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ABSTRACT: We demonstrate two-color nanoemitters that
enable the selection of the dominant emitting wavelength by
varying the polarization of excitation light. The nanoemitters were
fabricated via surface plasmon-triggered two-photon polymer-
ization. By using two polymerizable solutions with different
quantum dots, emitters of different colors can be positioned
selectively in different orientations in the close vicinity of the
metal nanoparticles. The dominant emission wavelength of the
metal/polymer anisotropic hybrid nanoemitter thus can be
selected by altering the incident polarization.
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Modern information and communication technologies
require higher bandwidth and greater energy efficiency

in order to face the challenge of the increasing amount of data
traffic. In this context, optical data is the key: the fast
development of integrated optics and nanophotonics has
steadily produced more optical functionality in a small
chip.1,2 This continued development of nanophotonics requires
integration of efficient optical nanosources (including multi-
color sources for future nanoscale multiplexing) that are able to
address and activate specific parts of the circuit. In this regard,
hybrid plasmonic nanosources, including plasmon lasers, are a
recent promising solution.3−6

This Letter introduces a new type of hybrid plasmonic
nanoemitter. Research on plasmonic nanoemitters has garnered
great interest. The essential concept for these systems is the
energy transfer, including radiative and nonradiative processes,
between the metal nanostructure and adjacent components that
include semiconductor quantum dots7,8 or dye molecules.9−11

Numerous fundamental research advances have been carried
out to understand the relevant photophysical processes in these
hybrid nanomaterials, such as the Purcell effect.6,12 Reported
studies show that for a given quantum emitter, the output
spectra of the plasmonic nanoemitters depend on many

parameters: the size and shape of the metal nanoparticles11−16

or nanoapertures,17,18 the surface plasmon modes,19 the
dipolar orientation20 of quantum emitters, as well as the
separation between the nanoparticle and dipole emitters.21−23

As a result of these fundamental studies, different high
performance light-emitting plasmonic hybrid nanosystems
have begun to emerge based on, for example, metal core/
doped shell,24,25 metal bowties,16 antennas,6 Yagi-Uda optical
antennas,26 and dimer antenna.27 Other emerging methods
based on one-photon near-field polymerization28 and bio-
molecular functionalization9,21,29,30 have been used to fabricate
plasmonic nanoemitters.
Despite these numerous achievements, most of the reported

hybrid nanoemitters contain only a single output color. In
classical nanoplasmonics (with no coupling with an emitter), a
single color can be easily tuned either by modifying parameters
such as size, shape and environment31 or by using specific
effects such as near-field coupling32 and mode hybridization.33

On the other hand, two-color approaches rely on the spatial
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anisotropy of single or coupled metal nanostructures, resulting
in a symmetry breaking splitting of the dipolar plasmon modes
that can be selected by the incident polarization.34−37 However,
in these cases, no quantum emitters are involved, making the
control of emission quantum yield and lifetime impossible. In
hybrid plasmonics involving emitters, changing the color of
emission requires changing the dyes. Two different fluoro-
phores were mixed by L. Zhao et al., resulting in a controlled
energy transfer between the donors and the acceptors in the
vicinity of metal nanocrystals.38 X. Meng et al. reported a
hybrid spaser whose wavelength can be tuned in the 562−627
nm range by changing the dye concentration.39 Nevertheless, in
ref 38, the nanoscale spatial distribution between the two
fluorophores was not controlled and the emission wavelength
of the hybrid structure was not selectable. In ref 39, for a given
dye concentration, the peak wavelength was fixed and not
tunable. Additionally, in ref 39 and in most of the other
references on the subject, single hybrid nanoparticles were not
addressed and the collected signal came from an ensemble of
nanoparticles, which can induce some unwanted effect due to
interaction between nanoparticles. As a conclusion of the short
state of the art, no two-color single hybrid plasmonic
nanosource having real-time color tunability has been reported
so far.
Our research aims at developing hybrid multicolor nano-

emitters whose specific emission mode (i.e., output color) can
be externally selected and controlled in real time. In this Letter,
we report on single anisotropic hybrid nanoemitters that
position two different quantum emitters in different locations
surrounding a metal nanoparticle in such a manner that the
emission colors can be selected by changing the polarization of
incident excitation light. Fabrication of the two-color
anisotropic nanoemitters (TCANEs) is based on the plasmonic
two-photon polymerization (TPP) of a formulation that
contains quantum dots (QDs).
QD-Grafted Two-Photon Polymerizable Solution. The

