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ABSTRACT: Hybrid systems composed of multiple quantum emitters
coupled with plasmonic waveguides are promising building blocks for
future integrated quantum nanophotonic circuits. The techniques that
can super-resolve and selectively excite contiguous quantum emitters in a
diffraction-limited area are of great importance for studying the plasmon-
mediated interaction between quantum emitters and manipulating the
single plasmon generation and propagation in plasmonic circuits. Here
we show that multiple quantum dots coupled with a silver nanowire can
be controllably excited by tuning the interference field of surface
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plasmons on the nanowire. Because of the period of the interference

pattern is much smaller than the diffraction limit, we demonstrate the selective excitation of two quantum dots separated by a
distance as short as 100 nm. We also numerically demonstrate a new kind of super-resolution imaging method that combines the
tunable surface plasmon interference pattern on the NW with the structured illumination microscopy technique. Our work
provides a novel high-resolution optical excitation and imaging method for the coupled systems of multiple quantum emitters
and plasmonic waveguides, which adds a new tool for studying and manipulating single quantum emitters and single plasmons
for quantum plasmonic circuitry applications.
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he ability to control the single photon emission from

single solid state quantum emitters, such as semi-
conductor quantum dots (QDs) and color centers in
nanodiamonds, is essential for various quantum information
processing applications including quantum key distribution,"
quantum networks,” and photonic quantum computing,® and so
on. In recent years, various metal nanostructures supporting
surface plasmon (SP) modes have been proposed to exquisitely
tailor the photoluminescence properties of single quantum
emitters, ™ realizing the enhanced excitation and emission
rates,”™® and the directional radiation control.'®! In this
context, the propagating SPs on metal nanowires (NWs) are
particularly attractive due to their nanoscale field confinement
and microscale propagation length'*~'* and hold promise for a
wide range of applications in the fields such as enhanced light-
matter interactions'>~"” and integrated nanophotonic cir-
cuits."*™*" As a result of the potentially large Purcell effect,
the propagating SP modes of the metal NW can efficiently
harvest the photons emitted from single quantum emitters,
resulting in an enhancement of the emitter’s spontaneous decay
rate as well as the generation of single SPs guided on the
NW.**"** In the inverse process, a single propagating SP on the
NW can be absorbed by an individual quantum emitter with
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near unit probability.”> The strong interaction between single
quantum emitters and plasmonic NWs can be exploited to
make integrated quantum optical devices such as efficient
single-photon sources and transistors.” "

In addition to single quantum emitters, the interaction of
multiple quantum emitters mediated through the strong
interaction with the SP modes on the plasmonic waveguide
has been explored theoretically.”” " It has been reported that
strong cooperative emission and high quantum entanglement
between two quantum emitters can be achieved when the inter-
emitter distance is of specific values.””** However, there are
challenges in experimentally studying the hybrid system of
multiple quantum emitters coupled with the plasmonic
waveguide. One is the super-resolution imaging of these
quantum emitters along the waveguide. Although a recent
experiment has demonstrated the imaging for two closely
spaced QDs on a silver NW using the single molecule
localization method,” for quantum emitters with temporally
stabilized fluorescence, such as color centers,* multiple
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Figure 1. Modulating the excitation of a single QD by tuning the interference of propagating SPs and localized SPs on a Ag NW. (a) Sketch of
exciting a QD-NW hybrid system by two coherent laser beams focused on one end of the NW (EXC I) and on the QD in the middle of the NW
(EXC II). The generated propagating SPs are indicated by the wavy orange line. (b) Optical transmission image of the investigated QD-NW system.
The inset shows the corresponding AFM image of the NW, revealing a NW diameter of 84 nm and a length of 12.8 ym. The scale bar corresponds to
S pm. (c) Scattering image of the QD-NW system under the excitation shown in (a). The dashed green line shows the outline of the NW, and A, B,
and C indicate the positions of the QD and the NW ends. (d) Fluorescence image of the same QD-NW system under the excitation of two laser
beams. The bright spots at A, B, and C correspond to the radiative emission from the QD and the scattering of QD generated SPs at the two NW
ends. The yellow squares denote the pixels used to track the intensities of the three bright spots. (e) Emission intensities of the spots A, B, and C as a
function of time recorded at a rate of 10 frames per second. The intensity unit kets stands for 1000 counts. (f) Emission intensities at A, B, and C
under two-beam excitation with varying phase increment of the laser beam EXC 1. The blue line indicates the emission intensity at A under absence

of EXC II. The red lines represent sinusoidal fitting of the data.

