Supporting Information for ”Observation of
Cooperative Purcell Enhancements in
Antenna-Cavity Hybrids”
Hugo M. Doeleman,†,‡ Christian D. Dieleman,† Christiaan Mennes,† Bruno
Ehrler,† and A. Femius Koenderink∗,†,‡
†Center for Nanophotonics, AMOLF, Science Park 104, 1098 XG Amsterdam
‡Van der Waals-Zeeman Instituut, Institute of Physics, Universiteit van Amsterdam, Science Park
904, Postbus 94485, 1090 GL Amsterdam
E-mail: f.koenderink@amolf.nl

Contents
S1 Sample Fabrication

S2

S1.1 Fabrication of hybrid cavity-antenna systems . . . . . . . . . . . . . . . . . . . . S3
S1.2 Diamond-sawn mesas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S6
S1.3 Selective positioning of quantum dots in hybrid systems . . . . . . . . . . . . . . . S7
S1.3.1 Qdot 800 quantum dot properties . . . . . . . . . . . . . . . . . . . . . . S7
S1.3.2 Positioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S7
S2 Fiber-coupled spectroscopy setup and data processing

S11

S2.1 Fiber taper setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S11
S2.2 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S11

S1

S2.3 Coupled mode theory for hybrid systems . . . . . . . . . . . . . . . . . . . . . . . S12
S2.4 Fitting spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S16
S3 Spectral properties on the unperturbed cavity modes

S16

S4 Perturbation for mr = 1 modes

S17

S5 Fluorescence measurements: experimental setup

S19

S6 Fluorescence measurements: polarization dependence

S20

S7 Fluorescence measurements: resonance frequencies

S21

S8 Relation between LDOS and emission spectra

S21

S8.1 Emission spectra of broadband emitters in a narrowband photonic environment . . S23
S9 LDOS and LDOSC in a hybrid system

S24

S9.1 Modeling LDOS and LDOSC using a coupled oscillator model . . . . . . . . . . . S24
S9.2 Comparison between data and theory . . . . . . . . . . . . . . . . . . . . . . . . . S27
S9.3 Dependence of hybrid boost on antenna-emitter distance . . . . . . . . . . . . . . S28
S10Single quantum dot measurements

S29

S10.1Post-selection of the bright states . . . . . . . . . . . . . . . . . . . . . . . . . . . S30
S10.2Other single-quantum-dot hybrids . . . . . . . . . . . . . . . . . . . . . . . . . . S31
References

S1

S35

Sample Fabrication

Here we provide a more detailed description of the fabrication processes then was done in the
methods section of the main paper, and include explanatory figures.

S2

S1.1

Fabrication of hybrid cavity-antenna systems

As cavities, we use silicon nitride microdisks supporting whispering-gallery modes (WGM). As
antennas, we have chosen aluminium nano-rods, because these can be tuned in resonance from the
UV to the infra-red by changing particle aspect ratio. 1 This lets us study hybrid systems where
the cavity is red-detuned from the antenna, for which these systems should achieve optimal performance. 2 The cavity modes we study in spectroscopy are in the 765-781 nm range, set by the
tuning range of our laser.
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Figure S1: Fabrication steps for a hybrid resonator. (a) A positive e-beam resist is spin coated
on a 200 nm layer of silicon nitride on silicon. (b) In the first electron lithography step, we define
the disks and alignment markers. After development, this pattern is transferred into the silicon
nitride by reactive ion etching. (c) Remaining resist is cleaned from the sample and the sample is
immediately transferred to a KOH bath for silicon wet etching, which creates an undercut below the
disk. (d) For the antenna deposition, the sample is spin coated again, now with a MMA/PMMA
resist bilayer. In a second lithography step, antennas are defined at the edges of the disks. (e)
After development, metal (Al) is thermally evaporated onto the sample, creating the antennas. The
sample is then transferred to an acetone bath to remove the resist and lift off the excess metal. (f)
Finally, the sample is covered by a thick layer of resist and a mesa was created using a diamond
wafer saw. Afterwards, the remaining resist was dissolved in acetone.
The fabrication process is sketched in Fig. S1. We start with a 12x12 mm sample of 200
nm low-loss stoichiometric silicon nitride (Si3 N4 ) on silicon. The Si3 N4 was grown by Lionix
international on silicon wafers by low-pressure chemical vapour deposition(LPCVD), which usually creates layers with lower optical losses and defect densities than plasma-enhanced chemical
vapour deposition (PECVD). 3–5 We spin coat a 450 nm layer of positive electron-beam (e-beam)
S3

resist (CSAR 6200, Allresist GmbH, resolution ∼10 nm) on the sample. We then use an e-beam
lithography system (Raith Voyager, 50 kV) to write the disks as well as alignment markers that
can be used for relative alignment of subsequent lithography steps. The disks are written in 500
µm write fields, all positioned in a straight line which will eventually form the mesa. We place
four large, global alignment markers at the corners of the exposed region, as well as four smaller
alignment marks within each writefield. Disks are written with diameters between 20 and 4 µm.
We use an electron dose of 160 µC/cm2 at 50 kV acceleration potential, and a (curved) area step
size of 10 (5) nm. Note that it is crucial that the disks are recognized in the pattern generator software as curved objects (i.e. not as polygons), such that they can be written with the beam moving
in a circular path outward. If they are written line-by-line, this typically creates defects along the
edges, which lower the quality factor. After exposure, the sample is developed by consecutive
immersion in pentyl acetate (120 seconds), o-xylene (7 s), a 1:9 mixture of methyl isobutyl ketone
(MIBK) and isopropanol (IPA, 15 s) and pure isopropanol (15 s). The pattern is transferred into the
silicon nitride by inductively coupled plasma (ICP) reactive ion etching (RIE) for 100 seconds in
a commercial etching system (Oxford PlasmaPro100 Cobra). We use mix of SF6 and CHF3 gasses
at flow rates of 16 and 80 standard cubic centimetres per minute (sccm), respectively, with 50 W
RIE forward power and 500 W ICP power at a gas pressure of 9 mTorr and a temperature of 0 ◦ C .
We use perfluoropolyether oil between the sample and carrier wafer for thermal conduction.
After the plasma etch, we clean the remaining resist and oil from the samples by a 10-minute
bath in warm acetone (45 ◦ C ), followed by a ∼15-minute base piranha etch. We then proceed to
under-etch the silicon, creating free-standing disk edges. It is crucial that this etch is done within a
few hours after the plasma etching, to avoid a native oxide layer forming on the bare silicon. The
under-etching is done by placing the samples in a 40 wt% potassium hydroxide (KOH) solution at
70 ◦ C . This creates pillars with roughly pyramidal shapes due to the preferential etching of KOH
along the Si h100i crystal direction. The etch rate, however, depends on disk size, as the larger
curvature of smaller disks relaxes the directionality of the etch. For example, we found the etch
rates in the in-plane direction (i.e. the rate at which the pillar radius at the top decreases) to be
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400, 500 and 950 nm/min for a 20, 15 and 8 µm diameter microdisk, respectively. We used etch
times around 4 minutes, leading to a ∼2 µm undercut at a 15 µm diameter disk. Finite-element
simulations show that a ∼1.6 µm undercut is sufficient to avoid perturbation by the pillar of the
fundamental mr = 0 mode in a 15 µm disk. Smaller disks need even lower undercuts.
To position the antenna, we perform a second e-beam lithography step. We spincoat a layer of
methyl methacrylate (MMA, Microchem MMA 8.5, dissolved in ethyl lactate), followed by a layer
of polymethyl methacrylate (PMMA, Microchem 950 PMMA, dissolved in anisole). The layer
thickness, as measured on a scratch in the resist far away from the structures, is 780 nm (MMA)
and 220 nm (PMMA). We use disk cross-cuts made by focussed-ion-beam (FIB) milling on a test
sample to determined the resist layer thickness at the antenna location (300nm from the disk edge).
These thicknesses are ∼150 nm and ∼60 nm for the MMA and the PMMA, respectively, on a 5 µm
disk (and similar on larger disks). Note that these cross-cuts provide a lower bound for the layer
thicknesses, as both the MMA and PMMA layer shrink during the milling and imaging. We then
perform the second e-beam exposure. The markers written in the first step are used for relative
alignment of the antennas to the disks. We write rectangular antennas of 50 nm width and different
lengths between 60 and 180 nm. Antennas are positioned 300 nm from the disk edge, with antenna
long axis always aligned in the radial direction, matching the electric field of the radially polarized
whispering gallery modes. Each disk contains one antenna. An electron dose of 500 µC/cm2 , a 50
kV acceleration potential and an area step size of 5 nm are used. Following exposure, the sample
is developed in a 1:3 mixture of MIBK and IPA (80 s), followed by immersion in two beakers of
IPA (15 s each). We deposit a 40 nm layer of aluminium using thermal evaporation at a rate of
0.05 nm/s and a pressure of 5 · 10−7 mbar. After evaporation, the sample is transferred to a warm
acetone bath (50 ◦ C ) for ∼30 minutes for the metal lift-off. After a dip in IPA, the sample is dried
in a nitrogen flow. Figure 1b in the main paper shows a SEM image of a resulting antennas on
a microdisk cavity. We find that antennas are present on ∼95% of the disks, and that length and
width are on average ∼8 nm larger than designed for, due to slight overexposure.
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S1.2

