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Abstract: The integration of nano-emitters into plasmonic devices with spatial control and
nanometer precision has become a great challenge. In this paper, we report on the use of a smart
polymer for selectively immobilizing nano-emitters on specific preselected sites of gold
nanocubes (GNC). The cunning use of the polymer is twofold. First, it records both the selected
site and the future emitters-GNC distance through plasmon-assisted photopolymerization.
Second, because the polymer is chemically functionalized, it makes it possible to attach the
nano-emitters right at the preselected polymerized sites which subsequently “recognize” the
nano-emitters to get attached. Since the resulting active medium is a spatial memory of specific
plasmonic modes, it is anisotropic, making the hybrid nanosources sensitive to light
polarization. The ability to adjust their statistical average lifetime by controlling the thickness
of the nanopolymer is demonstrated on two kinds of nano-emitters coupled to GNC: doped
polystyrene nanospheres and semiconductor colloidal quantum dots.

1. INTRODUCTION

Organic and inorganic nano-emitters are used for many topical applications ranging from nano-
optics and nano-photonics to biomedicine and cell biology. [1-3] When weakly or strongly
coupled to metal nanoparticles, their key properties can be controlled: (e. g.) lifetime, [4,5]
quantum yield, [6] fluorescence directivity, [7] emission intensity, [8] and spectral
properties [9]. The integration of these hybrid nano-emitters as optical nanosources into
photonic nanodevices is of interest for research and technological innovation due to their
miniaturization and multi-applications.

However, the integration of the emitters near metallic nanostructures with spatial control
and nanometer precision in the three space dimensions remains a challenge. In the simplest
way, the emitters are dispersed randomly on the plasmonic structures, without any position
control. [10,11] By adding a spacer layer, the separation distance between the emitters and
metallic structures can be controlled along one direction. [12—14] To achieve 3D spatial control
of emitters relative to metallic nanostructures, a method based on trapping emitters in an
isotropic silica shell covering the entire metallic nanoparticles has been reported. [15,16]
Scanning-based methods have been reported to study in a controlled way the coupling between
emitters and metallic nanostructures. [17,18] The DNA origami-assisted method, as a powerful
approach, has been used for building special plasmonic nanoantennas and linking together
plasmonic nanostructures and nano-emitters. [19—22] For the structures presenting a gap,
including dimers and particles-film structures, DNA origami has proved to be able to place
emitters, even a single one, within the gap. [23-27]. In other words, DNA is generally used for
both bridging particles together and attaching nano-emitters. In the case of single metal
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nanoparticles, the whole surface of particles is functionalized. With this approach, it is thus
difficult to control the anisotropy of the emitters distribution around single plasmonic
nanostructures. With the use of a DNA clamp, gold nanoparticles have been placed at three
special positions around a single nanorod, but the DNA clamp and special capture strands on
the clamp limit the shapes and size of the host nanostructures and it is hard to change capture
positions for a defined clamp [28]. Besides, DNA-based hybrid nanosystem are pretty fragile
in the sense that, for the survival of DNA origami, one needs to be in a salty liquid environment,
which limits the types of available metallic nanoparticles, and requires complicated steps. This
environment requirement limits the use of this approach for direct integration into nanophotonic
circuits. Although site-selective coating based on anisotropic chemical growth on metal
nanostructures was reported, [29-32] there are still challenges in achieving anisotropic
distribution of the emitters themselves near metal nanoparticles. As a matter of fact, controlling
in the three space dimensions, the anisotropic spatial distribution of emitters in the vicinity of
single metal nanostructures still constitutes a challenge.

Near-field plasmonic photopolymerization has proven to be an effective technique to trap
light-emitting quantum dots and molecules inside polymer volumes that are integrated at
electromagnetic ‘hot-spots’ [33,34]. The anisotropic distribution of emitters can be controlled
by choosing the plasmonic mode used for nanophotopolymerization. However, since the
emitters are initially randomly distributed inside the photopolymerizable formulation, the
spatial distribution of the emitters is still not precise enough. In particular, the distance between
the nano-emitters and the metal nanoparticle in the structures of Ref. 33 is not controlled. In
addition, because the emitter is pre-dispersed within the formulation, it is difficult to consider
the influence of the curing laser on the emitter during the photopolymerization process, such as
the two-photon absorption by the emitters, and the possible light force that may squeeze the
emitters outward.

In this letter, we report on the use of a smart nano-polymer that allows us to address the
above issues. The smart nature of the polymer is twofold. First, it is a photopolymer that
reticulates at the plasmonic hot spot of the metal nanoparticle, allowing one to keep the memory
of the selected electromagnetic sites. This “memory” is spatially anisotropic and also decides
the distance between the plasmonic nanostructure and the future nano-emitter to be attached.
Secondly, it is chemically pre-functionalized to electrostatically “recognize” the nano-emitter
that can get selectively attached to the pre-designed sites.

Our approach is actually based on the association of three controlled elements: plasmonic
nanostructures, smart photopolymer and nano-emitters.

