7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Large-scale controlled coupling of single-photon
emitters to high-index dielectric nanoantennas by
AFM nanoxerography+

{ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 599

Mélodie Humbert, P Romain Hernandez,®® Nicolas Mallet,® Guilhem Larrieu, (2 €

Vincent Larrey,® Frank Fournel,® Francois Guérin,? Etienne Palleau, (2@
Vincent Paillard, @2 ° Aurélien Cuche (9 ° and Laurence Ressier ) *2

Improving the brightness of single-photon sources by means of optically resonant nanoantennas is a
major stake for the development of efficient nanodevices for quantum communications. We demonstrate
that nanoxerography by atomic force microscopy makes possible the fast, robust and repeatable position-
ing of model quantum nanoemitters (nitrogen-vacancy NV centers in nanodiamonds) on a large-scale in
the gap of silicon nanoantennas with a dimer geometry. By tuning the parameters of the nanoxerography
process, we can statistically control the number of deposited nanodiamonds, yielding configurations
down to a unique single photon emitter coupled to these high index dielectric nanoantennas, with high
selectivity and enhanced brightness induced by a near-field Purcell effect. Numerical simulations are in
very good quantitative agreement with time-resolved photoluminescence experiments. A multipolar ana-
lysis reveals in particular all the aspects of the coupling between the dipolar single emitter and the Mie
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resonances hosted by these simple nanoantennas. This proof of principle opens a path to a genuine and
large-scale spatial control of the coupling of punctual quantum nanoemitters to arrays of optimized opti-
cally resonant nanoantennas. It paves the way for future fundamental studies in quantum nano-optics and

rsc.li/nanoscale toward integrated photonics applications for quantum technologies.
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Introduction

Controlling and improving the performance of single-photon
sources at the nanoscale are crucial for quantum
communications.”” To do so, a few approaches have been devel-
oped in the last few years. They consist in the coupling of single-
photon emitters to optical nanoantennas, allowing, for example,
the control of the angular emission pattern of emitters or
enhancement of their fluorescence intensity by the Purcell

“Université de Toulouse, LPCNO, INSA-UPS-CNRS, 135 avenue de Rangueil,

F-31077 Toulouse Cedex 4, France. E-mail: laurence.ressier@insa-toulouse.fr
bCEMES-CNRS, Université de Toulouse, CNRS, UPS, 29 rue Jeanne Marvig,

31055 Toulouse Cedex, France

‘LAAS-CNRS, Université de Toulouse, CNRS, UPS, 7 avenue du Colonel Roche

BP 54200, 31031 Toulouse Cedex 4, France

Université Grenoble Alpes, CEA, LETI, 17 Avenue des Martyrs, F-38000 Grenoble,
France

T Electronic supplementary information (ESI) available: Simulations of the elec-
tric field at the excitation wavelength, simulations of the scattering spectra and
LDOS at different heights, details on the PL confocal signal as a function of
polarization, details on the parasitic optical contribution of PMMA, and topogra-
phical information on the PMMA film. See DOI: https:/doi.org/10.1039/
d2nr05526k

This journal is © The Royal Society of Chemistry 2023

effect.>”” While a large part of those works relies on plasmonic
nanoantennas, high-index dielectric nanoantennas or even
hybrid nanoantennas have recently raised interest,»®*** thanks
to their lower absorption losses and their compatibility with
complementary metal oxide semiconductor (CMOS)
technology.®>'**® Such nanoantennas support Mie resonances in
the visible and near-infrared spectra, which are responsible for
strong confinement and enhancement of the electromagnetic
field inside and in close proximity to the nanostructures com-
posing them.'®"® However, only a few works in the literature
have addressed the coupling between high-index dielectric
nanoantennas and nanoemitters (in particular single-
photon emitters),>*>* especially when involving silicon (Si)
antennas,"?%?"?372 gince an accurate positioning of the nanoe-
mitters in the near-field of the antennas becomes mandatory.
Whereas the directed assembly of emitters relative to nanoan-
tennas has been reported using an atomic force microscopy
(AFM) tip (“pick and place”),>”>° lithography,'*** optical near-
field-assisted technique,”® or DNA-strands,”" we propose, in this
work, a novel approach to couple dielectric antennas to single-
photon emitters by AFM nanoxerography.*>> This technique,
which has been applied only a few times to the assembly of
single colloidal nanoparticles (NPs),**° is used in the present
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study to position nitrogen-vacancy (NV) centers hosted in col-
loidal nanodiamonds (NDs) as a model quantum nanosource.
This well-studied photostable system emits in the visible region,
with a broadband spectrum (between 600 nm and 800 nm) and
a zero-phonon line (ZPL) at 637 nm for the negatively charged
center, at room temperature.’’ Because such emitters can be
employed in quantum experiments, research on these single-
photon emitters has increased a lot.**™” As a proof of principle,
the nanoantennas used in this study are dimers made of sym-
metric, rectangular, and single-crystal silicon blocks. This very
simple antenna configuration has been abundantly used to
demonstrate the Purcell effect with different types of emitters or
antenna materials."”'?"*

