectral positions of the nanodisks’ fundamental
electric and magnetic dipole resonance positions obtained from
electric and magnetic field probes located at the center of the
nanodisks, respectively, under plane-wave excitation.16

Good agreement is obtained between the experimental and
the theoretical transmittance curves. In particular, for the
sample with d = 600 nm (sample #6) we observe two separate
resonances, namely, the fundamental electric resonance of the
nanodisks around 1515 nm and the fundamental magnetic
resonance around 1375 nm. As the disk diameter is decreased,
the two resonances move closer together and start merging for
d = 500 nm (sample #4, note that the nanodisk diameter
increment is larger between samples #4 and #5). For a further
reduction of the diameter, leading to an overlap of the electric
and magnetic resonances, the structure becomes more
transparant as a result of resonant forward scattering as
discussed in refs 16 and 34. In our experiment this effect is
most pronounced for d = 475 nm (sample #3). As the diameter
is decreased even further, the mode signature in the
transmittance spectra starts to get more pronounced again.
The slight deviations between experiment and theory are
mainly caused by sample imperfections such as roughness and
deviations from the perfect disk shape. The additional
transmittance minima present in the experimental curves at
the short-wavelength side of the resonances can be attributed to
higher-order modes that can be excited due to the finite
numerical aperture in the experiment.
Next we study the emission of QDs coupled to these

resonant silicon nanoparticles. It is well known that the decay
rate of a quantum emitter placed in close proximity to a
nanoantenna will be modified due to the modified local density
of states available for the decay of the system, compared to the
case of a homogeneous medium.2 For plasmonic particles

coupled to emitters, the partial local density of states (LDOS)
and, hence, the resulting radiation spectrum of the emitters can
be linked to the absorption spectra of the plasmonic
particles.28,29 For the case of all-dielectric resonant nano-
particles, where the absorption is negligible, we can usually
resort to the resonance dips in the transmission spectra as an
indication for resonant enhancement of the number of
photonic end states available for radiative decay. This picture
allows us to make qualitative predictions about the emission
spectra as schematically illustrated in Figure 3a. The dips in
transmittance originate from the extinction of the incident wave
due to resonant scattering by the silicon nanodisks.16 However,
at the position of overlap of the electric and magnetic
resonances, the resonance signatures disappear and the
transmission dips are not centered at the position of the
resonances anymore (see Figure 3b). In other words, the
transmittance spectra can no longer be used to obtain
information about the partial LDOS, raising the important
question of how the emission spectra will be modified by the
presence of such magneto-electric resonant nanoparticles. To
answer this question, we recall that the partial LDOS is
enhanced at the position of the resonances and that the
observation of transmittance minima for separate resonances is
just a secondary effect. Here, for the case of resonance overlap,
while the structure becomes more transparent due to the strong
forward scattering16 and transmittance can even become
unity,34 the partial LDOS at the spectral overlap position is
the sum of the partial LDOS of the two resonances. On the
basis of our understanding of the resonance properties of the
silicon nanodisks we can therefore expect that the PL spectra of
emitters coupled to such all-dielectric nanoparticles will show a
single local maximum, which is in contrast to the characteristic
Fano-feature, which may be expected from the transmittance
spectra (see Figure 3b).
In order to provide a theoretical estimate of such spectral line

shaping in a coupled system of an emitter and magneto-electric
resonant nanoparticle, we resort to the method proposed in ref
20 and evaluate Wlum ≈ −Wg, where Wg is the (negative)
dissipation intensity in our structure with a frequency-
dependent gain assigned to the QD layer (see Supporting

Figure 3. Schematic of typical transmittance line shapes and corresponding expected QD PL line shape variations for (a) an individual optical
resonance and (b) overlapping electric and magnetic resonances. fmax denotes the maximum PL enhancement factor. Far-field interference of an
incident plane wave and the light scattered by the electric and magnetic resonances leads to a transparency effect in transmittance for the resonance
overlap. For electric and magnetic resonances having nonidentical widths and/or strengths a characteristic Fano-feature is observed in transmittance
spectra.34 (c) Normalized numerically calculated emission spectra of the hybrid system for a variation of the nanodisk diameters when modeling the
QD-containing layer as a homogeneous medium with frequency-dependent gain. The solid lines show separately calculated spectral positions of the
electric and magnetic dipole modes from CST simulations.
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Information for details). While quantitative results for a gain
structure and for a system dominated by spontaneous emission
will differ, we still expect qualitatively correct results for the
spectral positions in which the PL exhibits local maxima, as
both mechanisms are governed by the partial local density of
states of the structure. Reflection (R) and transmission (T)
coefficients are calculated as a solution of the diffraction
problems of plane waves on the studied structures. For this aim
we use the mapped pseudospectral time-domain method
(PSTD).35,36