Diamond-sawn mesas

To do cavity spectroscopy, we need to access the cavities using a tapered optical fiber. As our samples are 12 mm wide and the cavities are only elevated above the substrate by a few micrometers,
approaching the cavities to within less than a micrometer distance with a tapered fiber would be
practically impossible. We chose to place our cavities on a thin mesa that is elevated above the rest
of the sample, inspired by earlier work. 6
First, we spin-coat a several µm-thick layer of positive UV resist (MICROPOSIT S1800) on
the sample, to protect against dust and the cooling water used during the wafer sawing. A wafer
saw (DISCO DAC-2SP/86 Automated Dicing Saw) is then aligned to the row of cavities using
large Si3 N4 triangles fabricated in the first lithography step at the top and bottom of the row (see
Fig. S2a). First, we use a fine 40 µm saw to make cuts of 150 µm depth on either side of the mesa.
The mesa width is chosen as 150 µm. Repeating this five times while moving the saw in steps of
30 µm outward, we clear a ∼150 µm area on either side of the mesa. We then use a saw of 300 µm
thickness to remove a 150 µm thick layer from the rest of the sample. After sawing, the resist is
removed in a 45 ◦ C acetone bath. Fig. S2 shows the resulting sample, with the 150 µm-wide mesa
elevated above the rest of the sample.
(a)

(b)

150 µm
200 µm

Figure S2: The diamond-sawed mesa. (a) SEM image (sample tilted) of a field of disks on top
of the diamond-sawed mesa. The triangular marker next to the field is used to align the wafer saw,
together with an identical marker at other end of the mesa. (b) Optical microscopy image of the
disks on the mesa.
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S1.3

Selective positioning of quantum dots in hybrid systems

S1.3.1

Qdot 800 quantum dot properties

We have chosen to use CdSeTe/ZnS core/shell quantum dots (Invitrogen Qdot 800 ITK Organic,
Q21771MP), stabilized in decane using long alkyl ligands (trioctylphosphine oxide, TOPO), emitting near 800 nm wavelength with a typical room-temperature single QD linewidth of 50 nm (see
Fig. S3 and Figure 3a in the main paper). Owing to the relatively large ZnS shell, these are known
to be extremely stable. Individual quantum dots were shown to blink, with a high fluorescent quantum efficiency of 94% associated with the bright state. 7 Their small diameter of ∼10 nm enables
positioning at the antenna hotspot, yet the large shell thickness (Exact core and shell thickness
is not provided by the supplier, but typical cores sizes in CdSe quantum dots are 2-4 nm 8 and
transmission electron microscopy images of Qdot 800 QDs suggest core sizes of 4-6 nm 9 ) may
help keep the exciton in the core at sufficient distance from the metal (also helped by the 3 nm
alumina shell on the antenna) to mitigate fluorescence quenching. 10 Importantly, functional chemical groups are available that bind specifically to the shell material, enabling covalent binding of
the quantum dots to the antennas. The orange curves in Figure 4a,e in the main paper show a
typical fluorescence decay trace of one of the QDs, positioned on a glass substrate. We observe
a bi-exponential decay trace with a fast and a slow lifetime, a common phenomenon in quantum
dots which was suggested to originate from the bright and dark states. 11,12 The slow decay is often
associated to the bright state. Average lifetimes from multiple measurements on individual QDs
were 2.3 (0.7) ns and 153 (11) ns for the fast and slow lifetimes, respectively.