In this work, the optical responses of such rectangular
silicon dimers and their coupling to nanoemitters, are first
predicted and analysed by numerical simulations based on the
Green Dyadic Method (GDM).*®*° Then, NDs are assembled in
the gap of silicon dimers by AFM nanoxerography. The result-
ing ND assemblies are characterized by AFM topographical
mapping and associated fluorescence images are recorded
with confocal microscopy. Finally, the coupling of NV centers
to silicon dimers is investigated by time-resolved photo-
luminescence acquisitions.

Results

Silicon dimers: simulations of their optical responses,
fabrication and experimental characterization

In order to design and optimize the optical responses of the
resonant dimer antennas, the simulations of the scattering,
absorption and subsequent extinction cross-sections were per-
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formed. A sketch of the silicon dimers considered in this study
is shown in Fig. 1a. Each dimer is composed of two rectangu-
lar silicon blocks of width W, length L and height H, separated
by a gap G, lying on a silica substrate with a refractive index n,
= 1.45. The heights of all dimers were fixed at H = 90 nm and
conditioned by the thickness of the silicon overlayer of silicon-
on-insulator (SOI) substrates.

In the case of a dimer with dimensions W = 80 nm, L =
280 nm, H = 90 nm and G = 100 nm, illuminated by a plane
wave linearly polarized along the dimer long axis (TM illumi-
nation), the cross-section spectra are shown in Fig. 1b.
Extinction (blue), scattering (orange) and absorption (green)
cross sections are plotted in the left panel of Fig. 1b, showing
three resonances around 486, 585 and 665 nm. The negligible
absorption cross-section above 500 nm confirms that this
silicon dimer can be considered a lossless dielectric
nanoantenna.'>*® The multipole decomposition of its extinc-
tion spectrum is shown in the right panel of Fig. 1b. The peak
around 486 nm corresponds to the electric quadrupolar reso-
nance (Qe) and the peak at 585 nm corresponds to the mag-
netic dipolar resonance (md), while the broad resonance
between 500 and 800 nm is attributed to the electric dipolar
mode (ed).*’* The results in the case of an illumination per-
pendicular to the dimer long axis (TE illumination), where
only a md resonance is excited, can be found in Fig. S1 of the
ESI.} The distribution of the electric field intensity inside the
dimer (indicated by white dashed lines in Fig. 1c) and in its
environment at the resonance wavelengths of 486, 585 and
665 nm is plotted in Fig. 1c. At 585 nm, the electric field inten-
sity maxima are located in the upper and lower sides of the
dimer, and in the substrate. This intensity distribution corres-
ponds to a vortex of an electric field, generating a magnetic
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Fig. 1 (a) Sketch of the silicon dimer nanoantennas considered for simulations. The dimers are composed of two symmetric rectangular blocks of
width W, length L and height H, separated by a gap G. All dimers have a fixed height of H = 90 nm. They lie on a silica substrate and are surrounded
by air. (b and c) Examples of simulations for a dimer of dimensions W = 80 nm, L = 280 nm, H = 90 nm and G = 100 nm illuminated by a plane wave
polarized along the dimer long axis. (b) Left: extinction (blue), scattering (orange) and absorption (green) cross-sections. Right: multipole decompo-
sition showing the electric quadrupolar (Qe — red), magnetic dipolar mode (md — green) and electric dipolar (ed — orange)mode contribution to the
extinction spectrum (pink dashed line). (c) Electric field intensity distribution in and out of the dimer at the resonance wavelengths of 15 = 486 nm
(Qe), 585 nm (md) and 665 nm (ed).
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dipole along the y-axis. In contrast, at 665 nm, the electric
field hotspots, though much lower, are interestingly found in
the gap of the Si dimer. As the localization of local density of
state (LDOS) hotspots (inducing a field enhancement hotspot
under illumination) in the gap of dimers has been theoreti-
cally predicted and observed many times experimentally, we,
therefore, chose to assemble NDs systematically in the gaps of
dimers.11’15’17’19’30’45’54