2. EXPERIMENTAL SECTION

A. Plasmonic nanostructures

The plasmonic nanocavities used are 125-nm gold nanocubes (GNC, Fig. 1(a)) made by
chemical synthesis using the method already described in detail in Ref.35. These cubes,
deposited on an ITO-coated glass substrate, present a dipolar plasmon resonance at 670 nm in
air, see blue curve in Fig. 1(b), suitable for resonant near-field two-photon polymerization. [33]

B. Smart photopolymer

The photopolymer has been designed for plasmon-induced two-photon nanoscale
polymerization [33, 34] but has been modified: it is also a functionalized polymer that grabs
the emitters to its surface by electrostatic interaction. In that way, we can control both the
number of emitters attached to the polymer surface and the average emitter-metal surface
distance by adjusting the thickness of the polymer on the plasmonic structure. The
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photosensitive formulation consists of 4.99 mmol of Pentaerythritol triacrylate (PETA)
monomer functionalized by 2.51 mmol of methyldiethanol amine (MDEA). 0.039 mmol of 2-
Isopropylthioxanthone (ITX) was added to absorb light and make interaction with MDEA to
initiate the two-photon polymerization reaction and 1.13 mmol of monomethyl ether of
hydroquinone (MEHQ) inhibitor was added to control the spatial confinement of the
polymerization process. After photo reticulation and development, the polymer surface presents
a high density of amino groups 10® molecules per um? determined by the orange 2 test.

(b) (d)

E 1.2 ;
= 10

£3 :
g 08 5
3308 :
2 % «= in air 3
% = 0- == in polymer 2
E 02

s, 1

(] 1 1 1
500 600 700 800
Wavelength{nm)

Fig. 1 Gold nanocubes, nanoscale photopolymerization and surface functionalization. (a) SEM image of a
representative single gold nanocube. (a) Calculated scattering spectrum of a single gold nanocube of 125-nm, in air or
photopolymer medium (refractive index=1.48), on ITO-coated glass substrate (40 nm thickness of ITO layer with
refractive index of 2). (b) FDTD map (at the middle sectional plane of the cube, A=780 nm) of the field modulus in
the vicinity of the gold nanocube illuminated with a X-polarized plane wave. (d) SEM image of the hybrid
nanostructure resulting from 2-photon polymerization (TPP) triggered by the field shown in (c). (e) Illustration of the
photopolymerization of mixture of PETA monomer functionalized by amine. (f). Left: SEM image of polymerized
dots whose surface contains amine group. After immersion in a solution of negatively charged functionalized
fluorescent doped polystyrene spheres (200-nm diameter), the fluorescent spheres attached on four of the six polymer
dots by electrostatic interaction. Right: schematic representation of the electrostatic interaction.

More information about the smart photopolymer can be found in Ref. 36. The obtained
polymer nanotemplates are intended to be immersed in acidic medium solution of negatively
charged nano-emitters, resulting in the specific attachment of these nano-emitters on the
polymer surface. In other words, during immersion, the negatively charged nano-emitters
selectively assemble, by electrostatic interaction, on the positively charged functionalized
polymer surface due to the presence of protonated amine groups [Fig. 1(f)].

C. Nano-emitters

The first considered nano-emitters are fluorescent polystyrene spheres (FPS, from Thermo
Fisher) doped with light-emitting molecules. They are similar to those introduced in Fig. 1 but
they are significantly smaller: their average size is 45 nm (see Appendix B). The absorption
spectrum presents a peak at 580 nm whereas the emission peak is at 620 nm (see Appendix B).
Such FPSs were used by J. de Torres et al. to demonstrate plasmons-mediated fluorescence
energy transfer on silver nanowires. [37] The authors deposited the FPSs by spin-coating and
their spatial distribution was not controlled. The carboxylate-modified FPSs (FluoSpheres,
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model F8793) used in this letter, are negatively charged and thus able to get selectively
positioned to the functionalized polymer surface by electrostatic force.

Based on the three above-described elements, advanced hybrid plasmonic nano-emitters
can be made.

D. Protocol for fabricating the hybrid plasmonic nano-emitters
The protocol for fabricating the hybrid plasmonic nano-emitter consists of two main steps (Fig.
6).

Step 1. This step consists of the fabrication of the functionalized nanopolymer on the GNC
surface by plasmon-triggered polymerization at 780 nm. [33,34,38] This wavelength efficiently
excites the GNC plasmon when this later is surrounded by the liquid photopolymer [see red
curve in Fig. 1(b)] and is efficiently absorbed by ITX that is used as a 2-photon absorber. [39]
The photopolymerization occurs specifically at the electromagnetic hot spots, when the near-
field intensity exceeds a certain intensity threshold. During this step, the selected nanoscale
sites are thus recorded by the polymer. After exposure, the deposited polymer volume is
revealed through rinsing with acetone and isopropanol for 10 mins separately. Fig. 1(d)
illustrates a typical hybrid nanocube, revealed after rinsing, that results from nano-
polymerization triggered by the plasmonic dipolar eigenmode excited with a X polarization
parallel to the diagonal of the cube [Fig. 1(c)]. The process relies on the control of the incident
intensity relative to the threshold dose (Dy,) of 2-photon polymerization. For getting the result
shown in Fig. 1(d), the incident laser dose was 40% of the threshold dose, so that no
polymerization occurs, except in the near-field of the GNC [illustrated in Fig. 1(c)] where the
local dose gets higher than Dy, through plasmon enhancement.

The used experimental configuration for this step is shown in Appendix A, Fig. 7.

Step2. Following step 1, the sample is immersed into the FPS solution for 40 min. The FPSs
were stabilized by carboxylic acid and have negative charges on their surface. During
immersion and due to the presence of amine groups on the polymer (positive charges) FPSs get
attracted by the polymer, leading to the selective attachment of FPSs on its surface by
electrostatic interaction. During this step, the pre-recorded smart polymer gets revealed by
selectively attaching nano-emitters.