quantum emitters in diffraction limited area cannot be resolved.
Another challenge is to selectively control the excitation
conditions of the quantum emitters in diffraction limited area,
which cannot be achieved by using the conventional focused
laser beam excitation method.**™**

The optical resolving and selective excitation of multiple
quantum emitters near each other can be achieved by using the
super-resolution methods, such as stimulated emission
depletion (STED) technique, where the fluorescence emission
process of the quantum emitters located away from the center
of excitation spot is switched off through the depletion beam
induced stimulated emission.”®™*' Yet, the existence of metal
nanostructures strongly disturbs the field distribution of the
excitation and depletion beams and reduces the resolution.
Another state-of-the-art technique that may be employed for
the super-resolution imaging and selective excitation of
quantum emitters is scanning near-fleld optical microscopy
with a nanofiber probe but the complexity and inflexibility of
the technique limit its use in studying quantum emitters.”>*
Because of these challenges, there is a high demand for a new
kind of simple, flexible, and non-diffraction-limited optical
resolving and excitation method for quantum emitters in
plasmonic circuits.

In this paper, we first show that multiple QDs coupled with a
Ag NW can be controllably excited by tuning the interference
pattern of the localized and propagating SPs or two counter-
propagating SP waves on the Ag NW. With this method, we
demonstrated the selective excitation of two QDs separated by
100 nm, a distance much smaller than the diffraction limit.
Finally, we numerically demonstrated a new kind of super-
resolution imaging method by applying the tunable SP
interference pattern on the NW to the structured illumination
microscopy technique. Our finding points to a new way to
excite and characterize multiple quantum emitters coupled with
the plasmonic waveguide, which is essential for studying the
plasmon mediated interaction between quantum emitters and
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manipulating the generation and propagation of single SPs in
the integrated quantum plasmonic circuit.

Figure la shows the sketch for the excitation of a single QD
by using the interference field of propagating SPs and localized
SPs on the Ag NW. The propagating SPs and localized SPs are
generated by focusing two coherent laser beams, denoted as
EXC I and EXC II, on one end and on the middle of the Ag
NW, respectively. In experiment, for a Ag NW with a single
CdSe/ZnS QD located at its near-field region (Figure 1b), two
laser beams split from a 633 nm HeNe laser source were
focused on the Ag NW (Figure 1c, see Section 1 of Supporting
Information for more experimental details). In order to
efficiently excite the propagating SPs and localized SPs, the
polarization direction of the laser beam EXC I and EXC II were
parallel and perpendicular to the NW, respectively.**** The
smaller bright spot at the NW end C (Figure 1c) indicates that
the propagating SPs has been launched at the NW end B and
coupled out as photons at the NW end C. The QD near the Ag
NW can be either directly excited by the laser beam EXC II or
remotely excited by the propagating SP field (see Section 2 of
Supporting Information).*® It is worth to mention that the Ag
NW is coated by a 15 nm thick Al,O; film to prevent the QD
fluorescence quenching by the metal. The fluorescence image
of the QD-NW system under the excitation of two laser beams
(Figure 1d) shows three emission spots. The largest emission
spot at A is the direct radiative emission from the QD. The
time trace of the emission intensity from the QD (Figure le)
shows a binary blinking behavior, that is, this emitter is
randomly switched between ON (bright) and OFF (dark)
states under continuous excitation, which is characteristic for
single QD.*” The two smaller spots at the NW ends B and C
correspond to the scattering of the QD generated SPs at the
NW ends, as demonstrated by the same blinking behavior as
the QD fluorescence.