polymerizable solutions were made up of 1 wt % Irgacure 819
(IRG 819) and 99 wt % QDs-grafted pentaerythritol triacrylate
(PETIA). Two different types of QDs were used: CdSe/ZnS
(Figure 1a) and CdSe/CdS/ZnS (Figure 1b) that emit in the
green and in the red, respectively. Figure 1a,b show micron-size
polymer patterns made by far-field scanning TPP of the hybrid
formulation (using the commercial laser writing system from
Nanoscribe GmbH). Figure 1c is a scanning electron
microscope (SEM) image of the selected region (white
rectangular) selection of the micron-size pattern in Figure 1a.
The fluorescence spectra shown in Figure 1d were collected
from green QD-grafted PETIA (black) and red QD-grafted
PETIA (red) solutions. During TPP, IRG 819 was used as a
photosensitizer. A femtosecond laser (λ0 = 730 nm) was
selected as the curing light source for TPP in order to match
the absorption of the IRG819 that shows a peak at 365 nm.40

In a typical photopolymerization process, light induces the
polymerization reaction when the exposure energy dose
exceeds a given threshold Dth. For plasmonic near-field TPP,
an exposure dose below the polymerization threshold Dth was
instead used. This is to guarantee the selective integration of
polymer structures in the close vicinity of the nanostructures by
surface plasmons, which enhance the local dose of the
electromagnetic field that locally exceeds the polymerization
threshold.41−46 In our experiments, we used an incident dose of
D0 = 60%Dth. Because QDs were grafted onto the monomer in
solution, they can therefore be firmly trapped in the

photopolymer. The remaining unpolymerized QD-grafted
solution was removed by rinsing with acetone for 10 min and
isopropanol for 5 min. Gold nanodisks and gold nanostars were
used to fabricate the TCANEs.

Gold Nanodisk-Based TCANE. Nanodisks were consid-
ered in this experiment for their highly symmetric geometry in
the XY plane (Figure 2a). The gold nanodisks were fabricated
by electron-beam lithography (EBL) on a glass substrate that
was coated with a 3 nm thick layer of ITO. The space between
two adjacent nanodisks is 2.5 μm, which is large enough for the
upcoming spectra collection from single nanoparticle. Figure 2a
shows a SEM image of an initial single gold nanodisk (90 nm in

Figure 1. QD containing photopolymerizable formulation on an ITO-
coated glass substrate without the presence of metal nanoparticles. (a)
Fluorescence image of a photopolymerized micron-size pattern doped
with CdSe/ZnS (green QDs). (b) Fluorescence image of a
photopolymerized micron-size pattern doped with CdSe/CdS/ZnS
(red QDs). (c) SEM image of the rectangular selected region of the
micron-size polymer pattern. (d) Photoluminescence (PL) spectra
from green QD-grafted PETIA (black) and red QD-grafted PETIA
(red) solutions. For fluorescence excitation, the wavelength was set at
λexc = 405 nm.

Figure 2. Characterization of a gold nanodisk. (a) SEM image of a
gold nanodisk of d = 90 nm in diameter. (b) Scattering spectrum in air
showing the surface plasmon resonance of the nanodisk before TPP.
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diameter and h = 50 nm in height) before performing any two-
photon polymerization procedure. Figure 2b is the scattering
spectrum of the nanodisk in air. The main peak at 700 nm
represents the dipolar mode of surface plasmons, whereas the
shoulder around 540 nm corresponds to the quadrupolar
plasmon mode. The incident wavelength of λ0 = 730 nm used
for TPP thus matches well the plasmon resonance of the gold
nanodisk when considering a slight redshift from the coating
medium of photopolymerizable solution with n = 1.48
refractive index. More details on the reason for choosing 90
nm nanodisks are provided in the Supporting Information.
Figure 3a shows a scheme of the TCANE. The fabrication

procedure consisted of two steps. The first step was to
polymerize along the X axis to position green QDs in the X
direction. The incident dose, as mentioned above, was set at D0