S1.3.2

Positioning

Fig. S4 shows a step-by-step sketch of our quantum dot positioning method. This method is similar
to that developed by Curto et al. 13,14 for binding the same quantum dots to gold nano-antennas.
The main difference is the linker chemistry: we use a functional group that can bind specifically
to aluminium rather than to gold. Moreover, we use a thiol to bind directly to the QD, rather than
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Figure S3: Single quantum dot spectra. Emission spectra measured on three individual quantum
dots. Size polydispersity causes small differences in emission frequency.
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Figure S4: Quantum dot positioning, step-by-step. (a) A positive e-beam resist is spin coated
on the sample with hybrids. (b) We define holes at the antenna tips using a third lithography step,
and develop the resist. (c) After a brief oxygen etch the sample is immersed in a MDPA solution
for 24 hrs. The MDPA molecules form a monolayer on the substrate, binding preferentially to
metal oxides. We then rinse and bake the sample. (d) The sample is transferred to a quantum dot
solution. Quantum dots bind covalently to the thiol groups on the MDPA, but also disperse in the
resist. (e) After quantum dot immersion, we rinse the sample and dissolve the resist.
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binding to the QD ligands.
Starting from samples containing cavity-antenna hybrids (i.e. after step e in Fig. S1, since we
do not need a mesa for fluorescence measurements), we first spincoat a 1100-nm layer of PMMA,
which we measured to be 500 nm thick at the antenna location on the disks. At the disk edge,
where the resist is most thin, thickness is still ≥270 nm. Note that, in contrast to the 8-15 µm disks
studied in taper-coupled spectroscopy, these hybrids contain 4-µm disks, so as to have linewidths
above our spectrometer resolution. Antenna sizes are the same as before, i.e. 88-168-nm in length.
Following the same procedure for alignment, e-beam exposure and development as used for writing
the antennas, we define holes of 60 or 120 nm diameter, centered at the antenna apex pointing to
the disk center. Here, because of the thicker PMMA layer, we use a higher electron dose of 900
µC/cm2 and a higher development time in the MIBK/IPA solution of 100 seconds.
To increase selectivity of quantum dot binding to the aluminum antennas rather than the SiN
disk surface, we now functionalize the exposed aluminium surfaces using 12-mercaptododecylphosphonic acid (MDPA, purchased from Sigma-Aldrich, 95% purity) as a linker molecule. Alkyl
phosphonic acids were demonstrated to form self-assembled monolayers on metal oxide surfaces,
including aluminium and titanium oxide. 15–17 High selectivity was found for binding to the metal
oxides over binding to siliceous materials such as SiO2 , owing to the instability of Si-O-P bond
compared to e.g. Al-O-P bonds. 17–20 The thiol group on the other end of the MDPA molecule can
form a covalent bond with the sulphur atoms in the quantum dot shell, a property often used to
cover quantum dots with thiolated ligands. 21,22 Following a recipe by Attavar et al., 19 we prepare
a monolayer of MDPA on our samples. After cleaning the exposed surfaces on our samples in an
oxygen plasma etch for 30 seconds (25 sccm flow rate, 5 mTorr pressure and 50 W RF power),
samples are immersed in a 1mM solution of MDPA in methanol (analytical grade) for 24 hours
to form the monolayers. We use methanol because de-mineralized water slowly degrades aluminium. 15 Samples are then rinsed in pure methanol and annealed for 15 minutes on a hotplate at
90◦ C , after which physisorbed phosphonic acid is removed by a triple methanol and water wash
and only covalently bound molecules remain on the surface. We then proceed with the quantum
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dot binding. Samples are immersed in a 10 nM solution of Qdot 800 quantum dots in decane for
10 minutes. They are then first rinsed in pure decane (1 minute) and subsequently kept in toluene
for ∼1 hour, which both dissolves the PMMA and disperses the quantum dots that were dissolved
in the PMMA, after which they are dried and are ready for use. Note how this recipe differs from
that of Curto et al. 13 (which also used different linker molecules, ligands and solvents) in the immersion time of 10 minutes, rather than 24 hours. We found that longer immersion times lead to
quantum dots present also outside the exposed areas, which is likely due to diffusion through the
PMMA layer. 23 At 24 hour immersion time, the sample is fully covered with quantum dots with
barely any difference between areas with and without PMMA. Furthermore, it is vital not to keep
the samples in toluene for longer than necessary. By spincoating quantum dots from a toluene
solution onto glass coverslides and measuring quantum dot densities, we observed a strong decay
of luminescent quantum dot density with increasing toluene immersion time — just ∼80 minutes
of toluene immersion is sufficient to decrease density by 50%.
This recipe typically results in quantum dots being positioned with excellent accuracy and large
selectivity, i.e no quantum dots in the areas covered in PMMA. Fluorescence microscopy images
such as that shown in Figure 1c of the main paper, usually showed clean samples with fluorescence
only coming from the location of the antenna, where the PMMA was removed. The selectivity
of QD binding to alumium over silicon nitride, however, was lower than expected. We performed
first test of this selectivity using samples with large aluminium, Si3 N4 and silicon patches and using
PbS quantum dots stabilized in octane with oleic acid ligands. Samples were immersed for 24 hrs
in the QD solution at a concentration of 4.8 mg/ml. Unbound quantum dots are then removed by
a double octane rinse followed by an acetone and isopropanol dip. Quantum dots were counted
in SEM images. This showed a selectivity of QD binding on Al vs. Si and Si3 N4 of 6 and 8,
respectively, if no MDPA was used. With MDPA, these selectivities were increased by a factor of
∼4 to 23 and 34 for Al vs. Si and Si3 N4 , respectively. The same test, however, performed with our
Qdot 800 quantum dots, resulted in a selectivity of Al vs. Si or Si3 N4 of only ∼2.5. It is likely that
the Qdot 800 quantum dots are more likely to physically adsorb to the surfaces, thereby decreasing
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selectivity. Alternatively, it could be caused by the Qdot 800 quantum dots having more bulky
ligands in the form of TOPO. These are branched molecules (where oleic acid is long, but less
bulky), which might make it more difficult for the MDPA molecules to penetrate the ligand shell
and replace one of the original ligands.
For the multiple-quantum-dot measurements shown in Figure 3 of the main paper, we used the
structures with 120 nm holes in the PMMA. For the single-quantum-dot measurements shown in
Figure 4 of the main paper, we use both 120 nm holes and 60 nm holes.

S2
S2.1

Fiber-coupled spectroscopy setup and data processing
Fiber taper setup

Fibure 2c in the main paper shows the experimental setup. We use a narrowband, tunable diode
laser to excite the cavity through a tapered fiber, which is positioned near the edge of the disk,
yet far from the antenna. Reflection and transmission are monitored on photo diodes (Thorlabs
PDA36A), and scattered light is collected by a high-NA objective (Olympus MPlan IR, 100x, NA
0.95) and passed through a beam splitter to the camera (The Imaging Source DMK 21 AU04) and
an avalanche photo detector (Thorlabs APD410A/M).

S2.2

Data processing

Data processing is described in detail in the methods section of the main paper. Fig. S5 shows an
example of a tapered-fiber transmission spectrum obtained by a broadband laser sweep, showing
several modes. An example of narrowband spectra near a resonance, obtained from a piezo ’fine
scan’ and from a broadband ’coarse scan’, are shown in Fig. S6, together with example camera
images obtained during the piezo fine scan.
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(a) mr =0

mr =1

(b)

Figure S5: Broad- and narrowband taper transmission spectra. (a) Broadband transmission
spectrum of a 12 µm diameter disk containing an antenna of 100 nm length. We see narrow dips
corresponding to a fundamental (mr = 0) and first order (mr = 1) radial mode. A higher-order
radial mode is also visible. (b) Zoom-in on the mr = 0 mode. The narrow dip corresponds to
the unperturbed, antisymmetric disk mode. The perturbed mode is strongly under-coupled and not
visible in transmission.

S2.3

Coupled mode theory for hybrid systems

Using cavity coupled mode theory, we can set up the equations of motion in the Fourier domain for
a degenerate pair of clockwise (CW) and anti-clockwise (ACW) whispering-gallery modes in the
cavity, described by their mode amplitudes aCW and aACW , respectively, as well as for the dipolar
antenna mode, described by its mode amplitude b, as 2,24

(−i∆ + κ/2) aCW − iΩb/2 =

√
κex sin ,

(S1)

(−i∆ + κ/2) aACW − iΩb/2 = 0,

(S2)

(ωa2 − ωc2 − iωc γ) b − ωc ΩaCW − ωc ΩaACW = 0.