E. Selective attachment of fluorescent spheres at the nanocube corners

By adjusting the dose used for step 1, we were able to control the nanopolymer’s thickness and
thus the average distance between the GNC surface and the nano-emitters to be attached. At
the same time, increased thickness of polymer leads to the increased number of grafted emitters.
Fig. 2 illustrates this point: two different volumes of the polymer lead to a large change in the
number of attached FPSs. The effect of the dose on the volume of polymer is clearly shown in
Appendix C, Fig. 10. The selective immobilization of FPSs at the two corners of GNC is here
successfully demonstrated. The excitation laser used for 2-photon polymerization was X-
polarized, resulting in two lobes of smart polymer that took the shape of the local plasmonic

field [Fig. 1(c) and 1(d)]. In Fig. 2(a) and 2(b), two identical GNC have been polymerized with
two incident doses at 780 nm: 40% and 10% of Dy,, respectively (step 1). Step 2 results in
hybrid FPS/GNC with a number of FPS at each cube corner which is strongly dependent on the

dose initially used for step 1: from a tenth of FPSs [Fig. 2(a)] to a few FPSs [Fig. 2(b)]. More
examples can be found in Appendix C, Fig. 9. The Appendix H deals with the control of the
number of emitters that can attach to the polymer lobes. This number depends on the
concentration of emitters in the solution, the size of the emitter, the size of the integrated
polymer area and the immersion time. In particular, Fig. 2, Fig. 9 and Fig. 16 illustrate the
importance of the latter two.
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Fig. 2 SEM images of the hybrid FPSs-attached nanostructures fabricated using energy dose of (a) 40% and (b) 10%
of threshold during step 1. The red arrow in (a) indicates the polarization direction of the excitation laser used for
polymerization during step 1.

3. RESULTS AND DISCUSSION

A. Photoluminescence properties of the resulting hybrid nano-emitters

Under 532 nm excitation, the fluorescent signal was collected through a 650/150 nm band-pass
filter (Semrock FF01-650/150-25). The fluorescence spectrum from the hybrid FPS-GNC
nano-emitter is shown in Fig. 3(a). In Fig. 3(b), the time trace of fluorescence intensity obtained
during 50 s shows no blinking and a pretty good stability of the fluorescence intensity. This is
due to the large number of dyes inside each FPS giving out an ensemble signal and the
protective environment inside the polystyrene bead isolating the system from the instable
effects from the external environment.

These hybrid nanostructures have an anisotropic nanoscale spatial distribution of FPSs that
contributes to the polarization sensitivity of their fluorescence intensity. This feature is
illustrated in Fig. 3(d). The 532-nm excitation light was linearly polarized with a polarization
angle shown in Fig. 3(c). The considered single hybrid nano-emitter has been fabricated during
step 1 using 40% of Dth. In Fig. 3(d), the fluorescence intensity decreases when the polarization
angle of the excitation laser varies from 0° to 90° and increases when the polarization changes
from 90° to 180°. The fluorescence intensity finally goes back to the same intensity level as the
intensity of 0°. The switch from high emission signal to weak emission signal is realized by
rotating the polarization direction, and a signal contrast & of about 0.5 is obtained. In Fig. 3(b),
the cosine like function, reminding us of the Malus law, is not due to the polarization sensitivity
of the GNC. Rather, it is due to anisotropic spatial distribution of the active medium permitted
by the smart polymer. More data on the polarization sensitivity can be found in Appendix D.
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Fig. 3 (a) Fluorescence spectrum measured from the hybrid FPSs-GNC shown in Fig. 2(a) using polarized green laser
of 532 nm wavelength for excitation. A 650/150 nm band-pass filter is used to separate the fluorescent signal from the
incident excitation (b) Spectrum time trace, collected for 50s. (c) Definition of the polarization angle for excitation. (d)
Fluorescence intensity as a function of the angle of incident polarization defined in (c).

B. Control of the average gap between GNC and nano-emitters and resulting
Purcell factor

The spatial elongation of the nanopolymer during step 1 can be controlled through incident
energy dose. [31, 32] Energy doses ranging from 5% to 70% of Dy, were used for fabricating
hybrid FPSs-attached hybrid plasmonic nanostructures (step 1). The fluorescence lifetime of
the FPSs on the hybrid nanostructures, resulting from step 2, was measured to study the
influence of the polymer thickness and thus the mean value of the FPS-GNC distance. Fig. 4(a)
shows typical lifetime measurements. When the FPSs are directly attached to pure polymer dots
without GNC (red curve), the lifetime is longer than it is when the FPSs are attached on the
polymer lobes on GNC, which is in agreement with what is expected, i.e., an increase of the
radiative and non-radiative deactivation rates in the presence of the metal nanostructure. The
lifetime turns out to decrease as the energy dose used for fabrication decreases: green curve
(5% Dy,) demonstrates a much shorter lifetime decay than orange curve (40% Dy,).

There are hundreds of molecules in each FPS (3.5x10? fluorescein equivalents per
polystyrene sphere). In general, the overall decay of all the molecules can be fitted by a sum of
exponential functions [42], i.e.,

N
1 oal (1= Zizl 4 exp(—t/ Ti) ’ (1)
Where N is the number of dyes, /,,,(?) is the normalized fluorescence intensity at time t
from all the FPSs, 4; is the probability density function, and Z{V A; = 1. Parameter i can be
viewed as a specific family of molecules that is characterized by lifetime t;. The fluorescence
lifetime of the FPSs without GNC can be very well fitted using single-exponential function (see
Fig.14(a) in Appendix G), suggesting a single family of molecules, with a lifetime in the 6-7
ns range. With the presence of the GNC, the experimental data were fitted by one-exponential,
double-exponential and triple-exponential functions. An accurate fit was achieved with double-
exponential function, while the third exponential component has near zero probability density
(Fig. 14(b)(c), in Appendix G). Hence the whole decay can be expressed as

