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ABSTRACT: The integration of nanoparticles (NPs) into photonic devices and plasmonic
sensors requires selective patterning of these NPs with fine control of their size, shape and
spatial positioning. In this article, we report on a general strategy to pattern different types of
NPs. This strategy involves the functionalization of photopolymers before their patterning by
two-photon laser writing to fabricate micro- and nanostructures that selectively attract colloidal
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NPs with suitable ligands, allowing their precise immobilization and organization even within
complex 3D structures. Monolayers of NPs without aggregations are obtained and the surface
density of NPs on the polymer surface can be controlled by changing either the time of
immersion in the colloidal solution or the type of amine molecule chemically grafted on the
polymer surface. Different types of NPs (gold, silver, polystyrene, iron oxide, colloidal
quantum dots and nanodiamonds) of different sizes are introduced showing a potential towards
nanophotonic applications. To validate the great potential of our method, we successfully
demonstrate the integration of quantum dots within a gold nanocube with high spatial resolution
and nanometer precision. The promise of this hybrid nano-source of light
(plasmonic/polymer/QDs) as optical nanoswitch is illustrated through photoluminescence

measurements under polarized exciting light.

INTRODUCTION
Precise organization of nanoparticles (NPs) in multiple dimensions and on continuous length
scales would lead to collective properties!® that differ from those of individual particles,

3 catalysis,’

providing high potentials for many applications in plasmonics,’ photonics,*
electronics’ and biotechnology.® In that context, Metallic Nanoparticles (MNPs) and Quantum
Dots (QDs) attract much attention due to their size tunable optical properties ? that have well-

10-12

established applications in numerous fields such as sensing by enhanced Raman and

1516 and integrated quantum

photoluminescence spectroscopy,'> biosensing,!* bioimaging
photonics.!” Notably, patterning these NPs and controlling their spatial positioning at the
nanoscale are challenging but highly desirable. Many considerable efforts have been put forth
for precise and controllable 1D, 2D and 3D positioning of NPs on substrate surface.'®!° This
positioning depends on a variety of alternative methods of top-down and bottom-up techniques
2% including confined space-mediated fluid drying and capillary assembly of nanoparticles onto

topographical trap strategies ! to form NP linear assemblies.?? These methods require a fine
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control of the assembly parameters and a complex setup to fabricate the desired structures.?’
Focused electron beam irradiation has also been used for the immobilization of two-
dimensional arrangement of gold nanoparticles (GNPs) that are attached on substrates by
chemical methods.>* After irradiation, the NPs are fixed on the substrate. However, the
chemical attachment of the NPs on the entire substrate makes it difficult to eliminate the unfixed
NPs and thus random positioning on the substrate surface will occur. >* To improve the
assembly of NPs into 3D architectures, microfluidic engineering has been developed.?
However, this technique requires a complex sandwich-shaped patterning system, which needs
many physical parameters to be adjusted in order to manipulate the microfluid morphology just
along the arc of the microfluid path. Other approaches, such as lift-up soft lithography,
polymer single crystals as generic substrates,”’” micro-contact printing,®® direct optical
lithography of functional inorganic nanomaterials,?® epitaxial growth of DNA-functionalized

3031 electrophoretic deposition®? and e-jet printing,*® present interesting ways to

nanoparticles,
assemble NPs with the lack of their direct assembly in complex three dimensions unless
multiple fabrication steps are used in these techniques.

To the best of our knowledge, the arrangement of NPs of different sizes and natures within
complex 3D micro- and nanostructures avoiding the aggregations and unclean substrate
surfaces with the capacity to attain the formation of monolayer is still an unsolved challenge.
Therefore, development of new general methods involving the three-dimensional arrangement
that breaks all the above limitations is strongly needed.

In this article, we present a universal strategy for immobilization of NPs of different natures
and sizes on polymer patterns, whatever their size and shape. This new method is based on the
chemical grafting of amine molecules on acrylic monomers by Oxa- ** or Aza-Michael addition

reaction.* 7 These reactions involve hydroxyl group, for tertiary amines, or amine group, for

primary and secondary amines, to form Oxa or Aza- Michael addition reaction respectively on



the C=C of the acrylate monomers (See supporting information, Figures S1 and S2). The
functionalized acrylate monomer is then used for fabrication of any desired 1D, 2D or 3D
computer generated structures on substrate (glass, ITO, silicon) with high resolution using Two-
Photon Polymerization (TPP) lithography.*® The TPP lithography is a direct laser writing based
on two-photon absorption to achieve photoexcitation of the photoresist in a localized focal
volume.’>* After fabrication and development of the sample, the polymer surface presents a
high density of amino groups. The obtained polymer templates are then immersed in colloidal

NPs resulting in the selective attachment of these NPs on the polymer surface.