Such simulations were repeated to finally select three dimer
geometries: one of non-resonant dimer (W = 80 nm and L =
130 nm), and two of resonant dimers ([W = 80 nm and L =
280 nm] and [W = 130 nm and L = 280 nm]) between 1 = 600
and 800 nm, corresponding to the broadband emission spec-
trum of NV centers. We duplicated each geometry with gaps G
of 100, 200 and 300 nm. Such dimers were fabricated by elec-
tron-beam lithography (EBL) and anisotropy plasma etching
from a SOI substrate. Details about the fabrication of these
structures can be found in the Materials & methods section. A
complete area containing 90 Si dimers (10 per dimension) is
shown in the upper Scanning Electron Microscopy (SEM)
image of Fig. 2a. Zoomed SEM images of a few dimers reveal
that the nanostructures are well-defined on both sides of the
gap. The widths and lengths of the dimers are in accordance
with the expected values. Their heights are superior to the
90 nm expected from the Si overlayer thickness of the SOI sub-
strate due to residual HSQ resist on the top of each nano-
structure (see the scheme of Fig. 2b). We carefully checked
that this residual HSQ layer has a negligible effect on the spec-
tral signature of the dimers.

The optical response of the dimers with the smallest gap
G of 100 nm is shown in Fig. 2c. The dark-field optical image
of these dimers shows that their color changes depending on
their dimensions (width and length increasing from top to
bottom) due to different Mie resonances involved.’™*> The
experimental backward scattering spectra confirm that the
smallest dimers (green-colored) have no resonance between A
= 600 and 800 nm, while the two largest nanoantennas
exhibit a broad resonance around 610 nm (W80 L280, yellow-
colored) or 650 nm (W130 L280, orange colored), red-shifted
and with a higher intensity as the dimensions W and L
increase.

Directed assembly of nanodiamonds in the gap of silicon
dimers by AFM nanoxerography

AFM nanoxerography consists in the directed assembly of col-
loidal nanoparticles on electrostatically patterned substrates. It
is composed of two main steps: first, charge patterns are
written using a polarized AFM tip on a thin film of an electret
material. Second, the electrostatically patterned substrate are
immersed in a colloidal suspension for a few seconds.
Depending on the charge and polarisability of the colloids, the
directed assembly of colloidal nanoparticles onto the charge
patterns is governed by the electrophoretic and/or dielectro-
phoretic forces which they induce.?*>°

In a previous work, we applied this technique to the direct
assembly of model negatively charged colloidal quantum emit-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) SEM images of silicon dimers fabricated by electron-beam
lithography. Each dimer of dimensions W, L and G (all in nanometers) is
duplicated 10 times. A complete zone (top) is composed of 90 dimers.
Bottom images show SEM zoomed images of 3 dimers. (b) AFM image
(top) of the smallest dimer (green-circled in (a)) of dimensions W =
80 nm, L = 130 nm, G = 100 nm, and associated height profile (bottom).
(c) Dark-field optical image (left) showing the light scattered by dimers
of dimensions [W = 80 nm, L = 130 nm], [W = 80 nm, L = 280 nm] and
[W =130 nm, L = 280 nm] (from top to bottom) with a gap of 100 nm,
and the corresponding backward scattering spectra (right).

ters (nanodiamonds) on a flat SiO,/Si substrate covered by a
PolyMethylMethAcrylate (PMMA) thin film used as an electret.
We adapted AFM nanoxerography to successfully assemble a
few NDs/NV centers (by maximizing the electrophoretic force
to the detriment of the dielectrophoretic force), down to a
unique single photon emitter, and with a precision of 50 nm
at their position.*®