1(t) = a, exp(——) + (1=, exp(——) &
4 2
The double-exponential fitting results with different polymer thicknesses are shown in Fig.
4(b). Clearly, we observe a fast decay t; that is contained in the 1-2 ns range and a slow
decay 1, which is roughly stable within the 6-7 ns range. Considering the size of the FPS and
keeping in mind that several FPSs are attached, we assign the fast decay 1, to the contribution
of the Purcell effect undergone by the dye molecules, while the slow decay T, is assigned to the
emission of unaffected/less affected dye molecules (similar treatment as Ref 43). 1, can be seen
as the mean value of the fluorescence lifetimes (Eq. 1) of the molecules that are sensitive to the
GNC. Coefficient a; stands for the weight of this fast decay component. It is associated with
the proportion of molecules which undergo the Purcell effect. As shown in Fig. 4(b), a,
increases when the average polymer thickness decreases. This indicates an increase of the
proportion of the dye molecules which are affected by the presence of the GNC, in terms of the
Purcell effect.
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Fig 4 (a) Lifetime measurement of FPSs attached on hybrid polymer-cube fabricated by a dose of 40% Dy, (orange)
and 5% Dy, (green). (b) Double-exponential fitting results of the lifetime of FPSs: fast decay component t,, slow decay
component T, and the coefficient a; of fast decay component changes as the average polymer thickness varies. (c)
Weighted average lifetime of FPSs change along the average distance between the metal surface and FPSs increased
by decreasing the incident dose used for fabricating the hybrid GNC-based nanostructures. Dots of the same color
represent hybrid nanostructures made with the same excitation energy dose. The pink area represents the variation
range of the fluorescence lifetime of FPSs attached on polymer dots in the absence of gold particles. (d) The simulated
average Purcell factor (P) of dipoles varies as the nano-polymer distribution changes by considering different incident
energy dose and resulting average thickness. (e) and (f) are simulated field intensity (at Z= 25 nm away from the
bottom of the cube) of a hybrid FPS-GNC nanostructure fabricated using the energy dose of 40% Dy, and 5% Dy,
individually. The excitation wavelength is set at 532 nm, and the incident light is polarized along X. The black dotted
line depicts the FPS, and the white dotted line describes the contour of polymer.

The weighted average lifetime (a;t;+(1-a;)t,) is shown in Fig. 4(c). It is represented as a
function of the “average polymer thickness” defined in the Appendix E. For statistically
assessing the influence of the dose, many (from 4 to 8, corresponding to the different dots in
Fig. 4(c)) hybrid nanostructures have been made for each given dose. Combining the SEM and
AFM analysis before FPSs attachment (see Appendix E, Fig. 12), estimated polymer 3D
distribution and the average polymer thickness can be related to the levels of energy dose.
Consequently, the change in the fluorescence lifetime of FPSs can be presented as a function
of the average polymer thickness, as shown in Fig. 4(c) that clearly statistically reveals a trend:
the lifetime decreases as the average polymer thickness decreases and tends to a stable value ~
2ns. Fig. 4(d) shows the corresponding simulated results through the inverse of the Purcell
factor, i.e. the ratio of the de-excitation rate with and without the GNC. The fluorescence
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lifetime was calculated by placing dipoles at the center of FPSs at the position corresponding
to the polymer distribution, as observed by SEM and AFM (see Appendix E). Fig. 4(c) and 4(d)
reveal a consistent lifetime change trend, which confirms that the average polymer thickness is
controlled by the incident energy dose used for fabrication of the hybrid nanosource, resulting
in the control of the FPS-GNC distance and fluorescence lifetime of FPSs. As a conclusion of
this section, through fittings, it turns out that, while 7, and 1, remain relatively stable, al is
very sensitive to the polymer thickness, resulting in significant sensitivity of the resulting
averaged weighted lifetime (a;t,+(1-a;)t,) that can be viewed as a « tunable barycenter » in the
continuous sum of lifetimes in Eq. 1.

C. Further Discussion about the contributing molecules within the FPS

From Fig. 4(c) and 4(d), a maximum Purcell factor can be estimated at 3.1 for smallest polymer
thickness, which is a rather low factor. Because of FPS’ size, even is the polymer thickness is
negligible, a large proportion of molecules within the FPS are still too far away from GNC, and
the proportion of the unaffected/less affected molecule cannot go to zero. As a result, (1-al)
always >0. This point is illustrated by Fig. 4(e) and 4(f) in terms of near-field excitation. Two
hybrid nanosources were considered: one fabricated with a 40% Dth dose [Fig. 4(e)], polymer
thickness = 21.6 nm, (see Appendix E, Table 1) and one fabricated with a 5% Dth [Fig. 4(f)],
polymer thickness = 2 nm (see Appendix E Table 1). For simplicity, both hybrid nanosources
present a single FPS. The intensity map at Z=25 nm (A=532 nm) was calculated by FDTD using
an incident X-polarized plane wave propagating along Z. The spatial distribution of the
intensity reveals the two families of molecules in terms of excitation: in Fig. 4(e), there is a
fewer proportion of dyes inside polystyrene sphere that are coupled to the localized field of the
GNC (“close”). Even if this near-field map represents the excitation (rather than the
deexcitation to the LDOS), it illustrates that the contribution of plasmon-coupled molecules to
the average lifetime/Purcell factor of the whole system is weak; most of the molecules whose
lifetime play the main role in the whole system are unaffected from GNC (“far”). In Fig. 4(f),
a bigger proportion of dyes are coupled to the localized plasmonic near-field and their
contribution to lifetime decrease becomes significant. This is consistent with the double
exponential fitting results in Fig. 4(b). The above discussions can also explain why when the
polymer thickness decreases to the smallest, the weighted lifetime/average Purcell factor does
not continue declining but tends to stabilize in Fig. 4(c)/(d).