In order to tune the interference pattern of the propagating
SPs and localized SPs on the NW, we controlled the phase
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Figure 2. FDTD simulations of the interference of localized SPs and propagating SPs on a Ag NW. (a,c) Electric field intensity distributions of the
NW at the plane S nm above the AL,O; surface on glass substrate with polarized Gaussian beam focused on the middle (a) and the end (c) of the
NW. The diameter of the Ag NW is 80 nm, and the Al,O; thickness is 15 nm. The scale bar corresponds to 1 ym. The polarization direction of each
beam is indicated by the white arrows. (b,d) Charge density distributions corresponding to (a,c). (e,f) Cross-sectional images of the electric field
intensity distributions across the yellow dashed lines marked in (a,c). The surface charges are drawn schematically. The presumed QD position is S
nm above the AL,O; surface on glass substrate and 5 nm away from the Al,O; surface on Ag NW (60 nm away from the center of the cross section of
the Ag NW), where the electric field intensity of the localized SPs |E,I* and propagating SPs IE,” are the same. (gh) Electric field intensity
distributions of the NW when two Gaussian beams illuminate the NW simultaneously. The phase difference of the two Gaussian beams is 0 (g) and
7 (h), respectively. (ij) Cross-sectional images of the electric field intensity distributions across the yellow dashed lines marked in (gh). (k)
Simulated visibility of the interference of localized SPs and propagating SPs as a function of intensity ratio |E;|*/IE,I* at the presumed QD position
(black dots) and experimentally measured visibility of the QD emission intensity oscillation as a function of intensity ratio I; /I, for five QDs coupled

with Ag NWs (red dots).

difference between the two excitation beams by using a Soleil-
Babinet compensator. Figure 1f shows the emission intensities
from the QD and the two NW ends as a function of the phase
increment of the laser beam EXC I with the emission intensity
of the QD under the excitation of only EXC I (I;) and only
EXC II (I.) nearly the same (I /I, = 1.03). Because of the
different excitation efficiency of propagating SPs and localized
SPs, here the intensity ratio of EXC I and EXC Il is about 4.5 to
produce similar QD emission intensity under single-beam
excitation. The emission intensities of the QD and NW ends
are found to be modulated with an oscillation of a period of 2.
The maximum value of the QD emission intensity I, (12300
counts) is nearly four times as high as the intensity of the QD
emission under single-beam excitation (I, = 3200 counts, blue
line in Figure 1f), and the minimum value of the QD emission
intensity I ; is nearly zero. The visibility of the QD emission
intensity oscillation is (Iny — ILpin)/(Inax + Imi) = 0.92,
indicating the strong modulation of the electric field intensity
on the NW resulting from the strong interference between
propagating SPs and localized SPs.

To provide more insight and understanding of the phase-
dependent modulation of the QD emission intensity, we
performed electromagnetic calculations using a finite-difference
time-domain (FDTD) method (FDTD Solutions). The NW is
modeled as a cylinder which is semi-infinitely long and 80 nm
in diameter. The refractive index of the Ag NW, glass substrate,
and Al,O; film at wavelength of 633 nm is set to be 0.05621 +
4.28107i,"° 1.5 and 1.6, respectively. The top views (x—y plane)
of the simulated electric field intensity and charge density
distributions are shown in Figure 2a—d for focusing linearly
polarized Gaussian beams of 633 nm wavelength on the middle
and on the end of the NW. The cross-sectional (y—z plane)
images of the electric field intensity distributions corresponding
to the yellow dashed lines in Figure 2a,c are shown in Figure
2e,f, respectively. From the images it is evident that, both of the
localized SPs and the propagating SPs have been generated and
they are highly confined around the NW. The localized SPs
give rise to an enhancement of the electric field intensity by a
factor of 5.4 at the presumed position for the QD (S nm away
from the surfaces of Al,O; on the substrate and on the NW)
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compared with the case without NW, which will increase the
excitation rate of the QD. For the localized SPs, the charges of
opposite signs are transversely separated across the NW (Figure
2b). For the propagating SPs, the charge density shows a
symmetric distribution in the y-direction (Figure 2d). Thus, the
electric field of localized SPs and propagating SPs are
antisymmetric and symmetric in the y-direction, respectively.
Their superposition leads to an asymmetric field distribution in
the y direction (one side is constructive interference and the
other side is destructive interference). This is visible when the
two SP modes are generated simultaneously (see Figure 2g,i).
When traveling a distance of half a wavelength, the phase of the
propagating SPs changes by 7, so that the constructive
interference area shifts to the opposite side of the NW,
forming a zigzag shaped (periodically undulating) electric field
intensity distribution at the overlap region of the two SP fields.
With the phase of the propagating SPs changed continuously by
tuning the initial phase of the excitation Gaussian beam at the
NW end, the zigzag interference pattern moves along the NW.
By a phase change of 7 for the propagating SPs, the positions
with maximum and minimum field intensity exchange (Figure
2h,j, comparing to Figure Zg,i).