(S3)

Here, ∆ = ω − ωc is detuning from cavity frequency ωc , κ = κi + κex is cavity loss rate composed
of internal losses κi and tapered-fiber coupling rate κex , Ω is the antenna-cavity coupling rate,
which depends on antenna oscillator strength β and cavity effective mode volume Veff as Ω =
p
β/(0 (r0 )Veff ), where 0 is the vacuum permittivity and (ra ) the relative permittivity at the
antenna location ra (in absence of the antenna). We have assumed only the CW cavity mode
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Figure S6: Comparison between fine and coarse scan data. (a-d) Scattering (b), transmission
(c) and reflection (d) spectra measured on the photo diodes during a step-by-step piezo scan of the
laser wavelength. The corresponding scattering spectrum obtained from integrated camera images
is shown in (a). We show data (blue line) and a global fit (red dashed line). Obtained loss rates for
the perturbed (κ1 ) and unperturbed (κ2 ) modes and the cavity-taper coupling rate κex are displayed.
(e,f) Normalized camera images of the cavity, taken at the resonance frequency of the perturbed
(e) and the unperturbed (f) modes shown in (a-d). The antenna is located at the lower disk edge.
(g-i) Same spectra as for (b-d), for the same cavity, in this case measured during a broadband
(several THz) wavelength sweep, and zoomed in on the cavity mode. During such a sweep, the
laser frequency changes more rapidly, and we cannot collect camera images. This data is fitted
independently. The data shown in (e-i) is the same as shown in Figure 2 of the main paper.
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is driven by a driving field sin , as is the case for our taper-coupled measurements. The antenna
resonance frequency and damping rate are ωa and γ, respectively, and to arrive at these equations
we have assumed that ∆, κ  ωc .
Transforming to the new basis
1
as = √ (aCW + aACW ),
2
1
aas = √ (aCW − aACW )
2

(S4)
(S5)

of respectively the symmetric and antisymmetric modes (around the location of the antenna) and
using Eq. (S3) to eliminate b from Eqs. (S1) and (S2), we arrive at
p
κex /2sin ,
p
(−i∆ + κ/2) aas = κex /2sin , ,

(S6)

∆s = ∆ + γbs /2,

(S8)

κs = κ + γl

(S9)

(−i∆s + κs /2) as =

(S7)

where

are the detuning from resonance and total loss rate of the symmetric mode. The backscattering rate
γbs and antenna-induced loss rate γl are

ωc
γbs = 2Ω Re
ω 2 − ωc2 − iωc γ1
 1

ωc
2
γl = 2Ω Im
.
ω12 − ωc2 − iωc γ1
2



(S10)
(S11)

We see that the antenna is only coupled to the symmetric cavity mode, which has a maximum at the
antenna position, and not to the antisymmetric mode, which has a node there. 25 The antenna causes
a shift and broadening of the symmetric mode with respect to the unperturbed, antisymmetric
S14

mode. These perturbations are related to the antenna properties and the antenna-cavity coupling
rate. Using the definition of Ω and that of the antenna polarizability

αhom =

β
,
ωa2 − ω 2 − iωγ

(S12)

we can rewrite Eqs. (S10) and (S11) to arrive at the expressions for the cavity frequency shift δωc
and broadening δκ familiar from Bethe-Schwinger cavity perturbation theory:
ωc
Re {α(ωc )} ,
0 Veff
2ωc
δκ =
Im {α(ωc )} .
0 Veff

δωc = −

(S13)
(S14)

Note here that these are a factor 2 larger than the usual expressions (also shown in the main paper),
because here Veff describes the effective mode volume of the clockwise (or anticlockwise) mode,
which is twice larger than that of the symmetric mode.
We can now write expressions for the transmitted (forward) and reflected (backward) powers
Pfw and Pbw , respectively, in the tapered fiber, as 26

Pfw = |−sin +

√

2

κex aCW |

2

= Pin −1 +

κex
1
1
(
+
) ,
2 −i∆s + κs /2 −i∆as + κas /2

(S15)

√
2
Pbw = | κex aCCW |
2

κ2
1
1
= Pin ex
−
.
4 −i∆s + κs /2 −i∆as + κas /2

(S16)

Here, we relabeled the ’bare’ cavity detuning ∆ and linewidth κ, which are equal to those of the
asymmetric mode, as ∆as and κas , respectively. Note how the amplitudes of Pfw and Pbw are not
independent. The scattered power into the objective can be written as
As
Ps =
−i∆s + κs /2

2

2

Aas
+
,
−i∆as + κas /2

S15

(S17)

where As and Aas are scattering amplitudes that generally depend on detector efficiency, radiation
pattern, cavity edge roughness etc.

S2.4

Fitting spectra

We fit the obtained spectra, such as shown in Fig. S6, using a global least-squares fit to the transmission, reflection and scattering data, using Eqs. (S15) to (S17). Fitting parameters are the input
power in the taper Pin , the unperturbed cavity resonance frequency ωc and linewidth κi , the resonance shift δωc and broadening δκ of the perturbed (symmetric) cavity mode with respect to the
unperturbed (antisymmetric) mode, cavity-taper coupling rate κex and the scattering amplitudes As
and Aas . Further details are given in the methods section.
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Spectral properties on the unperturbed cavity modes
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Figure S7: Resonance frequencies and unperturbed loss rates. Loss rates of the unperturbed
(antisymmetric) mr = 0 (a) and mr = 1 (c) cavity modes. (b) and (d) show their respective
resonance frequencies. Different colors correspond to different disk diameters (indicated). For
cavities of the same diameter, resonance frequencies and loss rates are very similar.
Fig. S7 shows the loss rates κas and resonance frequencies ωas of the unperturbed (antisym-
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metric) cavity modes for the hybrids measured in this work. Linewidths typically lie in the 1-2
GHz range for the 12 and 15 µm diameter disks, and are around 3 GHz for the 8 µm diameter
disks, implying typical quality factors Q > 105 . Average quality factors and resonance frequencies are summarized in Table S1. Importantly, we observe only minor variations in the linewidth
between different cavities of the same size, and no clear dependency of the linewidth on antenna
size, indicating that this mode is insensitive to the antenna. While this is indeed predicted by the
coupled-mode theory discussed in the previous section, it is surprising that it holds so well. The
theory assumes the antenna to be a point dipole, yet in reality it has a finite width of ∼60 nm,
causing finite overlap with the antisymmetric mode. Nevertheless, we find that perturbation is
negligible.
The unperturbed cavity mode data indicates the fidelity of the fabrication process. Table S1
shows that resonance frequencies in 8, 12 and 15 µm disks are equal (for nominally equal diameters) to within 0.037%, 0.015% and 0.015%, respectively, which amounts to a variability < 2% of
the cavity free spectral range (frequency difference between modes of equal mr ) and can be translated to a reproducibility in disk diameter of 2-3 nm. The high quality factors are reproducible to
within 20-30%, indicating low surface scattering and contamination.
Finally, the mr = 1 modes in the 8 µm disks seem more lossy than all other modes. However,
these modes were measured with a higher taper-cavity coupling rate, and the non-ideality of the
taper caused additional broadening. This does not affect the measured shifts and broadenings, as
this broadening occurs roughly equally for the symmetric and the antisymmetric mode.