D. Use of semiconductor colloidal quantum dots as nano-emitters

In order to address the above issue, another approach was investigated: semiconductor colloidal
quantum dots were immobilized on a functionalized nanopolymer surface in the close vicinity
of a single gold nanocube. Compared to FPS, they can be considered as point-like emitters.
After step 1 of fabrication (illustrated in Fig. 1(d)) the hybrid GNC was immersed in a colloidal
solution of negatively charged CdSe/ZnS red QDs (with carboxylic acid as reactive group,
bought from Mesolight), with emission wavelength at 623 nm and diameter ~ 12 nm (Fig.
8(c)(d), Appendix B). The obtained results, presented in Fig. 5(a), show a precise and selective
attachment of QDs on the two corners of the gold nanocube where the functionalized polymer
was printed by the plasmon-induced polymerization: Fig. 5(a) is the AFM image of a hybrid
polymer/GNC/QDs obtained with a 40 % Dth energy used for fabrication (step 1). It clearly
shows QDs attached at the surface of the integrated polymer lobes. More data with different
energy doses can be found in Appendix C (Fig. 10).
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Fig 5. Use of the smart polymer for coupling spherical CdSe/ZnS quantum dots with gold nanocubes. (a) AFM image
of a hybrid nanosource made with an energy dose of 40 % Dy,. Attached QDs resulting from step 2 of fabrication are
clearly visible. (b) The spectrum time trace, signal collected during continuous 50s. (¢) Polarization sensitivity of the
hybrid nanosource. (d). Measured lifetime for different hybrid nanosources having different polymer thicknesses. The
red curve represents a reference lifetime decay of QDs attached on a polymer dot without GNC nearby. (¢) Double-
exponential fitting results: evolution of fast and slow decay components 1., T3 and coefficient o of fast component as
a function of the average polymer thickness. (f) Weighted lifetime as a function of the average polymer thickness that
depends on the fabrication condition (% Dy, energy used for near-field photo polymerization in step 1).

Fig. 5(b) shows a typical PL spectrum centered at A=620 nm collected in the far field for 50 s
(excitation at 405 nm). As for the FPS-based hybrid sources, the active medium is anisotropic,
making the sources sensitive to the incident polarization: Fig. 5(c) shows the PL intensity as a
function of the polarization direction of the excitation at 405 nm (the definition of this direction
is the same as for Fig. 3(c)).

QDs generally have multi-exponential decay dynamics, which are due to their surface
defects, surface ligands, inhomogeneities of ensemble sample or other characteristics.[44—46]
Unlike in the situation with FPSs, the reference lifetime from QDs attached on the polymer dot
without GNC nearby can be fitted well by double-exponential decay (Fig. 15(a), Appendix G).
The short-time component and long-time component come from two different decay
pathways [47]. Without QDs, these both lifetime represents a reference that is intrinsic to the
semiconducting nanocrystal
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With the presence of GNC, QDs’ decay is influenced by the Purcell effect depending on
their relative positions to GNC. The lifetime of QDs can still be fitted by double exponential
functions (Fig. 15(b), Appendix G). Then the normalized intensity can be presented as

I(t)=aexp(-t/7,)+(1—a)exp(—t/71,), (3)

where the 1, is the fast decay and tpis the slow decay. a decribes the contribution of t,,.
Fig. 5(d) shows a typical lifetime measurement of different hybrid nanosources fabricated with
different energy doses ranging from 10% to 90% of Dy,. From Fig. 5(d), the curves are fitted
by double-exponential decay, using equation (3) and the fitting results are shown in Fig. 5(e).

The origin of this double-exponential decay is different from it is in Eq. (2): In Eq. (3), it
results from the intrinsic properties of the QDs [44-47] while it corresponds to two families of
molecules in Eq. (2) (“far” and “close” molecules). Due to the small size of QDs, all the QDs
are affected in the same way by the presence of the GNC (Fig. 13, Appendix E). As the result,
both lifetimes are sensitive to the polymer thickness, as shown in Fig. 5(e).

Fig. 5(f) shows the weighted average lifetime (ot,+(1-a)tp) for different polymer
thicknesses. Again, for each dose, many similar structures (from 6 to 9) were fabricated to get
a statistical trend. From Fig. 5(d) and 5(f), it turns out that the weighted average lifetime
decreases with the dose, as a result of the decrease of the average distance between quantum
nano-emitters and GNC. Fig. 5(e) shows the fitted values 1,, Tg and o, as a function of the
average polymer thickness. Compared to Fig. 4(b), Fig. 5(e) reveals different features of
interest. In Fig. 4(b), we saw that both decay components are almost stable, and a, increases
obviously as the polymer thickness decreases, mainly revealing the increase of the proportion
of molecules that are influenced by the GNC and a displacement of the barycenter in Eq. 1. In
Fig. 5(e), the components are both affected: 1, and 13 decrease together as the average polymer
thickness gets smaller. (It is actually impossible to keep 1, and tgstable, see Fig. 15 (c))
Meantime, coefficient o presents a weak increase (0.8 to 1), which is still much tiny compared
to the situation of FPS-attached hybrid GNC (in Fig. 4(b), a; varies from 0.9 to 0.1). There are
two possible explanations for this. First, o not only represents the intrinsic ratio between the
two decay pathways but also includes the weak increase of the proportion of QDs influenced
by GNC as the polymer thicknesses decreases. Second, the short-time component of QDs
already plays the major role in free space, the change of it cannot be distinguished as the change
of the long-time component because of the resolution limitation of the set-up. For FPSs, instead,
the variation of weighted average lifetimes is mainly due to a;. In addition, according to Fig.
SF, quite different from Fig. 4(c), the maximum Purcell factor in the situation of attached QDs
can get larger than 10. This is because, due to their small size, at a small polymer thickness,
quantum dots may be strongly affected by the Purcell effect, and no quantum dots can escape
from the influence of GNC.