For the QD excited below the saturation condition, its
emission intensity is proportional to the local electric field
intensity. Under the two-beam excitation, the local electric field
intensity at the QD position can be expressed as |E;|* + [Ep/* +
2E;‘E, cos A, where E; and E; are the electric field of the
localized SPs and propagating SPs, respectively, and A is the
phase difference between them. The last term explains our
experimentally observed phase dependent oscillation of QD
emission intensity. In order to further verify the origin of the
experimentally observed oscillatory emission intensity of the
QD, we calculated the visibility of the phase-modulated electric
field intensity at the presumed QD position under different
electric field intensity ratio |E;|*/IE,I* by varying the intensity of
the Gaussian beam on the NW end (Figure 2k). Clearly, as the
ratio deviates from unity, the visibility decreases. More
calculation results show that changing the QD position has
little influence on the visibility (see Section 3 of Supporting
Information). The visibility of the experimental QD emission
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Figure 3. Controllable excitation of multiple QDs by shifting the SP standing wave along the NW. (a) Sketch of the controllable excitation of
multiple QDs by using the SP standing wave generated by focusing two coherent laser beams on the two ends of a Ag NW. (b) Electric field intensity
distribution of the NW at the plane 5 nm above the surface of Al,O; on glass substrate with two linearly polarized Gaussian beams focused on the
two ends of the NW. The diameter and length of the NW are 80 nm and 4 ym, respectively. The Al,O; thickness is 15 nm. The polarization
direction of each beam is indicated by the white arrows. The scale bar corresponds to 1 ym. From the interference pattern along the NW, the SP
wavelength of Agp = 333 nm is obtained. (c) Fluorescence image of the investigated QDs-NW system under wide-field excitation. The bright spots A
and B correspond to the fluorescence of two separated QDs A and B, while the elongated spot C&D corresponds to two QDs (QDs C and D) near
each other. The spots E and F correspond to the two ends of the NW. The inset at the top right corner shows the optical transmission image of the
Ag NW. The scale bar corresponds to 3 ym. The inset at the lower left corner is a magnified view of the spot C&D. The fitted positions of QDs C
and D are marked with red dots. The yellow dotted, and the green and blue squares indicate the pixels used to track the intensities of QDs A and B,
and C and D, respectively. (d) Emission intensities of the four QDs as a function of the phase increment of the laser beam EXC L. The red solid lines
represent sinusoidal fitting of the data.
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Figure 4. Selective excitation of two QDs separated by a distance smaller than the diffraction limit. (a) Fluorescence image of two nearby QDs A and
B coupled to a Ag NW under the excitation of the SP standing wave generated by two laser beams at the NW ends C and D. The measured positions
of QDs and the NW ends are labeled with red dots. The inset at the top right corner is an enlarged view of the spot A&B. The inset at the lower left
corner shows the optical transmission image of the Ag NW. The scale bar corresponds to a length of 3 ym. The yellow squares denote the pixels
used to track the emission intensities. (b) Time traces of the emission intensities from the spots A&B, C, and D recorded at a rate of 10 frames per
second. The red and blue dash lines indicate the two bright states, which correspond to the emission intensity of only one QD and both two QDs in
the bright state, respectively. (c) Second-order correlation function g(z)(t) of the fluorescence signal from the QDs A and B. The cyan solid line
represents an exponential fitting of the black dots. (d,g) Fluorescence images showing the selective excitation of QD A (d) and QD B (g). The
measured positions of the QDs and the NW ends are labeled with red dots. (e,h) Time traces of fluorescence emissions of QD A (e) and QD B (h)
and scattered light at the NW ends C and D. (fi) Second-order correlation function g<2)(t) of the selectively excited QD A (f) and QD B (i).

intensity oscillation under different intensity ratio I /I, is also waves. We focused two laser beams EXC I and EXC II on the
plotted in Figure 2k. The measured results have reproduced the two ends of a Ag NW (Figure 3a) to generate two counter-
simulation prediction, which confirms that the observed propagating SP waves. The simulated electric field intensity
oscillation of QD emission intensity is because of the distribution of a 15 nm Al,O; coated Ag NW on glass substrate
interference of localized SPs and propagating SPs on the NW. excited by two Gaussian beams with a phase difference of zero
Then we studied the controllable excitation of multiple QDs (Figure 3b) shows that a plasmonic standing wave is formed
by tuning the interference field of two counter-propagating SP along the NW. The standing wave is found to move along the
2012 DOI: 10.1021/acs.nanolett.7b05448
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NW when the phase of one Gaussian beam is shifted (see
Section 4 of Supporting Information), which indicates the
possibility of controllably exciting multiple QDs along the NW
by changing the relative phase of the two incident laser beams.