RESULTS AND DISCUSSION

Figure 1-A describes the chemical grafting of tertiary alkanol amines on C=C of
Pentaerythritol triacrylate (PETA) according to the Oxa-Michael addition reaction.?’ After
fabrication of linear and complex 3D structures by TPP based on femtosecond laser pulses
(Figure 1-A), the sample is immersed in a solution of colloidal gold NPs (GNPs) (Figure 1-
B). During immersion, the negatively charged NPs coming from the carboxyl groups (-COQO")
start to assemble, by electrostatic interaction, on the positively charged functionalized polymer
surface due to the presence of amine groups (Figure 1-C). The optical microscope images of
3D woodpile structure in Figure 1-D and Figure 1-E show clearly the difference in color before
and after immersion of this woodpile in the GNPs solution, which indicates the presence of
GNPs after immersion on the polymer surface. The scanning electron microscope (SEM)
images of the woodpile surface and “L2n” logo structure in Figures F and H confirm the
presence of GNPs on the polymer surface after immersion. (For Aza-Michael addition, see

supporting information: Figures S3, S4 and S5).
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Figure 1. (A) PETA monomer is functionalized by tertiary alkanol amines (R1 = CHs,
CH2CHs ... Rz and R3 = CH3, CH2CHs, CH2CH20H...) according to the Oxa-Michael addition
reaction, then simple and complex 3D structures were fabricated by TPP of the functionalized
monomer based on femtosecond direct laser writing. (B and C) Scheme showing the functional
groups on the polymer surface and on the GNPs that leads to their assembly on the polymer
surface during immersion in colloidal GNPs (Size ~50 nm). Optical microscope images of 3D
woodpile structure before (D) and after (E) immersion in GNP colloids. (F) SEM image of the
woodpile surface after immersion. (G) SEM image of GNPs assembled on L2n logo structure

made by TPP; (H) Zoom on the SEM image shown in G.



The novelty of this strategy is that different kinds of NPs can be assembled as a monolayer
into 1D, 2D and 3D complex microstructures with high selectivity and controlled density, which
allows the tuning of their optical properties. This new strategy is applicable for any negatively
charged NPs, which is one of the key elements for their selective attachment on polymer surface
besides the chemical grafting of amine molecules on acrylate monomers.

The importance of the monomer functionalization is shown in Figure 2-A where the selective
attachment of citrate capped GNPs on the functionalized polymer is clearly detected from the

SEM image while no attachment of these NPs was observed in the absence of the amine (Figure

2-B).

Figure 2. Polymer line fabricated using the functionalized (A) and the non-functionalized (B)

photopolymer mixture after immersion in citrate capped GNPs solution for 5 hours.

The assembly of NPs on the polymer surface takes place within the NP colloid, so the time
of immersion will affect the GNPs attachment and thus its surface density on the polymer
surface. In order to unravel this effect, several experiments are performed on 2D square polymer
microstructures. Six samples are prepared and immersed in the GNP solution for specific times,
respectively: 1, 10, 30, 120, 300 and 540 minutes, resulting in the formation of well-separated
GNP monolayers on the polymer surface. The SEM images in Figure 3 show the surface

density of NPs on the polymer surface with the increase of the immersion time.
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Figure 3. SEM images of 2D immobilization of GNPs on flat microsquare of polymer with
different immersion times and their corresponding extinction spectra. Scale bar is 500 nm on

the left side.

It is interesting to note that after only one minute of immersion, there is a significant
attachment of GNPs, which indicates the presence of a strong affinity of the GNPs towards the
functionalized polymer surface. The surface density of NPs starts to increase with increasing
immersion time. Starting from 30 minutes, the corresponding extinction spectra show two
distinct maxima. The first band around Amax = 535 nm is assigned to the dipolar plasmon mode
of the individual NPs, while the second red shifted band around A = 680 nm is attributed to the
plasmon coupling between the neighboring particles forming the assemblies. These bands
correspond, respectively, to the transverse and longitudinal plasmon modes of the coupled
elongated system.*!