Preliminary study outside the Si dimers

We used the same method and adapted the protocol to couple
NDs to crystalline silicon dimers on a patterned SOI substrate.
Prior to the assembly of NDs in the gap of those nanoanten-
nas, ND assemblies were fabricated on the bare substrate
outside any nanostructure, as a reference. An array of positively
charged dots was created by applying voltage pulses with an
amplitude Uy, from +10 to +80 V to a highly doped silicon
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AFM tip on the surface of a 90 nm PMMA film deposited on
top of the SiO,/Si substrate. The voltage pulses had a width of
1 ms and a frequency of 50 Hz and were applied for 500 ms for
each dot. After this charge injection step, the sample was
immersed for 30 s in a colloidal suspension of negatively
charged NDs purchased from Adamas Nanotechnologies and
diluted in ethanol at a concentration C = 2.27 x 10" NDs per
mL. These colloidal NDs, functionalized by carboxylic groups
and initially dispersed in deionised water, have an average dia-
meter of 40 nm as measured by dynamic light scattering and
74% of them nominally contain between 1 and 4 NV centers.
During this development step, negatively charged NDs were
attracted and trapped on positively charged dots, thanks to
electrophoretic forces. The sample was finally immersed in a
bath of pure ethanol for 10 s to remove the residual, non-selec-
tively assembled NDs from the substrate. The drying consisted
in the natural evaporation of ethanol after taking the sample
out of the last bath.

Right after charge injection, we measured the maximum
surface potential of the dots (averaged on 10 dots) depending
on their injection voltage Uy, using Kelvin Force Microscopy
(KFM). After development, we counted the number of NDs
assembled on each charge dot. The evolution of the surface
potential of the charge dots (left axis, red squares) and the
number of assembled NDs (right axis, blue disks) depending
on Uy, is plotted in Fig. 3. Both quantities increase with the
injection voltage of the charge dots, as reported
previously.””° As Ug, increases, a higher electric field is gen-
erated by charge dots, leading to a stronger electrophoretic
force exerted over NDs near the surface. Thus, the number of
NDs trapped by charge dots is correlated with their surface
potential, and increases from 0 to 26 in average in the Ugq
range considered while the surface potential increases from 0
to 691 mV on average.

Application to the ND diamond assembly in the gap of the
silicon dimers

Due to the specifications of the ND suspension used, we deter-
mined in previous experiments that assemblies composed of 4
to 6 NDs contain statistically between 0 and 3 NV centers.*
We also noticed that ND assemblies in the gap of silicon
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Fig. 3 Surface potential of the charge dots (left, red squares) and
number of assembled NDs per charge dot (right, blue disks) as a func-
tion of the voltage amplitude Uyot used for charge dot injection.
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dimers are usually composed of fewer NDs than what we
observed when the assemblies were fabricated outside of any
nanostructure. Considering these two arguments, and in order
to target single quantum sources, we chose to fabricate ND
assemblies in the gap of our silicon dimers using a fixed dot
injection voltage Ugor = +40 V, in order to assemble around 5
NDs hosting statistically a single or two NV centers at the end.
Fig. 4a shows a schematic representation of a silicon dimer
covered by a 90 nm PMMA film (PMMA thickness measured
out of any Si nanostructure). The ripples on top of the Si
blocks are due to the spin-coating process and substrate wett-
ability.®® The position of the charge dot (at Uge = +40 V) in the
gap of the dimer is indicated by a red rectangle. Each charge
dot was written in the gap of the 90 dimers as shown in
Fig. 2a, by injecting 18 times in a row a charge pattern com-
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Fig. 4 (a) Top: schematic representation of a PMMA film (purple) de-
posited over a silicon dimer (grey), and a positively charged dot (red)
injected in the gap. Middle: AFM topography (top) and KFM surface
potential (bottom) maps obtained after injection of a line of positively
charged dots in the center of each dimer. Bottom: superimposed height
(left, blue) and surface potential (right, red) profiles extracted from the
images mentioned above. (b) Typical AFM topographical images of ND
assemblies on charge dots in the gap of dimers with W = 130 nm, L =
280 nm and G from 100 to 300 nm (from left to right) after develop-
ment. (c) Number of NDs trapped in the gaps of dimers after develop-
ment (left, blue disks) and associated surface potential of charge dots in
the gap (right, red squares) measured before development, depending
on the dimer gap G.
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posed of 5 charge dots spaced horizontally and centered on
each dimer on a line. The total injection process lasted
40 minutes. Typical topography and surface potential map-
pings recorded by AFM/KFM right after charge injection on a
line of dimers with a width W = 130 nm, a length L = 280 nm
and a gap G = 100 nm are presented in Fig. 4a. The corres-
ponding height profile (left axis, blue) and surface potential
profile (right axis, red) are plotted below. We underline that
the PMMA surface topography is not affected when using such
charge injection conditions. The maxima of surface potential,
corresponding to the charge dots, are well aligned in the gap
of the dimers and are around 115 mV on average. We would
like to emphasize here that the PMMA film exhibits a slight
depletion on top of the gap of the dimers. As a consequence,
the NDs are expected to be positioned at the same height as
the upper surface of the Si blocks, which is a favourable situ-
ation for coupling with the structure.'® Typical examples of ND
assemblies obtained after development are visible in the AFM
topographical images of Fig. 4b, with the gap increasing from
left (100 nm) to right (300 nm).