4, CONCLUSION

The use of a smart photopolymer has been leading to a new kind of plasmonic hybrid
nanosources where different types of nano-emitters can be integrated on demand at predesigned
sites of the metal nanostructures. The cleverness of the polymer makes possible the selection
of the site through local preliminary plasmon excitation resulting in a 3D spatial memory. In
particular, it is possible to control the average distance between the metal nanostructure and the
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emitter to be attached. This latter is recognized by the polymer through charge affinity, leading
to its selective controlled attachment.

Compared to Ref. 33, many advantages can be stressed. First, we can achieve a wider
variety of emitters. While the integration of emitters within the initial acrylate-type liquid
formulation is delicate in terms of phase separation and photochemical effects [48], the new
approach reported here allows any negatively-charged emitters or particles to attach on the
surface of polymer lobes with the help of electrostatic forces. In the future, this approach will
open up many routes. For example, even negatively charged nanodiamonds permitting single
photon emission [49] could be selectively attached. Second, the main novelty lies on the fact
we remain the advantages of our previous method, which can place emitters close to plasmonic
structures with anisotropic distribution and further improve it with more possibilities. By
placing emitters on the surface of the polymer, the thickness of polymer is also the distance
between emitters and plasmonic particles, instead of letting the emitters randomly dispersed
inside the whole volume of the polymer lobes. The control of this distance has been leading to
an actual lifetime engineering. In order to comment further on this point, let us use the spherical
coordinates (¢, 0, p) of the emitter to be localized. We can control ¢, 0 using the method
introduced in Ref. 33. We now control p with our new approach of functionalized
photopolymer.

Finally, the surface attachment method is likely to avoid bad influence from the laser during
polymerization, which may damage the emitters or introduce other effects such as light force,
and two-photon absorption, etc. These effects are currently being studied by our team.

This approach will be used for fabricating single-photon hybrid nanosources [33] and
precisely integrating different kinds of QDs through a multistep process [34], which will be
opening new avenues for advanced integrated nanosources based on weak and strong coupling,
among which multicolor nano lasers [34,50] that may be controlled by light polarization.
Besides, as we demonstrated in Ref. 33, a tunable emitter selection is possible by rotating the
incident polarization, through the concept of polarization-dependent spatial overlap integral
(overlap between the exciting near-field and the emitters). However, in ref. 33, the excitation
was in the blue, which is suitable for emitter excitation but not plasmon excitation. By
integrating emitters that efficiently get excited at 780 nm wavelength through either one or two-
photon absorption, we would take advantage of the plasmonic hot spot for both integrating and
exciting them in the future.

APPENDIX A: PROCESS OF FBRICATION

The separation distance between each GNC is controlled bigger than 500nm by adjusting the
concentration of GNCs in solution, to avoid the influence from each other in the following
experiments including 2-photon polymerization and emission measurement.
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Fig. 6. The process steps for fabricating hybrid FPSs-attached cubes.

Keep for 40 mins

Fig. 6 illustrates the whole steps for preparing hybrid FPSs-attached cubes. And Fig. 7 gives out the optical set-up
used for doing 2-pjoton polymerization on each single GNC. The position of focused laser spot and GNCs are observed
by a CCD camera and makes it possible to aim the laser spot at each isolated GNC. Plasmon-triggered 2-photon
polymerization process

The GNCs are dispersed on a glass substrate with a separation distance between each other
bigger than 500nm. A drop of the functionalized photosensitive formulation is then deposited
on the pre-identified GNCs sample. Each GNC of consistent size and good shape is exposed
one by one using a focused femtosecond laser of 730nm by an objective lens (N. A=0.6) (Fig.
7). During polymerization, the exposure time is kept at 1/15 s. The exposure laser energy dose
is set below than the polymerization threshold and is defined as the percentage of threshold
dose (typical incident dose Din =40% Dth). The polarization direction of curing laser is along
the diagonal of the GNCs.

—
ilter
w m— cco

I
40x 0.6
fs laser 4‘
A =730 nm .
fi

—— -

'&
\N Glan-Taylor Polarizer

Polarizer

Fig. 7 Optical configuration to carry out two-photon polymerization.

APPENDIX B: SIZE OF POLYSTYRENE FLUORESCENT PARTICLES AND
QUANTUMN DOTS
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Fig. 8 (a) Diameter distribution histogram of the polystyrene fluorescent spheres (b) Excitation and emission spectra
of polystyrene spheres measure by UV-visible Cary 100 spectrometer and Fluorescence Spectrophotometer separately.
(c) Diameter distribution histogram of the QDs. The QDs are deposited on glass substrate and then after coating of a
conducting layer, the QDs ‘sizes are measured under SEM. Due to the existence of the conductive layer, the size of
the measured QD is several nanometers larger than the real size of QDs. (d) The absorption and emission spectra of
the red QDs in toluene.