= 60%Dth. The obtained hybrid nanostructure was charac-
terized using SEM. Metal and polymer show different contrasts
on the SEM image (Figure 3b). The polymer nanostructures
can be recognized easily along the X axis in the vicinity of the
nanodisk, as a polymer replica of the dipolar near-field intensity.
After obtaining an anisotropic hybrid nanoemitter with green
QDs positioned along the X axis, we performed the second
exposure by coating the same sample with the red QD-grafted
solution and exposing the same particle to a curing light (λ0 =
730 nm) with an incident polarization oriented along the Y axis.
The normalized dose D0/Dth in the second exposure was again
60%. It was maintained at the same level as the normalized dose
in the first exposure so that the integrated red QD-containing
photopolymer region was approximately the same size of the

green QD-containing photopolymers. As a result, Figure 3c
show the SEM images of the nanodisk (d = 90 nm) after the
second polymerization along the Y axis. The distribution of the
green QD-grafted photopolymers can be clearly distinguished
from the red QD-grafted photopolymers by comparing these
two SEM images. On the basis of the SEM images recorded at
both steps, it turns out that the two different QD-grafted
photopolymers were selectively integrated in different
orientations around the gold nanodisk via near-field plasmonic
TPP. The presence of the QDs has been illustrated by the false
colors added to the SEM images. The signature of this selective
spatial positioning of the QDs is shown by the far-field
fluorescence images of single TCANE (Figure 3d,e). For a first
demonstration, the excitation wavelength was set at 405 nm
and was therefore an off-plasmon resonance excitation. The
optimized wavelength to use for effective plasmonic response is
730 nm, whereas the maximum absorption of QDs is in deep
UV (refer to Supporting Information). To be more precise,
QDs will not be excited at 730 nm, where the gold
nanoparticles can be excited on their plasmon resonances. On
the contrary, the QDs will be excited mainly by the incident far-
field if UV light source is applied. However, in this case Au
nanoparticles will go through interband transition and the
plasmonic effect will be very weak. 405 nm is a compromise
between the two aspects. Two-photon excitation is also possible
for future fluorescence studies. Here, in this Letter, with one
photon fluorescence excitation, the compromise between
efficient plasmonic response and high absorption from QDs
will have to be assessed. Despite the fact that this 405 nm

Figure 3. Nanodisk-based two color anisotropic nanoemitter: topographic and optical characterizations. (a) Schematic representation of the
nanostructure. (b) SEM image of the Au nanodisk of d = 90 nm after the first exposure that positions green QDs along the X axis (plasmonic near-
field intensity of dipole emission for polymerization is shown in the inset). (c) SEM image of the same nanodisk after the second exposure that traps
red QDs along the Y axis (plasmonic near-field intensity of dipole emission for second exposure is shown in the inset). For clarity, SEM images have
been artificially colored according to the emission wavelengths of the trapped QDs. The original SEM images are provided in the Supporting
Information. Far-field fluorescence image of the TCANE under illumination with (d) X axis polarization and (e) Y axis polarization. Double arrows
represent the polarization of the excitation light. (f) Polarization-dependent fluorescence spectra from the TCANE. The polarizations of the
excitation light (λexc = 405 nm) were at θ = 0° (red plot), 22.5°(orange), 45°(green plot), 67.5°(blue plot), and 90° (black plot) with respect to the
Y axis. The inset defines the polarization angle θ. The dashed line represents the incident polarization direction. (g) Intensities of emission peaks of
the green QDs (green square) and red QDs (red dot) as a function of polarization angle. (h) Ratio of intensity of red/green as a function of
polarization. The excitation wavelength was set at λexc = 405 nm for fluorescence images and spectra.
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wavelength is still in the gold interband transition, it allows for
polarization-dependent field confinement, as will be seen in the
theoretical section. With an incident polarization along the X
axis, the TCANE emits mainly in green (Figure 3d). In
contrast, when the polarization of incident light is oriented
along the Y axis, the emission in red dominates (Figure 3e).
The output color selection of the TCANE using incident
polarization is thus clear. The images illustrate an important
result: for the first time, the color from a hybrid plasmonic
emitter was tuned with polarization. By reading the RGB (red−
green−blue) color code of both fluorescence images, a more
direct analysis of the output color components can be carried
out. The green-color dominant fluorescence signal can be
decoded as (36, 112, 31), whereas the red is (95, 76, 28). In the
conclusion, we will evoke some solution to increase the contrast
between the three digits of this RGB code. The blue
component comes from background (incident light) and is
quite similar under different incident polarizations. The red
component is more sensitive to the green as polarization flips.
Figure 3e actually contains a non-negligible green component.
This component makes the fluorescence image appear more
likely to be orange than red. It has to be stressed that the
blinking of QDs were observed (Supporting Information video
of the fluorescence from green QDs doped in six TCANEs).
However, instead of recording a completely dark period of
TCANEs (i.e., sudden jump between maximum fluorescence
intensity and 0), we obtained only a decrease of emission
intensity (jump between maximum fluorescent intensity and a
lower signal that is not 0). This indicates that in the lobes of
each TCANE, not many QDs (but more than one QD) were
trapped. Calculations, based on known concentration of QDs
and an assessment of the volume of one QD, predict that about
four QDs were trapped inside each polymer lobe. Blinking is a
common effect of QDs that has not yet been reported to show
any polarization dependence. In addition, the spectra
acquisition time (20 s) is much longer than the time scale of
QD blinking. Therefore, the blinking effect is not supposed to
influence the relative intensity of green and red emission signals
in our study.
More details regarding the control of the output can be