S4

Perturbation for mr = 1 modes

We measure not only the frequency and shift of the fundamental (mr = 0) cavity mode (shown in
Figure 2 of the main paper), but also of the first higher-order radial (mr = 1) mode, which has two
maxima in the radial direction, with a node in between. The results for both modes are shown in
Fig. S8. Results for both modes agree qualitatively. Shifts and broadenings for the mr = 1 mode
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Figure S8: Broadening and shift for both radial order modes. (a-b) show the broadening (a)
and shift (b) of the hybridized fundamental radial mode (mr = 0), with respect to the unperturbed
mode, as function of antenna length. This is the same data as shown in Figure 2 of the main paper.
(c-d) show these quantities for the hybridized mr = 1 mode. The markers correspond to data for
the 8 µm (blue), 12 µm (green) and 15 µm (red) diameter cavities. The lines represent predictions
by perturbation theory. For both radial orders, we observe good agreement between theory and
data in the broadening, up to antenna lengths of 140 nm. For larger length, perturbation theory
overestimates the effect of the antenna, which we attribute to a difference in Aluminium quality in
simulations and experiment. For the frequency shift, data and theory agree qualitatively.
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Table S1: Cavity parameters. Dimensionless effective mode volume Veff /λ3 from simulations,
quality factor Q and bare cavity resonance frequency ωc from the fiber-coupled measurements, as
function of microdisk diameter, radial order mr and antenna length. Errors correspond to standard
deviations.
Disk diameter [µm]
8
8
12
12
15
15

mr
0
1
0
1
0
1

Veff /λ3
52
135
89
238
123
301

Q
1.2(2) · 105
0.9(2) · 105
2.1(5) · 105
3.3(9) · 105
2.6(9) · 105
4(1) · 105

ωc /2π [THz]
384.29(14)
384.66(14)
387.09(6)
390.72(6)
387.34(6)
388.59(4)

are smaller, due to a larger mode volume (weaker coupling to the antenna) for those modes.
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Fluorescence measurements: experimental setup
sample
NA 0.95

LP in

camera

pump
laser

LP out

spectrometer

APDs

Figure S9: Fluorescence microscope used for measurements on quantum dots. Samples are
illuminated by a pump laser, and fluorescence is collected either on a camera, a fiber-coupled
spectrometer or two avalanche photodiodes (APDs) for lifetime measurements. The pump and
fluorescence are linearly polarized by polarizers (LP).
Fig. S9 shows the experimental setup, which is an adapted version of the setup reported in
earlier work. 27 The setup is further discussed in the methods section of the main paper.
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Fluorescence measurements: polarization dependence
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Figure S10: Polarization of QD emission. (a) Example of a typical emission spectrum, for multiple quantum dots at the antenna apex. The broad quantum dot emission peak is modulated with
sharp Fano-type resonances. (b) Emission spectra recorded for in- and output polarization set to
vertical-vertical (blue, same spectrum as shown in (a)), vertical-horizontal (purple), horizontalhorizontal (green) and horizontal-vertical (red). Fano resonances are only clearly visible for inand outputs vertically polarized, i.e. along the antenna main axis. All spectra measured on the
same hybrid, with antenna length 168 nm.
Fig. S10a shows a typical fluorescence spectrum from multiple quantum dots at the antenna
apex in a hybrid system. We recognize a broad fluorescence peak from the intrinsic QD emission
spectrum, modulated at regular intervals by an asymmetric, Fano-type resonance that we attibute
to the hybrid modes. The notion that hybrid LDOS is the cause behind these lineshapes matches
the fact that the resonances appear only when both pump and detection polarization are chosen
along the antenna main axis, as shown in Fig. S10b. In fact, when detection polarization is chosen
horizontally, i.e. along the antenna short axis, entirely different spectra are observed. These peak at
a shorter wavelength, and no Fano resonances are observed. This corresponds to the fact that near
the antenna apex, no significant LDOS enhancement is expected for emitters polarized transversely
to the antenna main axis.
All spectra discussed in the main paper are taken with input polarization aligned to the antenna
long axis, and multi-quantum dot spectra are taken with the detection polarizer aligned along the
same axis. Single quantum dot spectra are taken without output polarizer.
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Fluorescence measurements: resonance frequencies
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420

4100

Disk diameter [nm]
Figure S11: Resonance wavelength dependence on disk size. Resonance wavelengths for three
of the Fano resonances in the emission spectra, for the 5 different Si3 NN disk sizes. Comparison to
simulations suggests that these correspond to hybridized whispering-gallery modes of azimuthal
order mφ 21, 22 and 23. Dashed lines show linear fits.
In Fig. S11, we show the resonance frequencies of the hybrid modes as obtained from fitting the Fano lineshapes in the fluorescent spectra, for the five different disk sizes. We find that
resonances shift linearly with disk diameter, further confirming that these correspond to the hybridized whispering-gallery modes (WGM). To first approximation, WGMs are waves that fit an
integer times within an effective disk circumference. As such, their resonance wavelengths depend
approximately linearly on disk diameter. 28 By comparing these resonance wavelengths to those
obtained from simulations, we can estimate them to be the WGMs of azimuthal order mφ 21, 22
and 23. Note that these disks are too small to support high-Q modes of higher radial order than
mr = 0 in this wavelength range.

S8

Relation between LDOS and emission spectra

The manner in which emitters report on LDOS depends strongly on the emitter bandwidth. We can
distinguish two different regimes. The first is the case of emitters that are narrowband compared to
the LDOS spectrum. At unit efficiency, each emitter produces one photon per excitation, with a fluorescent decay rate proportional to LDOS as dictated by Fermi’s golden rule. 29 Hence, intensity is
S21

independent of LDOS. This is the regime discussed in most literature concerning LDOS measurements, particularly in plasmonics. 27,30,31 If the emitters are very inefficient, intensity may report on
LDOS through an effective increase in radiative efficiency.

32

The second regime, often referred

to as the ’bad emitter’ regime, is that of emitters with bandwidths much larger than the LDOS
features. Particularly, to be in this regime the emitters are required to be individually broadband
on time scales shorter than the fluorescence decay time. Hence, an emitter showing slow spectral diffusion 33,34 or a polydisperse ensemble of individually narrowband emitters can be classified
under the first regime. In this limit of broadband emitters, the decay rate averages over all decay
channels (i.e. energies). A narrowband resonator therefore barely influences the decay rate, and its
Purcell enhancement is instead limited by the emitter quality factor. 35 The emission spectrum, on
the other hand, shows differences that are proportional to LDOS. For efficient emitters, the total,
spectrally integrated intensity remains independent of LDOS, as is the case for narrowband emitters. An obvious example are emitters that can decay into a multitude of electronic levels. In this
case, Fermi’s golden rule states that each transition probability is proportional to the LDOS at that
energy difference. This fact was recently used to alter the branching ratio of multilevel emission
lines from Eu3+ ions. 36,37 A similar example are dye molecules at room temperature, which typically support multiple excited state and ground state levels due to coupling of the vibrational to the
electronic states, leading to broad emission spectra. In such cases, it was shown that LDOS can
cause strong changes in the emission spectrum. 38–40 Beside multilevel decay, another reason for
broad emission spectra can be spectral diffusion, which has been observed for organic emitters 34
and quantum dots. 33,41,42 As long as diffusion happens on time scales much faster than the lifetime,
this leads to the same behaviour as with multi-level decay, i.e. the emission spectrum traces (collected) LDOS and the decay rate measures the spectral average of LDOS weighted by the intrinsic
emission spectrum.
The quantum dots in our experiment belong to the second category. Individual dots show high
quantum efficiency 7 and emission bandwidths of ∼50 nm (see Fig. S3), much broader than the
LDOS linewidths in the hybrid system (< 2 nm). For QDs one can argue that they are spectrally
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broad due to the availability of a band of decay channels (electronic and vibrational degrees of
freedom), and/or due to rapid spectral diffusion. Both mechanisms have been suggested for CdSe
and CdSe/ZnSe QDs. 43–45 Slow diffusion, however, can be excluded as it was shown for similar
(CdSe) QDs that emission spectra were broad (∼30 nm) even on ∼100-fs time scales. 46 Even if
the exact mechanism of linewidth broadening is disputed, the resulting dependencies of emission
spectra and decay rates on LDOS are the same. For simplicity, here we will discuss the case of a
multilevel emitter.