As expected, a few NDs were selectively trapped in the
dimer gap where the positively charged dots were injected.
There is an average number of 6 assembled NDs per charge
dot in good agreement with the initial target (including all
dimensions of dimers), knowing that at least 1 ND has been
deposited in the gap of all the 90 dimers. We also notice that
the number of assembled NDs per charge dot increases with
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the dimer gap G. This dependence is plotted in Fig. 4c (left
axis, blue disks). This phenomenon is first due to steric hin-
drance. Indeed, because of the size of the NDs and their nega-
tive effective charge (inducing a repulsive Coulomb interaction
between NDs), the number of NDs that can be trapped in the
gap of a dimer is limited by its dimension. Second, the initial
surface potential of charge dots seems to be lower as the gap
decreases, due to charge diffusion in the nearby Si blocks. The
evolution of the charge dot surface potential with the dimer
gap plotted in Fig. 4c (right axis, red squares), decreases actu-
ally from almost 172 mV to 118 mV on average when the gap G
goes from 300 to 100 nm. Moreover, charge dots were injected
into all dimers from top to bottom (towards large W, L) and
from left to right (towards large G), so that when the develop-
ment step was performed, charge dots on dimers with smaller
gaps were injected for a longer time (see Fig. 2a). Yet, the
charge dissipation over time is responsible for the decrease in
the initial amount of injected charges and their surface poten-
tial. This phenomenon contributes as well to explain the vari-
ations of the number of assembled NDs per charge dot
depending on the dimer gap.

Optical characterization of ND assemblies in the gaps of
silicon dimers

Typical optical characterization of some ND assemblies is
shown in Fig. 5. The PL from each matrix of dimers was
acquired using a confocal microscope (see the Material and
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Fig. 5 (a) PL color map under a pulsed excitation of 30 assemblies of NDs/dimers with a gap G = 100 nm. (b) AFM topography image of the ND
assembly in the gap of the dimer labelled 1 in (a) (top) with the associated PL map under cw excitation (bottom), and typical emission spectrum
recorded on an assembly (right, corrected to take into account the PL from PMMA). (c) AFM topography images (top) and associated time-intensity
second-order correlation function g2(z) (bottom) of some ND assemblies containing 1 (g*(0) < 0.5) or 2 (0.5 < g(0) < 0.66) NV centers. The first left