The second band around A = 680 nm increases as the density increases, indicating of more
coupling between GNPs that become closer to each other.*! After 300 minutes of immersion,
the surface density reaches an equilibrium, which corresponds to the upper limit surface density

of 260 NPs/um? (See Figure S6).



Consequently, by applying our strategy we are able to control the surface density of NPs on
the structured polymer by adjusting the immersion time inside the colloidal solution. Another
way to control this surface density is to increase the functionalization rate of amine groups by
using a more reactive molecule such as diethanolamine (DEA) which is a secondary amine
showing stronger nucleophilic capacity and allowing Aza-Michael addition reaction on the C=C
bond of the monomer. As a result, the surface density of GNPs shows a drastic increase as
compared to the tertiary amine previously used (See Figure S7). To confirm this behavior, the
number of accessible amines was quantified using a colorimetric method based on the Orange
IT (details in Supporting Information). Using this method, the surface density of accessible
amines was determined to be 0.6 + 0.1 x 10® molecules um for MDEA-functionalized PETA
formulation (PETA/MDEA molar ratio = 2) and 3.4 £ 0.7 x 10% molecules um™ for DEA-
functionalized PETA formulation (PETA/DEA molar ratio = 2) (See orange II amine test —

38 may affect the accuracy of

supporting information). Several factors discussed in reference
this measurement (surface roughness, the surface swelling, steric hindrance from bound Orange
IT molecules,...). However, this result is consistent with the behavior observed in Figure S7
and confirms the possibility to increase the density of functional groups using secondary amines
instead of tertiary amines.

A uniqueness of this approach is the ability to direct the NP assembly on different shapes and
following different dimensions of polymer templates, taking advantage of direct laser writing
by TPP which allows writing any 1D, 2D and 3D structures by introducing the numerical script
of the desired design in the “Describe” software.***} As seen in Figure 4, the SEM images
show the attachment of GNPs on 3D (Figures 4-A and B), planar (Figure 4-C) and linear
(Figure 4-D) structures. The GNP attachment is obtained only on the polymer surface, without

any aggregations appearing even within complex 3D microstructures (Figures 4-A and B and

Figure S10). At the same time, it is clear that the unstructured substrate is left clean and pristine.



This confirms the high selectivity of the citrate capped GNPs towards the functionalized

polymer surface and the effectiveness of our method.
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Figure 4. SEM images of GNPs immobilization on: 3D helices (A) and woodpiles (B); flat

square microstructures (C) and continuous lines (D).

Besides the ability of immobilization on multiple dimension fabrications, using direct laser
writing, it is also possible to control the gap size of the 3D microstructures, and thus the

fabrication of different woodpiles with different periods (Figures 5-A, B, C and D) which is




an important property for photonic crystal applications for instance.** The interest of the
obtained results is that the GNPs penetrate inside the woodpile porosities and are immobilized
also on the inner layers (Figure 5-E) and even on the bottom layers (Figure 5-F). This

demonstrates the homogeneity of the attachment through the whole 3D structure.

Figure 5. Woodpiles of different periods: 0.6 (A) 0.8 (B) 1.0 (C) and 1.5 um (D); inner layers

(E) and bottom layers (F) after immersion in GNPs colloid. Scale bar is 1 um.

Moreover, it is possible to increase the number of NPs by adding more layers in the Z position
for the woodpiles, as shown from the compared extinction spectra in Figure 6 between the 2D
flat square and the woodpile structures with the same period but with more layers. As expected,
the extinction spectra show a significant increase of both transverse and longitudinal plasmonic
bands (535 and 680 nm) with a red shift upon moving from 2D to 3D and an increase of the
number of layers. The possibility to increase the quantity of NPs on different patterned
structures is paramount for many applications like in sensing where high interaction with the

target molecules is required.
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Figure 6. Illlustration of 2D square and woodpile (WP) structures of the same period (P =1) and
different heights (H): 0.75, 4.50 and 8.25 um and their corresponding extinction spectra after

fabrication and immersion in GNP solution.