S8.1

Emission spectra of broadband emitters in a narrowband photonic environment

Consider an emitter with a intrinsic normalized intensity emission spectrum p(ω) in free space, yet
now placed in a photonic environment with frequency-dependent local density of states LDOS(ω).
The observed emission spectrum can be described as 38

I(ω) = Nex R

p(ω)γ(ω)
η(ω),
p(ω)γ(ω)dω

(S18)

where Nex is the number of emitter excitations, the fraction represents the probability of decay to
a state with frequency difference ω, γ(ω) = γ0 LDOS(ω) is the frequency-dependent decay rate,
and η(ω) is the frequency-resolved quantum efficiency, given as 47

η(ω) = ηC (ω)

γr (ω)
γ0,r LDOS(ω)
= ηC (ω)
.
γ(ω)
γ0,nr + γ0,r LDOS(ω)

(S19)

Here, ηC (ω) is the collection efficiency and γ0,r and γ0,nr are the intrinsic radiative and nonradiative decay rates of the emitter, which obey γ0,r + γ0,nr = γ0 . Material absorption and finite
numerical aperture are captured in ηC (ω), whereas intrinsic emitter losses are captured in γ0,nr .
Eq. (S18) holds for any two-level or multilevel emitter, and even for a rapidly diffusing emitter, as
shown in. 24 In the case that LDOS(ω) varies much more rapidly with frequency than p(ω) in the
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vicinity of a frequency ω1 (e.g. a broadband emitter coupled to a narrow LDOS resonance), we
may simplify Eq. (S18) to
Nex p(ω1 )γ0,r
LDOS(ω)ηC (ω).
I(ω) ≈ R
p(ω)γ(ω)dω

(S20)

From this we see that the spectral shape is entirely determined by LDOS and the collection efficiency ηC (ω), a fact that has been used to quantify LDOS using emission spectra of cavity-coupled
emitters in the ’bad emitter’ limit. 35 We can define the ’collected LDOS’ as

LDOSC(ω) ≡ LDOS(ω)ηC (ω),

(S21)

which represents the portion of LDOS leading to light emitted into the far-field and collected by the
detector. The detected emission spectrum traces LDOSC(ω). The emitter decay rate γ observed
in a fluorescence decay trace, in contrast, is given by spectrally averaging γ(ω) as
Z
γ = hγ(ω)i =

p(ω)γ(ω)dω.

(S22)

Moreover, from Eq. (S18) we see that total, spectrally integrated intensity depends only on Nex
and the collection efficiency ηC for an emitter with unit quantum efficiency, in agreement with
literature. 32,48

S9
S9.1

LDOS and LDOSC in a hybrid system
Modeling LDOS and LDOSC using a coupled oscillator model

Eq. (S20) maps onto our hybrids, since the intrinsic QD emission spectra have linewidths of 50
nm, while hybrid linewidths are below 1 nm. We therefore find explicit expressions for LDOS and
collection efficiency in a hybrid system, using a coupled-oscillator model described further in earlier work. 2 Cavity parameters (Q = 3 · 104 , Veff = 21λ3 , ωc /2π = 377.57 THz) are obtained from
S24

a finite element simulation (COMSOL v5.1) of a 200-nm thick Si3 N4 microdisk with a diameter
of 4 µm. Note that at such small diameters, bending losses dominate over the surface scattering
and absorption that limit Q for the 8, 12 and 15 µm disks. This is evident from the fact that Q as
obtained from a linear extrapolation of the Q of these larger disk is higher (Q ≈ 6 · 104 ) than the Q
obtained from the simulations, which only contains bending losses. Bare antenna polarizability α
and antenna-emitter coupling strength are obtained from the simulations of aluminium rod antennas on a Si3 N4 substrate, as described in the methods section of the main paper, with the system
now driven by a point dipole (emitter) rather than a plane wave. Considering the quantum dot
diameter of ∼10 nm, we assume the emitter to be 5 nm from the antenna apex and 5 nm above the
substrate. The antenna-emitter coupling strength is captured by the Green’s function Gbg (rem , ra )
describing the field that the emitter, located at rem , generates at the antenna location ra (and vice
versa), which can be retrieved directly from the simulation. Knowing all these parameters, we then
use an expression from the coupled oscillator model to find LDOS(ω).
Collection efficiency is assumed to be given by the fraction of power emitted into free-space
(with a dipolar emission pattern) by the source and antenna, for which an expression can be found
using the oscillator model. This assumption uses the fact that practically all radiation from the
microdisk WGM is emitted in the in-plane direction, which is not collected by the objective. Our
simulations show that ∼ 3% of the radiation by a 4 µm disk is collected by a NA=0.95 objective.
Given that the spectrometer fiber also selects a ∼1 µm detection area on the sample, this fraction
will be even lower in practice.
We first compare the LDOS and LDOSC spectra for several examples of cavities and antennas,
to learn what influences their spectral shape. Fig. S12 shows calculated spectra of LDOS, LDOSC
and ηC for two different antenna lengths L and three different cavity quality factors. For both
LDOS and LDOSC, we observe the familiar Fano-type lineshapes also seen in the experiment.
For a short antenna, far from resonance, LDOS resonances are narrow and lineshapes are close to
Lorentzian peaks, while for an antenna closer to resonance (L=128 nm), resonances are broadened
by antenna losses and the lineshapes are more asymmetric. This is the same behaviour as observed
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Figure S12: LDOS and LDOSC in a hybrid system. LDOS (blue) and collected LDOS (LDOSC,
red), as well as collection efficiency ηC (ω) (green) in hybrid systems, for different antenna lengths
L and bare cavity Q (both indicated above plots). The theoretical quality factor of the uncoupled
WGM cavities in this study is 3 · 104 , corresponding to panels (c,d,i,j). The black dashed line
indicates the bare antenna albedo A, which determines the collection efficiency away from the
hybrid mode. For sufficiently high Q, or if the antenna is close enough to resonance to be the dominant source of loss, LDOS and LDOSC take on mostly the same lineshape. LDOS and LDOSC
are normalized to their maxima, to facilitate comparison. Note that (a-f) and (g-l) have different
x-axes.
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for the Fano resonances in the experimental hybrid spectra.
Interestingly, the lineshapes of LDOS and of LDOSC can be very similar under certain conditions. For the antenna near resonance, LDOS and LDOSC are very similar for all values of Q
shown. For the short antenna, this is only true for the highest Q. This behaviour is best explained
by considering the collection efficiency ηC . Collection efficiency is determined by bare antenna
albedo A away from resonance. However, at the minimum of the Fano feature in LDOS, it drops
significantly. This is due to destructive interference between field coupled directly from emitter to
antenna, and field that travels via the cavity. This interference depolarizes the antenna, causing a
drop in dipole radiation Pr . LDOS, however, remains finite at this frequency due to the contribution of the cavity mode. In other words, at the Fano dip, nearly all emission is transferred into the
cavity decay channel, which is not collected by the objective, causing a dip in collection efficiency.
This phenomenon was also observed recently in theoretical work on a different hybrid system. 49
In general, the dip in ηC causes a difference in lineshape between LDOS and LDOSC. However, if
antenna losses dominate the hybrid linewidth, lineshapes are far broader than the dip in ηC , such
that LDOSC lineshape remains mostly unaffected, except for a decrease of the minimum at the
Fano dip. This explains why LDOSC and LDOS are similar for the long antenna, whereas for the
short antenna, where antenna losses are lower, this is only the case if Q is high.
We have shown that in general, emission spectra of broadband emitters coupled to a narrowband LDOS resonance follow the spectral shape of the collected LDOS. However, our results
suggest that these lineshapes can, under the right circumstances, be nearly equivalent to the lineshapes in LDOS. Moreover, because the collection efficiency always shows a dip near the peak in
LDOS, boosts in LDOSC form a lower bound on those in LDOS. In the main paper we have used
this conclusion to retrieve lower bounds on LDOS from our spectral data as shown in Figure 3.