From Fig. 8(a), the average diameter of this kind of polystyrene fluorescent sphere is around
42.5nm. Different sizes of polystyrene spheres will change the related distance between their
containing fluorescent dye molecules and the GNC, which will lead to errors in the fluorescence
lifetime measurement. When the number of attached polystyrene spheres is relatively large,
since the measured fluorescence lifetime is a statistical average, the influence of the size
difference of polystyrene spheres on the result can be ignored. However, when the hybrid GNC
is fabricated by low dose, the number of attached polystyrene spheres is limited, the size
difference of the fluorescent spheres becomes non-negligible. That can explain why the
measured lifetime in the situation of smallest average thickness is bigger than the second
smallest situation in Fig. 4b of the article.

These Fluorescent FluoSpheres beads whose average diameter are around 42nm with the
dyes filling the full volume of the beads and contain 3500 fluorescein equivalents per
microsphere according to the handbook from Thermofisher.

APPENDIX C: MORE EXAMPLES OF HYBRID NANOCUBES
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Fig. 9 More examples of hybrid FPSs-attached gold nanocubes. (a) and (b) SEM images of the hybrid FPSs-attached
nanocubes fabricating using 40% Dy, and 10% Dy,, and the residence time of FPS solution is 40 mins. 10kV voltage is
used for SEM observation. (c) (d) (e) (f) (g) fabricated using 50% Dy, 40% Dy, 30% Dy, 10% Dy, 5%Dy, separately,
and the immersion time of the sample in the FPS solution decreased to 10 mins. 1kV voltage is used for SEM
observation

Fig. 10 AFM images of some hybrid GNC with attached QDs, fabricated using incident doses from 80% decreasing
to 10% of Dth (step 1).

APPENDIX D: POLARIZATION SENSITIVITY OF THE EMISSION INTENSITY
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Fig. 11 Emission spectra from two hybrid FPSs-attached nanocubes fabricated using same parameters, their exposure
dose is 40% Dy,. (al) and (bl) are the emission spectra from the first hybrid FPSs-attached nanocube when the
polarization angle of the laser used for exciting varies from 0 degrees to 90 degrees and 90 degrees to 180 degrees
separately. (c1) is the emission peak intensity changing trend. And (a2) (b2) (c2) are the results from the second hybrid
FPSs-attached nanocube.

APPENDIX E: 3D POLYMER CHARACTERIZATION AND DEFINITION OF THE
AVERAGE POLYMER THICKNESS

SEM 40° tilted

200,0 rm
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T
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Fig. 12 (a)SEM image of a hybrid nanocube without attaching any QDs/polystyrenes (fabricated using 50% Dth) (b)
Mixed image, the original SEM image of the cube before exposure is superimposed to (a). (c) 40-degree tilted SEM
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image. (d) 3D height image measured by AFM of the same hybrid nanocube of (a). (d) 3D height image subtracted by
the original cube’s height profile from (c), demonstrating the 3D polymer distribution.

Fig. 13. Average polymer thickness definition and assessment. (a) The whole hybrid cube-polymer structure is cut in
the Z direction to get 20 slices of the cross-section. For each z-slice, a quadrant is sliced into n parts on average
according to angle, and the intersection of the corresponding rays and the polymer profile is averaged to obtain the
average elongation of the polymer under this Z slice. Finally, the polymer thickness of all slices in the z-direction is
averaged to get the average polymer thickness. (b) shows the polymer elongations (l;, l,, 1;) obtained by the three
tangents when a quadrant is divided into 3 sections in the z1-slice, then the average value of the three elongation rates
of the polymer thickness of this slice.

For Z;-slice, If the polymer thickness in the third quadrant is sampled at 30-degree intervals
shown in Fig. 13(b), three polymer thickness 1, 1,, 1; are obtained. Then the average polymer
thickness on Z;-slice is (1;+1,+13)/3. For each Z;-slice, keep sampling at 30-degree intervals, and
the number of 1 obtained will vary with the change of the polymer distribution of each slice.
Finally, the average of all the obtained 1 is taken as the average polymer thickness.

Table 1. Calculated average polymer thickness, when using different dose in percentage of Dth

Percentage of Dth (%) Average polymer thickness (nm)
5 2

10 3.6
20 12.8
30 18.5
40 21.6
50 253
60 28.8
70 31.0
80 32.7
90 34

APPENDIX F: FLUORESCENCE SIGNAL AND LIFETIME MEASUREMENT

A. Optical set-up

For fluorescence intensity measurement, every single FPSs-attached hybrid polymer-cube is
excited using 532nm (CW laser, OBIS 532nm) focused by an objective lens of 40 x 0.6, and its
fluorescence signal is collected by the same objective, after fitting by a band-pass filter (FFO1-
650/150-25), it is analyzed by a spectrometer. A half-wave plate is used to change the
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polarization direction of linearly polarized laser and after each polarization rotation, use another
polarizer to check the polarization direction, and fine-tune the laser output light power to ensure
that the power reaching the sample surface remains the same (detected before objective lens,
laser power is set to 10 pw). For lifetime measurement, a pulsed laser (Picoquant D-TA-530B)
connected with an extra driver box (PDL 800-B), whose repetition frequency is set at I0MHz
is used. The laser beam is focused on the scanning sample hold stage by an objective lens of
100 x 0.95. The laser power detected before objective lens is about 0.5 [Jw. For each hybrid
FPSPNs-attached polymer-cube, its fluorescence is collected by reflection, and then after
passing through a band-pass filter (FF01-650/150-25), the collected light is directed by a fiber
towards an APD (Picoquant PMA- 182). The signal is sent to the stand-alone TCSPC Module
(TimeHarp-300), which is linked to the laser driver.