Our functionalization process has allowed the possibility to incorporate NPs of different
physical and chemical properties as long as they are negatively charged. Besides the GNPs
immobilization, commercial polystyrene nanoparticles (PSNPs) spheres, stabilized by
carboxylate ligands (average diameter = 800 nm) are 1D-assembled along a polymer line as
well as within a 3D polymer woodpile, illustrating the capability of this strategy to assemble
NPs that have large diameters in this case, as shown in Figures 7-A, B and C. In addition,
citrated silver nanoparticles (AgNPs) (average diameter 30 ~ 45 nm) are successfully attached
on polymer micro-square structures (Figure 7-D). The corresponding extinction spectrum
shows an expected plasmonic peak (Amax) around 416 nm (Figure 7-E). ** We also demonstrated
the possibility to attach magnetic NPs with our method using citrated iron oxide (Fe2O3) NPs
(average diameter of 20 ~ 25 nm) which are effectively immobilized on a functionalized micro-

polymer helix as shown in Figure 7-F. Moreover, nanodiamonds, which have potential
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application in quantum devices as single photon emitters,* are introduced to the list of NPs
used in this strategy. Figure 7-G clearly shows a single nanodiamond attached on a
functionalized polymer dot. The possibility to assemble a wide range of NPs including
dielectrics and metal oxides opens the door for new original microstructures and nanostructures

for hybrid plasmonics, quantum technologies, biosensing, and drug delivery applications.
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Figure 7. Carboxylated PS of 800 nm size on woodpile structure (A) and polymer lines (B&C);
AgNPs of 30 ~ 40 nm size on a 2D square polymer microstructure (D) and their extinction

spectrum and optical microscope image (E). Fe2Oz NPs on a polymer helix with an image
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showing the attraction of the iron oxide NPs towards a magnet (F). Nanodiamond attached on

functionalized polymer dot (G).

In particular, the possibility to integrate and control the number of nano-emitters is a key
element in the field of photonic and integrated quantum technologies. For this reason, the
integration of fluorescent PSNPs and light emitting nanocrystals with a spatially controlled
manner on functionalized polymer surfaces is investigated. Figures 8-1 show the clear
attachment of fluorescent PSNPs of size ~ 50 nm on functionalized polymer dots. The emission
spectrum in Figures 8—III at A = 608 nm corresponds to the emission from many PSNPs
attached on a functionalized polymer micro-dot (a) as well as a single PSNP on a very small
and thin functionalized polymer dot (less than 50 nm) (b). Excitation of the fluorescent PSNPs
are done using a cw blue laser (A = 405 nm) using a home-made micro-photoluminescence
(uPL) set-up capable of single photon detection.*’ Figures 8-II show the successful attachment
of carboxylated CdSe/ZnS red-emitting QDs (size ~ 8 nm, emission wavelength A = 625 nm)
on functionalized polymer dots. It appears from the SEM images that QDs are selectively
immobilized on the polymer dots of variable size while the background is completely clean
which, considering the small sizes of QDs, is quite a feature. As can be seen in Figures 8-1I,
the number of QDs depends on the size of the polymer dots. The smallest polymer dot allowed
us to obtain only 3 QDs immobilized. The ability to control the size of polymer dots by adjusting
the laser power (LP) and exposure time (ET) during the polymerization process, allows us to
control the number of PSNPs and QDs attached.

As the LP (from 10 mW to 5 mW, by steps of 1 mW) and ET (from 5 ms to 1 ms, by steps of
1 ms) decrease, we obtain smaller polymer dots and thus a decrease of the contact surface area
with the NPs. Therefore, less NPs will be attached down to few NPs only (See Figures 8-1 and

D).
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For the QDs, photoluminescence was obtained by the excitation of a blue laser on a polymer
micro-dot containing a big number of QDs and on 3 QDs attached on the smallest and thinnest
polymer dot. The emission spectra are shown in Figure 8-IV. It appears from the SEM images
and the emission spectra that the background is very clean and clear as no emission is recorded.
Controlling the number of QDs and their positioning is a very important asset for nano-optics
where the selective integration of nano-emitters with high spatial resolution on waveguides and

on plasmonic devices is needed. 4"#
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Figure 8. 1) SEM images of patterns containing functionalized polymer dots after immersion
in Fluorescent PSNPs (size ~50 nm) (A), magnification on one pattern corresponding to
polymer dots obtained at different ET and LP (B), magnification on B (C, D and E). I1) SEM
image of one pattern of functionalized polymer dots, obtained at different ET and LP, after
immersion in CdSe/zZnS red-emitting QDs (A) magnification on A (B, C, D and E). IlI)
Emission spectra of many fluorescent PSNPs attached on a polymer microdot excited by a blue

laser (LP 2 uW / 1 second) (a) and a single fluorescent PSNP attached on a very small polymer
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dot (below 50 nm) excited by a blue laser (LP 2 pW / 2 seconds) (b). 1) Emission spectra of
many CdSe/ZnS red-emitting QDs attached on a polymer micro-dot excited by a blue laser (LP
2 MW / 1 second) (violet) and 3 QDs attached on a very small and thin polymer dot excited by

a blue laser (LP 2 pW / 10 seconds) (brick red).