S9.2

Comparison between data and theory

Figure 3k-m in the main paper shows a comparison for the linewidth, Fano phase and hybrid boost
factor. Particularly for the hybrid boost, we see that the theory curves for LDOS and LDOSC differ
S27

strongly for the smallest antennas. This can be understood using the same argument as used above:
in these antennas, antenna losses are not as dominant over cavity losses as in larger antennas, so the
dip in collection efficiency affects the peak height of LDOSC and causes significant deviation from
that of LDOS. Overall, we find very good agreement of the data to the predictions from LDOSC.
A few datapoints, however, show much higher boosts, lying closer to the prediction from LDOS.
Since we would not expect our cavities to have quality factors higher than the theoretical limit set
by bending losses, this likely indicates that for these hybrids, part of the cavity radiation is collected
by the objective. Our calculation of LDOSC assumes no cavity radiation is collected, yet in reality
roughness lets us collect a finite fraction, as we have seen in the taper-coupled measurements in
Figure 2 of the main paper. For the smallest antennas the majority of fluorescence is emitted as
cavity radiation, so collecting just a small fraction of it can make a large difference to collection
efficiency, causing LDOSC to be closer to LDOS in lineshape. This could explain why these hybrid
modes show such high boosts, close to the boosts in LDOS.
Finally, Figure 3k-m in the main paper also shows curves obtained directly from finite element
simulations of the complete hybrid system, i.e. including both cavity and antenna. We see that resulting LDOS lineshapes show excellent agreement with those from our coupled-oscillator model,
confirming again the validity of our analysis.

S9.3

Dependence of hybrid boost on antenna-emitter distance

It may seem surprising that the measured hybrid boosts on all devices follow such a reproducible
trend. Our emitter positioning accuracy is only ∼ 100 nm, and a few nm difference in emitterantenna distance can cause a large change in plasmonic LDOS, while not strongly affecting the bare
cavity LDOS. So one would perhaps expect the hybrid boost to increase strongly with increasing
antenna-emitter distance, causing large fluctuations in the data. Yet this is not the case. This
counterintuitive effect can best be understood by considering the expression for hybrid LDOS
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derived in earlier work: 2

LDOShyb = 1 +


6π0 c3
Im
αH G2bg + 2Gbg αH χhom + χH .
ω3n

(S23)

Here, αH is the hybridized antenna polarizability, which contains sharp Fano features at the hybrid
mode frequencies, Gbg is the Green’s function of the surrounding medium evaluated at the antenna
and emitter positions, i.e. quantifying emitter-antenna coupling strength, and χhom and χH are
the bare and hybridized cavity susceptibilities. Bare antenna LDOS would be given by the same
expression, without the two last terms and with αH replaced by the bare antenna polarizability.
The three terms in brackets in Eq. (S23) each correspond to multiple scattering paths that start
and end at the emitter. The first and last terms represents a path that starts and ends with an
antenna-emitter and a cavity-emitter interaction, respectively, and the middle ‘cross’ term contains
one antenna-emitter and one cavity-emitter interaction. Importantly, the first term is almost always
dominant or at least significant, because as long as the bare antenna LDOS is larger than unity, it is
more likely to emit light into the cavity via the antenna than directly. In the limit where this term is
completely dominant, the antenna-emitter distance does not affect the hybrid boost, because both
hybrid and bare antenna LDOS depend on this distance in the same manner (i.e. roughly an 1/r3
dependence), and the boost is their ratio.
Figure S13 shows calculated spectra of the hybrid boost and the bare antenna LDOS for several
antenna-emitter distances. Indeed, bare antenna LDOS changes by 2 orders of magnitude, yet
hybrid boost stays constant to within a factor 2.

S10

Single quantum dot measurements

To produce hybrids with single quantum dots, we use the same recipe as for the multi-quantum-dot
samples. We then leave the samples in ambient conditions for ∼ 3 months, during which most
quantum dots (despite their exceptional stability) bleach. We believe the same result could be
achieved by diluting the quantum dot solution prior to immersion, but this would require further
S29
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Figure S13: Hybrid boost and bare antenna LDOS for different emitter positions. Hybrid
boost (a) and bare antenna LDOS (b) spectra for several antenna-emitter center-to-center distances
d. We see that, while bare antenna LDOS varies over two orders of magnitude for this 100-nm
range of distances, hybrid boost differs by at most a factor 2. We assumed a gold sphere antenna
of 50 nm radius in vacuum, fixing the resonance frequency at 430 THz. For the hybrid boost, we
assume a cavity with the same parameters as the 4 µm disks studied in this work, i.e. Q = 3 · 104
and Veff = 21λ3 .
optimization.
We then look for hybrids with single quantum dots, performing a first, rough identification
based on whether strong blinking is observed. We then perform a separate spectrum measurement
and a photon correlation measurement with our APDs on the selected structures. After examining
> 100 structures, we find 16 that show photon-antibunching, indicative of a single emitter.