obtained from the fluorescence spectra collected under different
incident polarizations (Figure 3f). The fluorescence spectra
show two emission peaks: 535 nm from green QDs and 620
nm from red QDs. The spectra may not reach an intensity as
high as expected due to mainly two reasons. The first one is the
fact that the signals were collected from a single nanoemitter
and only a few QDs contributed in the spectra. The second
reason is the ITO layer on the glass substrate reduces drastically
the fluorescence signal. The reader is invited to refer to
Supporting Information for a comparison between fluorescence
signal from QDs on an ITO-coated substrate and QDs on a
bare glass substrate. It is worth noting that the fluorescence
peak of the green QD presents a slight red shift when the QDs
are placed close to the nanodisk, as compared to the free space
situation (Figure 1d). This redshift results mainly from a
quadrupolar plasmon mode that has an enhancement effect,
peaked at 540 nm, on the emission of green QDs. In other
words, the spectral overlap between plasmon resonance of the
nanodisk (540 nm) and free-space emission of QDs (510 nm)
leads to a red shift of the emission peak of about 30 nm.
The polarization angle θ in the inset of Figure 3f defines the

linear polarization of the excitation light with respect to the Y
axis. Fluorescence signals were collected from the single

TCANE when θ = 0° (red), 22.5°(orange), 45°(green),
67.5°(blue), and 90° (black). As the spectra illustrate, the
fluorescence intensities of both QDs can be controlled by the
incident polarization. At θ = 0°, the red QDs display the largest
emission intensity as compared to other angles, and the ratio of
red/green emission is at a maximum. At θ = 45°, the
fluorescence signals of green and red emission modes show
similar intensities. As the polarization angle increases to θ =
90°, the green emission mode starts to be dominant. This result
is in good agreement with the fluorescence images in Figure
3d,e. To summarize, we show in Figure 3g fluorescence peak
intensities of red and green QDs measured in Figure 3f as a
function of polarization angle. The green QD emission shows
lower intensity than red when θ < 45°, whereas a higher green
emission than red was obtained when θ > 45°. In general, the
emission of red QDs shows a decreasing trend, whereas green
QDs show an increasing trend as a function of increasing θ. By
plotting the ratio of red/green signals in Figure 3h, we see a
decreasing trend of relative intensity between the two types of
QDs as polarization angle increases. However, close inspection
of Figure 3g reveals an unexpected small increase of the red
emission between 67.5° and 90° and similarly an unexpected
small decrease of the green emission between 0° and 22.5°.
That is an anomalous (but small) increase of the emitted light
at the perpendicular polarization. It should be pointed out that
Figure 3g and e constitute first results that illustrate only a
trend. For the moment, getting and controlling analytical
expressions of light emission as a function of θ is not possible
because this function would depend on three parameters: the
exact number of QDs, their spatial position and their
orientation within polymer nanolobes. At the time being,
these three parameters are neither known nor controlled. The
different zones in Figure 3g and e (including the anomalous
increases and decreases in Figure 3g) are likely to be a signature
of these three parameters. Further studies will allow us to
address this issue.
The controllability of the dominant emission mode of