The ability to manipulate light at the nanoscale is one of the most important features in
integrated photonic quantum technologies. However, conventional optical devices suffer from
the diffraction limit of light. To overcome this limitation, plasmonic nanoantennas (PNAs)
which are sensitive to light polarization, are introduced for the control of light direction at the
nanoscale. When the PNAs are coupled to suitable nanoemitters, the hybrid nanosource emits
light whose emission properties depend on the polarization state of the exciting beam.>
However, a major obstacle in this field is the precise integration of these nanoemitters on
nanostructures and waveguides within well-controlled pattern shapes, which is currently a key
issue in nano-optics. *® More precisely, for hybrid plasmonic nanosources of light acting as
optical nanoswitch, the main challenge is to place the nanoemitter with a spatially controlled
manner near the PNA, in order to obtain an efficient coupling at a certain polarization state of
the exciting beam. In this context, Dandan Ge et al. *’ succeeded to integrate QDs to PNAs by
plasmon-triggered TPP in a photosensitive formulation containing QDs. These nanoemitters
are embedded inside the polymer area that is locally printed thanks to the enhanced
electromagnetic field located near the PNA. To improve this coupling, the number of QDs and
their distance to the PNA have to be controlled. However, it is quite difficult to quantify the
number of nanoemitters inside the polymer and their spatial distribution is completely random,
as this distribution depends on their initial dispersion in the formulation and their possible
migration during TPP. By using our approach for selective integration of NPs, a hybrid

nanoplasmonic system is demonstrated here where QDs are immobilized on a functionalized
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nanopolymer surface in the close vicinity of a single gold nanocube (Figures 9-A & B). The
functionalized nanopolymer is first fabricated by plasmonic near-field polymerization, 46!
then is immersed in a colloidal solution of negatively charged CdSe/ZnS red-emitting QDs with
emission wavelength at A = 623 nm (See Figure S11). The obtained results in Figure 9 show a
precise and selective attachment of QDs on the two corners of the gold nanocube where the
functionalized polymer was printed by plasmon-induced polymerization (See supporting
information Figures S12, S13, S14 and S15).

Compared to ref. 40, the novelty of this attachment near a single gold nanocube is the ability
to control the distance between the PNA and the QDs through the size of the functionalized
polymer. As the QDs are placed near the gold nanocube, their emission at A = 623 nm will be
enhanced by the localized surface plasmon resonance (LSPR). Therefore, the emission of QDs
(Figures 9—-C&D) shows a high polarization sensitivity that is related to the tunable spatial

overlap between the LSPR near-field of the nanocube and the QD distribution,*® which makes

it very important for many applications such as optical nanoswitches.>?
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Figure 9. SEM (A) and AFM (B) images of CdSe/ZnS red-emitting QDs attached on
functionalized polymer at the two corners of a gold nanocube, and their emission spectra at
different polarization angles (C). Photoluminescence emission intensity as a function of the

polarization angle (D).

CONCLUSION

In conclusion, a general strategy is demonstrated to assemble NPs within 1D, 2D and 3D
polymer micro and nanostructures. This new strategy is based on the chemical grafting of amine
molecules into acrylate monomer according to Oxa Michael addition reaction on the PETA
monomer followed by TPP fabrication of 1D, 2D and 3D polymer structures. These polymer
structures are then immersed in a colloidal solution of various NPs (gold, silver, polystyrene,
iron, quantum dots, nanodiamonds) and a high selectivity towards the 1D, 2D and 3D

functionalized polymer surfaces is demonstrated. In particular, GNPs are assembled into
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polymer woodpiles with period ranging from 0.6 to 1.5 um. This assembly results in the
formation of monolayers of NPs with tunable coverage rate that can be adjusted by varying the
immersion time and the type of amine molecule grafted on the polymer surface. Using this
technique, assembly of PSNPs, Iron oxide NPs, nanodiamonds and QDs is demonstrated. QDs
in hybrid nanoplasmonic systems were placed near plasmonic nanoantennas (gold nanocubes)
as nanoemitters for an optical nanoswitch.