S10.1

Post-selection of the bright states

To improve the signal-to-background ratio in our single-quantum-dot measurements, we perform
a post-selection of data, selecting only the data points from times that the quantum dot was in the
bright state. This procedure is discussed in the methods section of the main paper and demonstrated
in Fig. S14 for a single quantum dot on a flat SiN substrate (200 nm SiN on Si). Fig. S14c-h display
the correlations of the ON- and OFF-state data (as well as on the total dataset, marked as ’ALL’),
showing a striking difference between the different datasets, particularly in g (2) . While the total
dataset shows a dip in g (2) at zero delay, it is somewhat masked by the strong, sharp peaks that
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do not decrease at zero delay. In the ON-state data, however, these peaks are strongly suppressed,
showing that the quantum dot itself is in fact a single emitter. In contrast, for the OFF-state data
we see only these sharp peaks, showing that they can be associated to background luminescence.
The decay data, on the other hand, show a more clearly bi-exponential behaviour in the ON-state
data then in the total data set, where this decay is somewhat masked by the contribution of the
non-exponentially decaying background signal.
Fig. S15 shows the same analysis for the single-quantum-dot hybrid also shown in Figure 4
in the main paper. The bright-state filtering has a similar effect as with the quantum dot on flat
SiN: the dip in g (2) at zero delay is clearly visible in the ON-state data, as is the bi-exponential
decay, but less so in the total data set. Note that we pump our single-quantum-dot hybrids at fairly
low intensity to ensure that the quantum dots are not saturated and so preserve a good signal-tobackground ratio. This does, however, mean that overall intensities are lower and thus that the
relative noise in the intensity histograms is higher. We therefore chose a lower threshold value (not
4 but 2 standard deviations above the dark state count rate) compared to the quantum dot on flat
SiN, to preserve ON-state counts, at the expense of removing less background contribution.
The bi-exponential decay fits shown in Figs. S14 and S15d also allow us to extract the fraction
of counts associated to the fast and slow decay processes, which are proportional to the areas under
these fast and slow decay curves. The slow decay is typically associated to the bright state in these
quantum dots. 11,12 We show the fraction in the slow decay, a2 , demonstrating that after filtering,
more than 90% of our detected photons come from the bright state.

S10.2

Other single-quantum-dot hybrids

Fig. S16 shows 6 further examples of measurements on hybrids containing a single quantum dot.
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Figure S14: Post-selecting photon counts from the QD bright state: bare QD. All graphs are
derived from the same TCSPC data set taken on a single quantum dot on a flat SiN substrate. (a)
Time-trace of the combined APD photon counts per 20 ms time bin. We see blinking, with the
quantum dot spending most time in the dark state. (b) Intensity histogram of the data in (a). A
gaussian fit (orange line) is done to determine the dark state intensity, and the ON/OFF threshold
(dashed red line) is chosen as 4 standard deviations above the fitted mean. (c-e) Excited-state
decay curve, when we use the data from all the time bins (c) or only time bins in the ON (d) or
OFF state (e). A fit to the ON-state data shows a clear bi-exponential decay with decay times
τ1 and τ2 indicated, as well as the fraction of counts associated with the slow (τ2 ) decay. The
OFF-state, in contrast, decays non-exponentially. Note that the features that are visible around
30 ns, particularly in the fast (OFF-state) decay trace, come from detector after-pulsing. (f-h)
Second order correlation function g (2) , again for all time bins (f) or only ON (g) or OFF (h) states.
We see that the sharp peaks, associated to the background SiN luminescence and possibly dark
state emission, are strongly suppressed in the ON-state data but are virtually the only features
visible in the OFF state data. Finally, note that this quantum dot was pumped at ∼30 times the
intensity typical for our measurements on single-quantum-dot hybrids, to amplify the background
contributions for demonstration purposes.
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g(2)

Decay
Single quantum dot in a hybrid system
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Figure S15: Post-selecting photon counts from the QD bright state: hybrid system. All graphs
are derived from the same TCSPC data set taken on a single quantum dot in a hybrid system with a
148-nm long antenna (same data as shown in Figure 4 of the main paper). Plots show the same as
in Fig. S14, with the difference that here we choose the ON/OFF threshold at 2 standard deviations
from the fitted dark state mean count rate, to conserve precious counts for the ON state data. We
see clearly from the ON-state g (2) that this is a single quantum dot.
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Figure S16: Data from further hybrids with a single quantum dot. Similar to Figure 4 in
the main paper, we show single quantum dot excited state decay (a-f), second order correlation
function g (2) (g-l), broadband (m-r) and narrowband (s-x) spectra. Each row shows data for a
different hybrid with antenna lengths L indicated. Dashed lines are fits to the data. Panels (a-f)
also show the fitted lifetime of the slow decay.

S34



7+]
ERRVW
























 W


















Q















 QV


L



I












g(2)>FRXQWV@













g(2)>FRXQWV@

$3'FRXQWV














K

7+]
ERRVW

 V







G







F









g(2)>FRXQWV@





P





g(2)>FRXQWV@







E











g(2)>FRXQWV@

$3'FRXQWV



J

VSHFWURPHWHUFRXQWV VSHFWURPHWHUFRXQWV VSHFWURPHWHUFRXQWV VSHFWURPHWHUFRXQWV VSHFWURPHWHUFRXQWV VSHFWURPHWHUFRXQWV

 QV



VSHFWURPHWHUFRXQWV VSHFWURPHWHUFRXQWV VSHFWURPHWHUFRXQWV VSHFWURPHWHUFRXQWV VSHFWURPHWHUFRXQWV VSHFWURPHWHUFRXQWV





D

g(2)>FRXQWV@



$3'FRXQWV



References
1. Knight, M. W.; Liu, L.; Wang, Y.; Brown, L.; Mukherjee, S.; King, N. S.; Everitt, H. O.;
Nordlander, P.; Halas, N. J. Aluminum Plasmonic Nanoantennas. Nano Lett. 2012, 12, 6000–
6004.
2. Doeleman, H. M.; Verhagen, E.; Koenderink, A. F. Antenna-Cavity Hybrids: Matching Polar
Opposites for Purcell Enhancements at Any Linewidth. ACS Photonics 2016, 3, 1943–1951.
3. Daldosso, N.; Melchiorri, M.; Riboli, F.; Sbrana, F.; Pavesi, L.; Pucker, G.; Kompocholis, C.;
Crivellari, M.; Bellutti, P.; Lui, A. Fabrication and Optical Characterization of Thin TwoDimensional Si3N4 Waveguides. Mater. Sci. Semicond. Process. 2004, 7, 453–458.
4. Gorin, A.; Jaouad, A.; Grondin, E.; Aimez, V.; Charette, P. Fabrication of Silicon Nitride
Waveguides for Visible-Light Using PECVD: A Study of the Effect of Plasma Frequency on
Optical Properties. Opt. Express 2008, 16, 13509.
5. Gondarenko, A.; Levy, J. S.; Lipson, M. High Confinement Micron-Scale Silicon Nitride
High-Q Ring Resonator. Opt. Express 2009, 17, 11366.
6. Borselli, M. High-Q Microresonators as Lasing Elements for Silicon Photonics. Ph.D. thesis,
California Institute of Technology, 2006.
7. Kwadrin, A.; Koenderink, A. F. Gray-Tone Lithography Implementation of Drexhage’s
Method for Calibrating Radiative and Nonradiative Decay Constants of Fluorophores. J. Phys.
Chem. C 2012, 116, 16666–16673.
8. McElroy, N.; Page, R.; Espinbarro-Valazquez, D.; Lewis, E.; Haigh, S.; O’Brien, P.; Binks, D.
Comparison of Solar Cells Sensitised by CdTe/CdSe and CdSe/CdTe Core/Shell Colloidal
Quantum Dots with and without a CdS Outer Layer. Thin Solid Films 2014, 560, 65–70.
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