ND assembly of the line corresponds to the dimer labelled 2 in (a).
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methods section), a continuous wave (cw) laser at an excitation
wavelength A ., = 532 nm and with a low power density of
0.0375 MW cm™2. The resulting cartography for a matrix of
dimers with a gap G of 100 nm is shown in Fig. 5a. Regular
bright dots are visible, allowing us to identify the position of
ND assemblies. The brightest spots correspond to dimers with
a length of L = 280 nm (and assemblies with a higher number
of NDs), while the smallest, corresponding to non-resonant
dimers (two first lines), exhibit the same low signal as the
residual NDs in the background. Closer PL cartographies have
been registered on bright dots (indicating that ND assemblies
host at least a single NV center) and their shapes have been
compared to AFM topographies of the assemblies. This is the
case of the ND assembly/dimer shown in the left panel of
Fig. 5b, and corresponds to the dimer labelled as number 1 in
Fig. 5a. The localized, intense PL signal comes necessarily
from the two NDs trapped in the gap of the dimer because the
selectivity is qualitatively excellent around it (only one very
small ND is non-selectively deposited out of the charge
pattern). Emission spectra were taken systematically for those
assemblies and were corrected from the PMMA detrimental
contribution (see Fig. S2 in the ESIt). The corrected spectrum
given as an example in the right panel of Fig. 5b shows a
broadband emission between 600 and 800 nm, providing evi-
dence of the NV center signature. By repeating this procedure,
we identified the luminescent assemblies (composed of ND
hosting NV centers) with NDs centered in the gap. Then, the
second-order correlation function of the emission was
measured using a Hanbury Brown & Twiss setup and fitted to
determine the number of emitters inside the ND assemblies,
given by the relationship g*(0) = 1 — (1/Nype) at zero delay, with
Nype being the number of single-photon emitters.®’ In numer-
ous cases, the second-order correlation function exhibits
photon antibunching, with a dip at zero delay (g*(0) < 0.5),
indicating the presence of 1 single NV center (or 2 when 0.5 <
2%(0) < 0.66), as expected from our previous work.*>®" Several
typical ND assemblies are shown in Fig. 5c associating AFM
topographies (top) and the corresponding g*(z) functions
(bottom). We note, however, that due to the ND-NV emission
statistics and the characteristics of the commercial NDs, the
assemblies associated with the photon antibunching host are
generally between 1 and 7 NV centers. We therefore success-
fully demonstrated the possibility to adapt AFM nanoxerogra-
phy in order to deposit single NV centers in the middle of mul-
tiple dimer nanostructures.

Incidence of the coupling on the emission of NV centers

The mean PL intensity per ND assembly as a function of the
gap G and for the different dimensions L and W of the dimers
is plotted in Fig. 6a. One observes that the mean PL intensity
decreases as the gap G increases. Its lowest value is reached for
the smallest, non-resonant dimers (W80 L130) for which no
specific enhancement of the PL was expected from the scatter-
ing spectrum, while the PL intensity was drastically higher for
longer and larger dimers (up to a 10-fold brightness enhance-
ment with respect to the reference non-resonant dimers). The
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covered by a PMMA film (green) and on a dimer covered by PMMA
without any ND (grey). Experimental data are fitted by a biexponential
decay function. A sketch of both configurations is shown on the right.
(c) Mean decay rate enhancement depending on the dimer dimensions
and gap, calculated from the ratio between the long-living component
of the fluorescence lifetime without (zp) and with (z) dimers.

large error bars associated with these average PL intensity
values may partly be due to individual variations in the PL
intensity of NDs, including different emitter orientations,
which might not be equally collected by the microscope objec-
tive. The evolution of the PL intensity may not be attributed to
local field enhancement at the excitation wavelength, because
the smallest dimer counter-intuitively shows the strongest field
enhancement in their gap (see Fig. S3 in the ESIf). Moreover,
the PL maps recorded are almost not sensitive to the incident
polarization (see Fig. S4 in the ESIf). The fluorescence inten-
sity decay was measured for ND assemblies in the gap of
dimers (in green in Fig. 6b) and for dimers covered by PMMA
without any NDs (in grey in Fig. 6b). To this end, a pulsed
laser at Ay puisea = 520 nm was used with a repetition rate of
10 MHz.

We measured a reference and average long-living com-
ponent 7, = 39.7 = 4 ns on 5 isolated NDs (far from any struc-
ture) and reported in Fig. 6¢c the ratio between this average
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value and the long-living component z measured on ND
assemblies in the gap of dimers depending on their dimen-
sions. Values of the PL intensity and excited state lifetime were
recorded on a subset of 24 ND assemblies with the clearest
photon antibunching. Assuming that the non-radiative decay
rate is negligible because of low absorption losses in the Si
structures, we expect the Purcell factor F;, = 7,/7 to be equal to
the normalized radiative decay rate of emitters. The graph
shows that F, globally decreases when the gap increases, and
for a given gap, the ratio increases with the dimer dimensions
(with a maximum F,, = 3.5 measured for intermediate struc-
tures W80 L280 G100). These trends are in good agreement
with what we observed for the PL intensity. Variations of the
normalized decay rate of emitters are therefore directly linked
to the PL intensity variations, meaning that the coupling of
the NV centers with silicon dimers induces an acceleration of
photon emission, therefore leading to an improved, brighter
single photon source.