By using our strategy with controlling the size of the functionalized polymer area, precise
integration of single QDs and nanodiamonds can be done near plasmonic nanoantennas,
nanowires, metal gratings, plasmon functionalized optical waveguides *’**3. This precise
integration could be done by simply adjusting the polymer size, which offers the potential of
controlling the number of QDs attached at the vicinity of the plasmonic nanoantenna, as well
as the distance between them. Coupling these single nanoemitters with such photonic devices
through our integration method will be an efficient manner to fabricate and control the

properties of single photon sources in the near future.*’

METHODS AND MATERIALS

Samples preparation: For TPP: 4.92 mmol of PETA monomer is functionalized by 2.51
mmol of Alkanoamine (in this study we used the methyldiethanol amine (MDEA) molecule),
0.07 mmol of Irg-819 photoinitiator are added in order to initiate the polymerization process
and 1.13 mmol of monomethyl ether of hydroquinone (MEHQ) as an inhibitor are included to
control the spatial resolution of the lithography process. The mixture is stirred for 45 min at 45
°C. One drop from the prepared mixture is deposited on a glass substrate (22x22 mm) to write
the desired microstructure using Nanoscribe. After the accomplishing of the photo-
polymerization process, lift-off is done in acetone and isopropanol in order to remove the un-

polymerized materials. The obtained samples are immersed for 5 hours in GNPs and AgNPs
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solutions, 3 hours in PSNPs, FeoO3 NPs, nanodiamonds and QDs solutions, of acidic pH
medium to allow the protonation of amines on the polymer surface and thus the assembly of
negatively charged NPs on its surface by electrostatic interaction (see figure S16). For Plasmon-
induced polymerization; 4.99 mmol of PETA monomer was functionalized by 2.51 mmol of
MDEA, 0.039 mmol of 2-Isopropylthioxanthone (ITX) photoinitiator and 1.13 mmol of MEHQ
inhibitor are added (See supporting information). The mixture is stirred for 45 min at 45 °C.
Then the sample is immersed in QDs solution for 30 min. PETA, MDEA, Irg-819 and MEHQ
are purchased from Sigma Aldrich. ITX is purchased from Tokyo Chemical Industry.

Nanoparticles Synthesis: GNPs are prepared following the Turkevish's method described in
the literature.®* AgNPs are prepared following the Lee-Meisel method.*> Fe,O3; NPs are
prepared following the procedure mentioned in Nigam's et al. article.*® The synthesized
solutions are used directly for immersion process without any dilution. Commercial PSNPs
solution (size~ 800 nm, 4% solid in 5 mL H>O) is diluted 500 times in water and nanodiamonds
solution (1 mg / 1 mL H20) is diluted 100 times in water. Both are purchased from Sigma
Aldrich. Carboxylated CdSe/ZnS red QDs solution (10 mg /1 mL H>O) is diluted 100 times in
water and Fluorescent PSNPs solution (5% solid in 1 mL H>O) is diluted 100 times in water.
They are purchased from Mesolight and Thermofisher respectively.

Instrumentation: The photopolymerization process is performed by Nanoscribe Photonic
Professional system with a femtosecond laser at A = 780 nm focused by a 100x/1.3NA oil
immersion objective. For Extinction spectra an optical microscope equipped with an upward
configuration including a tungsten lamp and an optical fiber linked to a Maya 2000pro UV-
visible detector. The acquisition was done in transmission mode using a 50 (NA: 0.8) objective.
Under these conditions, the size of the collection area is less than 10 um, which is quite smaller
than the 50x50 um2 of the micro-squares where the GNPs are immobilized. The optical set-up

used to detect the PL of fluorescent PSNPs and QDs on polymer dots consists of a home-made

19



confocal microscope with a 405nm excitation wavelength from a cw laser. The incident laser
beam is focused using a Nikon Plan 100x objective of N.A=0.99. A long pass filter at 450nm
allows one to collect only the QD emission. A pinhole is used to select a specific detection area
on the sample in order to collect the local PL. The PL measurements of QDs on gold nanocube
at different polarization angles are measured by a spectrometer coupled to an inverted optical
microscope (Olympus IX71), the whole optical configuration is indicated in figure S12. Optical
microscopy images are taken on a Nikon Eclipse LV100 upright microscope. SEM images are
obtained on a HITACHI S-3500 scanning electron microscope. AFM images are obtained by
scanning the sample on Bruker’s Dimension Icon Atomic Force Microscope (AFM) System

using peak force tapping mode.
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