Our results for normalized QD PL obtained with this
approach are presented in Figure 3c. As a trend, we observe a
red-shift of the PL maximum as the nanodisk diameter is
increased from d = 425 to d = 525 nm. Initially, this red-shift is
accompanied by a spectral narrowing as the resonances move
closer together, which becomes most pronounced in the region
of the spectral overlap. For larger nanodisk diameters the
spectrum broadens again as the resonances move further apart.
For the samples with d = 550−600 nm, when the separation
between the electric and magnetic dipole mode becomes much
larger than their spectral widths, more than one local maximum
is observed. The local maxima positions follow the spectral
mode positions of the electric and magnetic dipole modes,
shown with blue and red markers in Figure 3c.
Next, in order to experimentally investigate the emission

properties of the coupled system, we have performed micro-PL
spectroscopy of our samples. The results of our measurements
are displayed in Figure 4. Details of the measurement
procedure are included in the Methods section. The shaded
areas in Figure 4 show the measured reference spectrum of the
QDs embedded in polystyrene. The experimental QD PL
spectra collected from the coupled system are also plotted in
Figure 4 for samples #1−6 (solid lines). The reference QD PL
is repeated as a shading for each sample. It is immediately
obvious that the QD PL spectral line shape is strongly modified
by the presence of the silicon nanodisk arrays and that it shows
a systematic dependence on the resonance positions.
Furthermore, the trends for the PL line shape predicted by
the numerical calculations are well reproduced: From sample
#1 to sample #4 the spectral position of the PL maximum is
systematically shifted toward longer wavelengths, which is
accompanied by a reduction of the emission line width; the
fwhm of the PL spectrum is reduced from approximately 160
nm for sample #1 and 130 nm for sample #2 to less than 100
nm for samples #3 and #4. Around the spectral overlap (#3,#4)
of the electric and magnetic resonance of the silicon nanodisk,
we indeed observe a single maximum, as predicted by our
theory, despite the lack of clear resonance signature in the
transmission profiles (Figure 2). When proceeding to sample
#5, on the other hand, a pronounced spectral broadening of the
PL is observed, which now covers a broad range of more than
200 nm. This broadening further increases for sample #6 as the
resonances are shifted further apart. However, the experimental
curves appear generally blurred out as compared to theoretical
spectra, which we attribute not only to sample imperfections
but also to the fact that our theoretical model is based on
normal-incidence calculations while in experiment the PL is
collected for a range of emission angles. Another factor
contributing to the observed deviations is the approximation of
the active layer containing discrete QDs by a homogeneous
gain medium.
An interesting feature in the obtained experimental PL

spectra is the occurrence of an additional sharp and strong PL

maximum at around 1300 nm wavelength for larger nanodisks;
see for example sample #6 and the slightly blue-shifted feature
for sample #5. The spectral positions of these additional
maxima correspond well to those of the previously discussed
higher-order modes observed in the experimental transmittance
curves (see green line in Figure 2a). For these higher-order
modes, the emission is enhanced only in a narrow region
around their spectral positions, as clearly seen in Figure 4.
We note that, while in our work we experimentally observe a

considerable increase of the PL intensity of the QDs coupled to
all studied silicon nanodisks as compared to the PL collected
from unstructured regions of the wafer (color shading adjacent
to each spectrum), absolute values for PL enhancement cannot
be derived from our experiment. In particular, the PL collected
at the spectrometer can be affected by slight variations in the
density of QDs in the polystyrene layer, and furthermore, the
fraction of the total emitted power that can be collected by an
objective with limited numerical aperture in reflection geometry
(see Methods for details) will be influenced by possible
directional effects. Indeed strong directional emission has been
predicted for emitters coupled to silicon nanodisks.16