Discussion
Dispersion of the results

As with the PL intensity, large standard deviations are assigned
to the average normalized radiative decay rate values. Various
factors may explain it. First, because of the specifications of
the commercial ND suspension, and stemming from our pre-
vious work,*® we chose to assemble a few NDs rather than just
one single ND to obtain single-photon-emitter configurations.
The position of NDs in the gap slightly changes from case to
case, and there is some uncertainty on which ND effectively
hosts NV centers. Simulated maps of Fig. 7a illustrate how the
normalized decay rate varies depending on the dipole position.
The decay rate is averaged under the three perpendicular
orientations of an electric dipole emitting at 700 nm
(maximum of the NV center emission spectrum), scanned in
the xy plane at a height z = 105 nm, slightly above two silicon
dimers of dimensions W80 L130 G100 (top) or W80 L130 G300
(bottom), embedded in a PMMA film with a fixed height of
90 nm and lying on a silica substrate. Depending on the posi-
tion of the electric dipole in the gap G of 300 nm and along
the x direction (with y = 0 nm), the normalized decay rate
ranges from 1 to ~2. We also notice from these cartographies
that for larger separation of the silicon blocks, we expect the
LDOS hotspot to shift from the center of the dimer to its side
edges on both sides of the gap, explaining why the experi-
mental normalized decay rate of assemblies (centered on
dimers) decreases inversely with the gap (Fig. 6¢). The normal-
ized decay rate in the gap also depends on the dipole
orientation,’>®* and its height above the dimer/substrate,
which is determined by the PMMA thickness at the gap
location (see Fig. S5 in the ESIT). We actually observed that the
morphology of the PMMA film spin-coated over the nano-
structured substrate (and forming a wave as shown in Fig. 4a)
and the PMMA thickness in the gap depend on the dimer
dimensions and gap (see Fig. S6 in the ESIf). The ND vertical
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Fig. 7 (a) Simulated decay rate maps averaged by the three perpen-
dicular orientations of an electric dipole emitting at 700 nm, scanned in
the xy plane 105 nm above a silica substrate, on top of a silicon dimer of
width W = 80 nm, length L = 130 nm and height H = 90 nm embedded
in a PMMA film of fixed height hpmma = 90 nm. (b) Simulated normalized
decay rate in the exact center of a dimer of width W = 80 nm, length L =
280 nm, and gap G = 100 nm, depending on the PMMA thickness and
for different dipole orientations. The dipole—PMMA distance was kept
constant at 5 nm.

position hence varies according to the ND lateral position in
the gap, the dimer dimensions and gap, and the resulting
PMMA thickness.

Fig. 7b illustrates this situation by showing the evolution of
the normalized decay rate in the gap of a dimer of dimensions
W80 L280 G100 when the PMMA thickness increases (the
dipole being systematically scanned 5 nm above it). Depending
on the dipole orientation, the normalized decay rate either
increases (e.g. from 1.4 to 1.7 for a dipole oriented along z) or
decreases (e.g. from 2.3 to 1.3 for a dipole oriented along x)
when the PMMA thickens from 90 to 130 nm. Finally, the col-
lection efficiency might also play a role. In emitters positioned
on planarized Si dimers'® (configuration rather close to the
present system), x-oriented dipoles exhibit a relatively strong
contribution in the solid angle given by a 0.9 NA objective.
Considering these arguments (dipole position, orientation and
height), the experimental values of the normalized decay rate
are in fairly good quantitative agreement with the one pre-
dicted by our simulations.