This idea was tested experimentally using a Ag NW coupled
with multiple QDs. The fluorescence image of the QDs-NW
system under the wide-field excitation (Figure 3c) reveals five
emission spots along the NW. Spots A and B correspond to two
well separated QDs A and B. The spot C&D is from two
nearby QDs C and D, which is evident by the time trace of
emission intensity with two-level bright states (see Section S of
Supporting Information). Spots E and F correspond to the two
ends of the NW, where the propagating SPs generated by the
QDs are scattered. Figure 3d shows the emission intensities of
the four QDs excited by focusing the laser beams EXC I and
EXC II onto the two ends of the NW E and F, respectively,
with the phase of laser beam EXC I monotonically increased.
Because of the close proximity of QDs C and D, their far field
emissions have an overlap region. The emission intensities of
the QDs C and D were recorded at the pixels marked by a
green and a blue square (inset in Figure 3c), respectively, where
the emissions did not overlap. The emission intensities of the
QDs exhibit distinct phase dependent oscillations with different
peak positions, which can be attributed to the varying near-field
intensity on the NW during the moving of the standing wave.
The phase difference between the peaks of different QDs can
be used to determine the wavelength of the propagating SPs. In
particular for the QDs C and D, the phase difference between
the emission intensity peaks was determined to be 1.047, which
means that the two QDs have been selectively excited by tuning
the phase difference of the two laser beams. The distance
between the two QDs can be expressed as Lcp = (21 + 1.04)/
4-Asp, where n is an integer and Agp is the wavelength of the
propagating SPs. Lcp can be obtained by determining the
central positions of the two QDs using the maximum likelihood
single molecule localization method (see Section 6 of
Supporting Information).* " The fitted central positions of
the two QDs are shown as red dots in the inset of Figure 3c,
and a distance of 248 + 10 nm between the two QDs is
obtained. This results in the SP wavelength of Agp = 326 + 13
nm if n = 1 is chosen, which is quite close to the simulation
result of 333 nm (Figure 3b). The excellent agreement between
the experimentally extracted SP wavelength and the simulated
SP wavelength confirms that the modulation of the emission
intensities of the QDs is caused by the shifting of plasmonic
standing wave along the NW.

As the minimum separation distance between the adjacent
maximum and minimum electric field intensity is Agp/4, it is
clear that for the NW in Figure 3b, two QDs with a separation
of 83 nm can be selectively excited with the maximal ratio of
the emission intensity of the two QDs. The resolution can be
higher by setting a threshold smaller than the maximal emission
intensity ratio. In order to test this resolution experimentally,
we aimed to selectively excite two QDs with separation distance
much smaller than the diffraction limit. Figure 4a shows the
fluorescence image of two nearby QDs (QDs A and B) excited
by the SP standing wave formed by the interference of two
counter-propagating SP waves. The largest bright spot
corresponds to the fluorescence emission of the excited QDs.
The time trace of emission intensity from the yellow square
A&B shows a blinking behavior with two bright states of
intensity 7200 counts and 14800 counts (indicated by the red
and blue dash lines in Figure 4b), corresponding to the
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emission intensity of only one QD or both two QDs in the
bright state, respectively. In order to confirm the existence of
two QDs, we also measured the second-order correlation
function g®(£) of the fluorescence from the QDs by using a
Hanbury Brown-Twiss setup.”” The resulting normalized
antibunching curve (Figure 4c) verifies that the number of
QDs in the detection area is two (see Section 7 of Supporting
Information). The time traces of the scattered light at the NW
ends C and D are correlated with that of the QD pair, which
means that both the two QDs efficiently excited the
propagating SPs on the Ag NW (see Section 8 of Supporting
Information). The accurate positions of the two QDs are
obtained using the single molecule localization method, and
they are indicated with red dots in the inset of Figure 4a. The
distance between the two QDs is determined to be 105 nm.