TCANE originates from the optical selection of the anisotropi-
cally distributed QDs by rotating the position of the plasmonic
near-field. This polarization dependence is a result of the spatial
overlap of the dipolar plasmonic near-field, though excited out
of the plasmon resonance, with the QD-grafted nanopolymers.
When the incident polarization is oriented along the X axis (θ =
90°), the integrated photopolymer nanostructures doped with
green QDs are completely overlapped with the near-field, while
the structures doped with red QDs have a minimum spatial
overlap with the plasmonic near-field. In contrast, when the
incident polarization is oriented along the Y axis (θ = 0°), a
minimum volume of the green QD-grafted photopolymer and a
maximum volume of the red QD-grafted photopolymer are
excited by the plasmonic near-field, resulting in a reduced
emission in green but increased emission in red. This point of
view will be illustrated further by the theoretical interpretation.
It has to be stressed that, compared to red QDs, the emission of
green QDs is less sensitive to the incident polarization as
incident polarization varying from θ = 0° to θ = 90°. More
precisely, the fluorescent signal decrease of red QDs is 2.67
times greater than the signal increase of green QDs. Two
reasons can be responsible for this phenomenon: (1) effective
quantum yield of red QDs is higher than green QDs according
to our simulation and (2) energy transfer from green QDs to
red QDs at the interfaces of the adjacent polymer
nanostructures (i.e., Förster resonant energy transfer, FRET).
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We will come back later to this point in the section of
Interpretation and Theoretical Illustration.
The TCANE based on a gold nanodisk enables the selection

of an emission mode of the nanoemitter. Both fluorescence
intensity and the dominant wavelength can be controlled by the
polarization of the incident light. It has to be stressed that the
TPP can be applied generally on more complex shapes to
achieve the TCANE behavior. We reproduced the fabrication of
nanoemitters as well as the optical characterization based on a
gold nanostar.
Nanostar-Based TCANE. Nanostars are attracting much

attention because of the plasmonic lightning-rod effect at the
end of each branch.47,48 Four-branch gold nanostars were
fabricated using EBL on the ITO-coated glass substrate. The
nanostar had an inner radius of rin = 50 nm, an external radius
of rout = 90 nm (shown in the inset of Figure 4b), and a
thickness of h = 50 nm. Figure 4a is the scattering spectrum of
the nanostar in air. Peaks at 612 and 858 nm correspond to the
inner and external diameters, respectively. Again, the green
QDs were positioned along the X axis during the first exposure
for photopolymerization, whereas the red QDs were trapped
along the Y axis by the second exposure. Figure 4b shows the
SEM image of the resulting TCANE based on the gold
nanostar. Thanks to the lightning rod effect, polymer
nanostructures are thicker at the ends of the branches as
compared to the edges. Keeping in mind that the scattering
spectrum shown in Figure 4a is red-shifted in polymer, it is
assumed that the 730 nm wavelength mainly allowed for the
excitation of an off-resonance lightning rod effect at the tips
extremities, corresponding to electromagnetic singularities. We
performed 3-D finite difference time domain (3-D FDTD)
simulation of the intensity map in the vicinity of the nanostar
during photo polymerization for both X and Y (see Figure
4d,e). For calculation, a realistic structure was used: it was
numerically extracted from SEM images of the nanostar. The
intensity enhancement factor of 8 is likely to be sufficient for
local plasmonic photo polymerization at the tip extremities,
resulting in hybrid nanostar shown in Figure 4b.

The nanostar-based TCANE was characterized optically by
polarization-controlled fluorescence (Figure 4c). With an
incident polarization parallel to the green QD-grafted nano-
polymers (Sx), the emission of the green QDs is noticeably
higher than that of the red QDs. When the polarization
direction is flipped by 90°, the emission of red QDs is
dominant. Again, the red emission mode is obviously more
sensitive to the incident polarization than that of the green
QDs, as already observed in Figure 3g.