Modal analysis

In order to understand the physical mechanism of the coup-
ling and the origin of the Purcell enhancement, we investi-
gated to which mode the dipolar transition is associated with
the NV center couples.®® The NV center was modeled as an
electric dipole source placed in between the dimer at a height
of 90 nm. We used an effective refractive index of 1.33 for the
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Fig. 8 Averaged simulated electric field intensity inside the Si blocks of
the dimer plotted in a log scale for the x, y and z-oriented electric
dipole source placed in between the dimer at a height of 90 nm. The
dimer dimensions are W = 80 nm, L = 280 nm, H = 90 nm, and G =
100 nm.

environment accounting for the presence of PMMA and air.
Then, we performed simulations of the averaged intensity of
the electric field in the Si blocks forming the resonant dimer
of intermediate size (W = 80 nm, L = 280 nm, H = 90 nm, and
G =100 nm) as a function of the wavelength. Fig. 8 shows this
field intensity average inside the dimer for three electric
dipolar orientations: x, y and z. The results reveal that only an
x-oriented dipole couples to the structure and gives a non-neg-
ligible response in the Si dimer. When compared to the multi-
pole expansion of Fig. 1b (right panel), it turns out that
x-oriented dipoles mainly couple with the dimer electric dipole
moment along x, which is the main resonant mode in the
spectral range of the NV center (600-800 nm). It is consistent
with the simulations of Fig. 7b, which predict an enhanced
Purcell effect for x-oriented dipoles. This, therefore, confirms
that the orientation of the quantum emitters is one of the
reasons for the experimental dispersion observed in the decay
rates.

Conclusions

This work demonstrates, as a proof of principle, that AFM
nanoxerography can actually be used to assemble single
quantum nanoemitters in the near-field of high-index silicon
nanoantennas of simple geometry. Negatively charged NDs,
hosting NV centers, selected as a model quantum source, have
been electrostatically trapped on charge dots repeatedly and
selectively at large-scale on a micrometer-sized surface, in the
gaps of several tens of silicon nanodimers, in only a few tens
of minutes. Accounting for the specifications of our commer-
cial ND suspension, we deposited on average 6 NDs on
purpose in order to maximize the number of ND assemblies
hosting a single quantum emitter. The coupling of these
single-photon emitters to the silicon dimers leads to an accel-
eration of photon emission (Purcell factor F,, up to ~3.5), as a
function of the dimensions of the antennas. The modification
of the photodynamics originates from a preferential coupling
of NV centers oriented along the main axis of the dimers with
the dipolar electric Mie resonance building up in the Si
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blocks. In order to improve the emitter/antenna coupling, the
antenna geometry might be optimized, for instance, using an
evolutionary algorithm.%>%°

Finally, thanks to its versatility, AFM nanoxerography could
be applied to many colloidal nano-objects, extending this
approach to other kinds of single-photon emitters, such as
quantum dots, thus paving the way to innovative applications
in silicon-based quantum technologies.®”

Materials and methods
Dimer fabrication

The patterning of the SOI substrates was performed in a top-
down approach by electron-beam lithography (EBL) and sub-
sequent anisotropic plasma etching, in order to define rec-
tangular silicon dimers of different dimensions (the height
was defined by the thickness of the SOI silicon layer, which is
90 nm). EBL was carried out on an approximately 60 nm-thick
layer of a negative-tone resist (hydrogen silsesquioxane,
“HSQ”) with a RAITH 150 writer (electron energy of 30 keV).
The resist was developed for 1 min in a solution of 25% tetra-
methylammonium hydroxide (TMAH). The physical patterning
of the silicon overlayer was finally performed by reactive-ion
etching (RIE) in an SF6/C4F8 plasma down to the silica sub-
strate, following in situ control.®®®® We noted that a few tens of
nm of the developed resist (SiOx with similar optical pro-
perties as SiO,) remained on the nanostructures (removal of
the residual layer with HF etching resulted in the destruction
of the smallest dimers). We did not observe any major impact
of this top layer on the optical properties.

Confocal microscopy setup

The photoluminescence experiments were performed with a
time-resolved confocal luminescence microscope. Either a line-
arly polarized cw (at 4;, = 532 nm) or a pulsed (at 4;, = 520 nm)
laser was focused on the sample with a 100x air objective (NA
= 0.9). The luminescence was collected using a dichroic mirror
centered at 4 = 550 nm and a long pass filter centered at A =
600 nm. The signal was collected using either a single photon
avalanche diode (SPAD) for PL mapping and lifetime measure-
ment or two SPADs for intensity correlation acquisitions. The
sample was positioned on an xy piezo-scanner.
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