In conclusion, we have experimentally demonstrated that
emission spectra of near-infrared emitting QDs can be shaped
by coupling them to the electric and magnetic localized modes
of subwavelength silicon nanodisk resonators. In particular, we

Figure 4.Measured QD photoluminescence spectra collected from the
silicon nanodisk arrays with various nanodisk diameters in reflection
geometry (see inset). PL spectra for different samples are vertically
displaced by 104 counts for clarity. The reference QD PL is repeated as
a shading in the corresponding color for each sample. The dashed gray
lines and cyan, red, and green markers show the positions of the
modes as indicated by the correspondingly colored solid lines in Figure
2a.
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have observed that for silicon nanodisks featuring different
nanodisk diameters the PL spectral shape correlates with the
resonance characteristics of the silicon nanodisks. In contrast to
spectrally separate resonances, where the PL spectral shape can
be predicted from the transmittance spectra, for silicon
nanodisks with diameters corresponding to the condition of
the overlap of the electric and magnetic resonance, the emission
spectrum has a single maximum, despite the disappearance of
the resonance characteristics in the transmission spectrum. Our
results pinpoint that in the presence of electric and magnetic
dipolar resonances a thorough undestanding of the underlying
resonance properties of the all-dielectric nanoparticles is crucial
in order to make predictions about the nanoparticles’ influence
on the radiation spectrum of emitters located in their vicinity.
These findings have important implications for the design and
optical characterization of all-dielectric nanoantennas with near-
unity radiation efficiencies.

■ METHODS
Sample Fabrication. Silicon disks on silicon oxide were

fabricated using electron-beam lithography (EBL) on silicon-
on-insulator wafers (SOITEC, 220 nm top silicon thickness, 2
μm buried oxide thickness, backside polished) using the
negative-tone resist NEB-31A. The resulting photoresist
pattern was then used as an etch mask for reactive-ion etching.
Remaining resist was removed by oxygen plasma. In the next
step, PbS QDs (Evident, lot no. LNR-08-EPB, 10 mg/mL)
were mixed with polystyrene (25 mg of polystyrene in 2.5 mL
of toluene) in a 1:1 ratio. The mixture was spin-coated on top
of the silicon nanodisk samples at 800 rpm for 10 s. This was
repeated three times in order to obtain a film of approximately
250 nm thickness, resulting in the silicon disks being embedded
inside the QD-PS matrix as schematically depicted in Figure 1.
On the basis of the concentrations specified above, the QD
density in the layer can be estimated to be on the order of
1017QD/cm3 after complete evaporation of the toluene.
Optical Transmittance Measurements. The linear-

optical transmittance spectra of the fabricated samples were
measured using a home-built setup, where the sample is back-
side illuminated with an optical fiber brought into close
proximity to the wafer back-side surface. Due to the large size
of the fabricated silicon disk arrays (500 μm × 500 μm), no
additional focusing was necessary in order to ensure all of the
light is passing through the sample. The light transmitted
through the sample was then collected on the other side of the
sample using a Mitutoyo M Plan NIR 10× NA 0.26 objective
and directed to a spectrometer (Acton Spectra Pro 2500i, 2 μm
blazing) connected to a liquid-nitrogen-cooled InGaAs
detector. Measurements were referenced to the transmittance
of the sample next to the silicon nanodisk arrays. Transmittance
values exceeding unity stem from Fabry−Perot resonances in
the layered wafer structure in combination with the referencing
procedure.
Microphotoluminescence Measurements. For micro-

PL spectroscopy of our structures we excited the QDs by a
pulsed laser (808 nm wavelength, 80 MHz repetition rate, 6.25
ns pulse length, 50 μW laser power) focused onto the sample
with a Mitutoyo M Plan APO NIR HR 50× NA 0.65 objective.
The same objective was used for collecting the PL in reflection
configuration. A long-pass filter was introduced to remove the
exciting laser light from the signal. The light emitted by the
QDs was then directed through an optical fiber to the
spectrometer (the same as used in the transmittance measure-

ments). For each measurement we subtracted the dark counts
and we corrected the final spectra with the instrument response
characteristics.
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