Interpretation and Theoretical Illustration. The polar-
ization sensitivity is interpreted on the basis of the spatial
rotation of the near-field excitation rate Γexc, making it possible
to selectively address “red” or “green” QDs. The rate of
emission (the observable quantity Γem) is given by

Γ = ΓQem exc (1)

where Q is the apparent (or modified) quantum yield in the
presence of the metal nanoparticle.
Q is defined as:

=
Γ

Γ + Γ
Q rad

rad nrad (2)

where Γrad and Γnrad are the radiative decay rate and the
nonradiative decay rate, respectively.
Γexc depends on the local field Eloc through the expression 3

Γ ∝ | · |p Eexc loc
2

(3)

where p is the transition dipole moment of the emitter. Recent
studies have shown that spherical semiconducting quantum
dots or dot-in-rods present a dipole moment of well-defined
orientation in space.49,50 In our case, we consider that both
orientation and spatial distribution of dipoles within the
polymer are random (illustrated in Figure 5a and in the
TEM image in the Supporting Information). The following
calculations have been performed in the case of the TCANE
geometry described in Figure 3. Eloc was calculated by the 3-D
FDTD method. The spatial distribution of the modulus of Eloc
at λ = 405 nm is shown in Figure 5b and c for Y and X incident

Figure 4. TCANE based on a gold nanostar. (a) Scattering spectrum of the initial gold nanostar before photopolymerization in air. (b) SEM image
of a TCANE based on a nanostar (after two exposures). Red QDs are trapped along the Y axis and green QDs lie along the X axis. (c) Fluorescence
spectra collected with the polarization of excitation light (λexc = 405 nm) along the X axis (blue) and Y axis (red). (d),(e) FDTD calculation of the
field intensity in the vicinity of the nanostar on a glass subtract within polymer (refractive index = 1.5) for two incident polarization direction (λ =
730 nm). The mesh size was 1 nm.
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polarization, respectively. The calculation was performed with
the realistic geometry of the hybrid structure (gold particle on
the substrate, with four polymer lobes). Due to off-resonance
excitation of gold, the field is pretty weak. At the resonance, it
would be at least ten times stronger. However, even in a off-
resonance situation, from Figure 5b,c, it turns out that the gold
nanoparticule acts as an optical concentrator enabling both field
confinement and polarization-controlled field rotation. More
importantly, Figure 5b,c show that Γexc can be spatially
confined. As a result, emitters can be selectively excited.
Calculation of the different field components show that the
orientation of the near-field is relatively well preserved with
regard to the incident field direction, despite weak in-plane →
out-of-plane and X ←→ Y depolarization. For example, the
value of the maximum modulus of the Y-polarized field
component is 1.6 for Figure 5b (as compared to 1.8 for the
total field intensity). As a result, considering eq 3, mainly Y-
oriented dipoles are expected to be excited in Figure 5b. In the
same way, mainly X-oriented dipoles are expected to be excited
in Figure 5c.
The emitted signal is then estimated from eq 1. This

expression can be polarization sensitive because Q is spatially
anisotropic due to spatial distribution of the two types of QDs.
Q was calculated for green and red emission wavelengths,
taking again into account the realistic geometry, including the
in-plane spatial distribution of two kinds of emitters. The
principle of the calculation is described in the Methods section.
The calculated modified quantum yield of red QDs and green

QDs are presented in Figure 5d and e, respectively. The
apparent anisotropy in these maps results from the controlled
anisotropy of color spatial distribution as shown in Figure 3.
Both Figure 5d and e are characterized by a quenching zone in
close proximity to the particle, whereas at 10 nm distance from
the particle, the quantum yield is maximum. Y polarization
results in an efficient spatial overlap between the quantum yield
for red light (Figure 5d) and the local field (and thus the rate of
excitation) shown in Figure 5b, whereas the good spatial
overlap between Figure 5c and e is at the origin of dominant
green emission for X polarization.
In Figure 3, we noted a difference in polarization sensitivities

between the red and green QDs. With a Y polarization (θ = 0°),
the emission of red QDs is modified by the plasmonic near-
field, whereas the green QDs are excited mainly by the far-field.
In comparison, the emission from green QDs is modified by the
plasmonic near-field with a X incident polarization (θ = 90°). A
subtracted fluorescence intensity of minimum spatial overlap
from the complete overlap state, thus, will show the emission
caused by a pure plasmonic field, that is, about 100 counts for
the red QDs and about 40 counts for the green. The
polarization sensitivity of the red QDs is, therefore, about 2.5
times that of the green QDs. When a similar near-field
distribution for either X or Y polarization due to the symmetry
of the nanodisks is considered, we can deduce that the key
factor leading to the different polarization sensitivities of QDs is
the quantum yield that is spatially selectively addressed. It
reaches a maximum of 5.6% (Figure 5e) for the green QDs and
15% (Figure 5d) for the red QDs in Figure 5 (2.67 times that of
the quantum yield of green QDs).
When considering the fluorescence intensity ratio of two