B. Purcell factor simulation

The Purcell factor is calculated by FDTD. For each incident light dose, the corresponding
3D polymer is constructed as a model with a refractive index of 1.5. And set the diameter of
the polystyrene sphere to S0mm. For each case, the hybrid polymer cube is cut into N slices in
the z direction, each Z;-slice has a specific polymer contour at the z position, as shown in Fig.
13. The FPSs are distributed along the contour of the polymer. To calculate, we only chose
several FPSs along the contour at Z;. For each nanosphere, calculate the Purcell factor of the
ideal dipole at the center of the nanosphere, and finally average these results to obtain the
average Purcell factor of this z-slice, see Equation (F-1)

1 N,
PF; :F k‘:lpF}c (F'l)
Where N; is the sampling number of FPSs on Z; slice.
The FSNPs are assumed uniformly distributed on the surface of polymer, then for each Z;-
slice, the number of attached FSNPs depends on the length of the polymer contour line.

PE,, =" C PR3 C) (F-2)

Where C; is the length of polymer contour line of Z;-slice, and N is the number of slices in
z-direction.

By this way, the obtained PF,y, is worked as the average Purcell factor in the case of a
hybrid FPSs-attached polymer-cube fabricated by a certain dose.

For example, of 20% Dth, the polymer volume is cut into 2 slices in the z direction. For
slicel, 3 positions of fluorescent spheres are calculated. For every position, we calculated the
Purcell factor of an orientation-averaged dipole placed in the center of sphere. And the
boundary length of the polymer of this Z;-slize is around 48.7nm. For Z,-slice, because the
boundary length of polymer is much smaller than diameter of sphere, we only calculate the
Purcell factor at one position. Finally, an average Purcell factor ~2.17 was obtained according
to Eq. F-2

APPENDIX G: MULTI-EXPONENTIAL DECAY FITTING OF THE LIFETIME OF
FPS AND QD IN FREE SPACE



531

533
534
535
536
537

10 v v T T
(a) 0 chi-square=3.9
10 - original data g0
— expenential o
,  dooube-exponential o o
é. tInFE»\Fe—exponenna\ 10 %
0n
S 1 g0 W‘"“”mmmm‘ =
210 “5 chi-square=3.7 :‘-j
£ 10
5 6 6.5 7
107 4 . 50 ol . ,ch"sq'farFa; L Lifetime/ns
Timeins 0 20 40 60 80 100
( b) ' chi-square‘=7
100 « original data ™=15.64
—expanential
— dooube-exponential
:‘? :l‘rg:e-expnnentlal i
[T}
c 1 chi-square=5.4
210 ¢ o al=0.32 1-al=0.68
= * 1= 1.55 12=6.11
-10
) 10 . . . .
102 ‘o cnisauare= 3 al=0.29 a2-0.63 a3=008
0 Time/ 50 < 11=160 12=6.10 13=0.33
ime/ns 10
(e) ek ' 556
2 R, iecsonenia
z, b — IRF
31 al=0.498 1-al=0.51
£ 11=2.22 12=6.47

10 = . chi-square=2.51 al- 040 a7-054 a3=0.06
Time/ns t1=24 22=6.51 13=0.52
-10
) 0 10 chi-square=3.8
g0 =3.63
o1
‘o chi-square=2.53 a1=0.71 1-al=0.29
& t1=151 12=537
-10 . . A .
10, A
ol . on-sauare=2 51 al=074 a2= 0.26 a3=2.648
10 . ’ =165 =550 =25
Time/ns "

-
(=]

Y

Intensit
S

Res.

0 50

Fig. 14 (a) The first row shows an example of the lifetime from FPSs attached on pure polymer dot without Au
nanocube nearby. Two kinds of fitting, single-exponential fitting (grey line) and double-exponential fitting (blue line),
triple-exponential fitting (orange line) are used here. From the fitting results, the single exponential function can already
achieve good fitting result. The far-right image shows the histogram of FPSs’ lifetime under single exponential fitting,
and the green line represents the average value. For comparison (b) (c) and (d) show three examples of the lifetime
from FPSs attached on polymer lobes of GNC.
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Fig. 15 Example of the lifetime from QDs attached on pure polymer dot without Au nanocube nearby (a) and with Au
nanocube nearby (b). Single-exponential function is not enough to get a good fitting result while double/triple-
exponential function can get a better fit. (c) Two failed attempts. By limiting the value range of t, (2-3), 73(9-10), and
T4 (1-3), 1, (8-10) to attempt to use similar t,, T, in (a) to fit the decay curve.

APPENDIX H: NUMBER OF ATTACHED EMITTERS
In Ref. 36, the original principle of this chemically attached method has been described. In this
article, gold nanoparticles (diameter~ 50nm) were attached to the smart photopolymer. The
control of the surface density (and thus the number) of gold nanoparticles has already been
studied. The gold nanoparticles have same size as the fluorescent spheres used in our current
manuscript. We expect that their density changes with the immersion time following the same

law.
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Fig. 16 Fluorescence intensity from QDs attached on 2D flat functionalized polymer structure (see inset) with respect
to the immersion time (mins). The excitation laser is 405 nm with a power of 2um, collection time is kept as 0.1s. The
left top small image (inset) is the dark-field image of the 2D flat polymer square.

As far as the QDs are concerned, Fig.16 shows the fluorescence intensity from QDs attached
on a micrometer sized functionalized flat polymer structure. Different times of immersion were
used. Considering the fixed size of the polymer area, this Fig. 16 clearly shows that the intensity
(and thus the related number of attached QDs) strongly depends on the immersion time.
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