extremes (Imax/Imin) of both types of QDs, one can deduce Imax/
Imin = 2 for red QDs and Imax/Imin = 1.56 for green QDs.
Quantum yield, as an intrinsic factor of QDs, is a constant that
is independent from incident polarization angles. Because
symmetric structure of nanodisk was used, the strength of the
local optical electromagnetic field is not polarization dependent.
This different Imax/Imin obtained from two types of QDs can
result from different absorption efficiency (refer to the
absorption spectra in Supporting Information), where red
QDs is 2 times higher than green QDs.
Finally, we stress that possible energy transfer between

donors (green QDs) and acceptors (red QDs) can occur in the
presence of the metal nanoparticle. This energy transfer has
been calculated (see Methods) in the case of the four-lobe
nanodisk-based TCANE. Figure 5f shows a map of (green →
red) energy transfer efficiency that is maximal where the two
kinds of emitters are close to each other. This energy transfer
from green to red QDs is likely to affect polarization sensitivity.
In particular, this could be one of the reasons why red emission
seems to be more sensitive to the polarization rotation than
green emission is, as shown in Figure 3g. This effect opens new
routes for plasmon-assisted short and long distance non-
radiative energy transfer in hybrid plasmonics.51

To conclude, we reported plasmonic nanoemitters with two
different emission wavelengths. The dominant wavelength can
be selected by rotating the polarization of the incident light.
The plasmonic nanoemitters were fabricated via surface
plasmon-triggered two-photon nanophotopolymerization. By
taking advantage of the dipolar distribution of the optical near-
field, we successfully trapped green QDs along the X axis and
red QDs along the Y axis through two-step photopolymeriza-
tion. Distributed along different axes, different colors of QDs

Figure 5. Simulation of the gold nanodisk-based TCANE. (a), Scheme
of the TCANE with QD dipoles randomly oriented and located in the
polymer nanostructures. (b) Field distribution with λexc = 405 nm
excitation light polarized along the Y axis. (c) Field distribution with
λexc = 405 nm excitation light polarized along X axis. (d) Quantum
yield of the red QDs at emission wavelength λem = 617 nm. (e)
Quantum yield of the green QDs at emission wavelength λem = 521
nm. (f) Efficiency of fluorescent resonant energy transfer from green
QDs to red QDs. Scale bars represent 20 nm.
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can therefore be optically selected by the dipolar near-field of
the excitation light, that is, incident polarization. The TCANEs
fabrication technique is applicable not only to highly symmetric
nanodisks but also to arbitrary shaped nanoparticles such as
nanostars. For each TCANE, the dominant output color is
sensitive to the incident state of polarization. Based on this
point, the TCANEs have the potential to produce switchable
plasmonic nanoemitters with considerable applications in
nanophotonics. Numerous perspectives are envisioned. In
particular, six-branch stars will be used for three-color TCANEs
for new addressable RGB nanopixels and hot and cold spots in
metal nanocubes52 will be exploited for more confined
plasmonic fields that should enable better contrast and
selection of output colors.
Methods. Grafting QDs on the PETIA Monomer. Green-

emitting CdSe/ZnS QDs with chemical-composition gradients
were prepared using a one-pot synthesis method,53 and the red-
emitting CdSe/CdS/ZnS core−shell structured QDs were
prepared by the multiple injection method according to the
same literature. For a typical preparation of green-emitting
QDs, 0.1 mmol of cadmium oxide (CdO), 4 mmol of zinc
acetate (Zn(Acet)2), and 5 mL of oleic acid (OA) were loaded
in a 50 mL 3-neck flask, heated to 150 °C under vacuum to
form cadmium oleate (Cd(OA)2) and zinc oleate (Zn(OA)2).
Then 20 mL of 1-octadecene (1-ODE) was added to the
reaction flask and the reactor was then filled with nitrogen and
heated up to 300 °C. At the elevated temperature, 1.6 mL of tri-
n-octylphosphine (TOP) dissolving 0.15 mmol of selenium
(Se) and 4 mmol of sulfur (S) was injected into the flask
swiftly, and the reaction mixture was maintained at 300 °C for
10 min for the QD growth. For the synthesis of red-emitting
QDs, 1 mmol of CdO, 2 mmol of Zn(Acet)2, and 5 mL of OA
were loaded in the 3-neck flask, heated to 150 °C under
vacuum to form Cd(OA)2 and Zn(OA)2. Also, 25 mL of 1-
ODE was added in the reaction flask and the reactor was then
filled with nitrogen and heated up to 300 °C. At 300 °C, 0.2
mL of TOP dissolving 0.2 mmol of Se was injected into the
flask swiftly. After 2.5 min, 0.3 mL of dodecanethiol (DDT)
was slowly added into the reaction system and preceded at 300
°C for 20 min for the CdSe/CdZnS QD growth. Subsequently,
1 mL of TOP dissolving 2 mmol of S was then injected into the
reaction flask to coat an additional ZnS shell on the CdSe/
CdS/ZnS QDs and kept for 10 min. To purify the synthesized
QDs, the reaction mixture was cooled down to room
temperature, and the QDs were extracted by the addition of
acetone and methanol, followed by centrifugation. The as-
prepared QDs were finally dispersed in PETIA with a
concentration of 5 mg/mL under vigorous magnetic stirring.
Two-Photon Polymerization: Threshold Determination

and Configuration. The photopolymerization process was
performed with a femtosecond laser at λ = 730 nm focused by a
100x/1.3NA water immersion objective. The photopolymeriza-
tion step starts with determination of threshold, that is, lowest
energy that fabricated a polymer dot on an ITO-coated glass
substrate without the presence of metal nanoparticles. In this
Letter, the threshold was measured as 0.3125 mJ·cm−2 for both
solutions. The dose of energy applied for fabricating the
TCANEs was 0.1875 mJ·cm−2.
Fluorescence Images and Spectra Collection. The

fluorescence spectra and images were collected with a
spectrometer that was coupled to an inverted microscope. A
60x/1.45NA oil immersion objective was adopted for signal
collection. The light for fluorescence excitation was a λ = 405

nm continuous laser. To avoid any changes in the optical light
path while switching the incident polarization, it was in fact the
sample that was rotated on the microscope stage instead of the
polarization of the incident light. The offset of the chosen
particle in the nanoparticle array helped us to locate it precisely
after the rotation of the sample. During alignment, the location
of laser spot was first marked on the CCD live image. The
nanoemitters were then aligned with the position of the mark
(i.e., laser spot position). In this way, we put precisely the same
nanoemitter at same position while rotating the sample. When
collecting the fluorescence spectra, the sizes of spectrometer
slits were variable, which made it possible to collect
fluorescence signal from the single nanoemitter that has been
aligned with the laser spot. The detecting area on the sample
was about 1 μm × 1 μm. Power at the microscope input was
measured as 0.1 mW·cm−2 and an acquisition time of 20 s was
used for each spectra. In the case of a fluorescence image, the
power measured at the microscope input was 0.8 mW·cm−2.
The acquisition time was 1 s.

Calculation of the Modified Quantum Yield. The quantum
yield is defined by Q = Γrad/Γtot, where Γrad and Γtot are the
radiative and total decay of the QDs in the presence of the
MNP. Γrad and Γtot are calculated using the Green’s dyad
technique54 by discretizing the metallic nanoparticle and where
the variations of the Green’s dyad S on each mesh is exactly
included.55 Γrad and Γtot strongly depends on the intrinsic
quantum yield of the QD q = Γ0

rad/Γ0 without the metallic
nanoparticle and express Γrad/Γ0 = 6πq/kemIm[S(rQD, rQD,
ωem)] and Γtot/Γ0 = 1 + 6πq/kemIm[S(rQD, rQD, ωem)],
respectively. The intrinsic quantum yield measured in the
polymer matrix is q = 64% (q = 69%) for red (green) QDs. rQD
refers to the position of the QD and to its ωem emission
wavelength. The energy transfer between green QDs at rgreen
and red QDs at rred is proportional to Im [S(rgreen, rred,
ωgreen)].

56,57
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