Then we moved the interference fringes of the standing wave
by changing the relative phase of the two incident beams to
selectively excite QD A or QD B. Figure 4d,g shows the
fluorescence images when QD A and B are selectively excited,
respectively. The accurate positions of the two QDs are
obtained and labeled with red dots. The separation between the
two QDs is about 100 + 10 nm, which agrees well with the
result obtained from Figure 4a. The selective excitation of each
QD is confirmed by both the binary blinking in the time traces
of the emission intensity (Figure 4eh) and the antibunching
curves of g?(0) < 0.5 (Figure 4fi). These results demonstrate
that we have achieved the selective excitation of two QDs
separated by a distance below the diffraction limit by tuning the
interference pattern of the propagating SPs on the NW.

The tunable SP interference pattern on the plasmonic NW
can also be applied to structured illumination microscopy
(SIM) technique for a new kind of super-resolution imaging
method. With the conventional SIM, the sample is illuminated
by a series of sinusoidal excitation light patterns with different
phase, which encodes the normally inaccessible high spatial
frequency information on the sample into several recorded
images. The obtained images are then processed to yield a final
reconstruction with up to twice the normal resolution of the
conventional microscopy.”> Because the plasmonic standing
wave along the metal NW provides one-dimensional longitudi-
nally translated sinusoidal illuminations with higher spatial
frequency than any possible fringes formed in the surrounding
medium, the SIM performed on the plasmonic NW possesses
superior resolving power compared with the conventional SIM.

Figure Sa shows the point spread function (PSF) of the
conventional fluorescence microscopy. On the basis of the
fluorescence images of single QDs in our experiment, the full
width at half-maximum (fwhm) of the PSF is set to be 260 nm.
In the simulation, we first used a single QD with diameter of 5
nm to obtain the PSF of the SIM performed on the Ag NW.
The plasmonic standing wave shown in Figure 3b served as the
structured illumination to excite the QD near the NW. A
sequence of three images taken under illumination with initial
phase difference of 0, 27/3, and 47/3 were used to extract the
high spatial frequency information. The numerical algorithm of
reconstructing the high-resolution image from the intermediate
images is the same as that of the conventional SIM.**~>° Figure
5b shows the obtained PSF of the single QD near the Ag NW
using SIM method. Because the Fourier space is extended only
in one direction, the PSF appears long and narrow. The fwhm
of the PSF along the NW direction is 98 nm (Figure Sc), which
indicates about 2.65 times resolution improvement compared
with the conventional fluorescence microscopy. The simulation

DOI: 10.1021/acs.nanolett.7b05448
Nano Lett. 2018, 18, 2009—-2015


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05448/suppl_file/nl7b05448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05448/suppl_file/nl7b05448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05448/suppl_file/nl7b05448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05448/suppl_file/nl7b05448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05448/suppl_file/nl7b05448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05448/suppl_file/nl7b05448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05448/suppl_file/nl7b05448_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b05448

Nano Letters

—— Conventional

500 nm

Intensity (a.u) O

max

500 nm

Figure 5. Super-resolution imaging of multiple QDs near a Ag NW
using SIM method. (a) PSF of conventional fluorescence microscopy.
(b) Reconstructed PSF of a single QD near the Ag NW using SIM
method. (c) Intensity distribution of the PSF along the white dashed
lines marked in (a) and (b). (d) Conventional fluorescence image of
nine QDs along the Ag NW surface. The three bright spots A, B, and
C correspond to the emission of two QDs separated by 96 nm, three
QDs separated by 113 nm, and four QDs separated by 124 nm,
respectively. The two white lines mark the position of the Ag NW. (e)
Reconstructed super-resolution fluorescence image of the nine QDs
along the NW using SIM method.

is also repeated for multiple QDs positioned along the NW to
further illustrate the imaging performance of SIM on Ag NW.
Figure 5d shows the conventional fluorescence image of nine
QDs along the NW. The minimum separation distance
between these QDs is only 96 nm. Because of the diffraction
limit, we cannot identify the number of QDs in each bright
spot. The reconstructed image (Figure Se) shows a drastic
resolution improvement, where the QDs in the diffraction
limited area have been clearly resolved. This new SIM method
is especially suitable for studying the system composed of a
plasmonic waveguide and quantum emitters with temporally
stabilized fluorescence, such as color centers in nanodiamonds,
a promising element for quantum optics,”” spin-based quantum
information processing,”” and high-resolution sensing.””

For controlling the excitation of QDs using SP interference,
because the SP standing wave possesses symmetric electric field
intensity distribution across the NW, the QDs symmetrically
distributed on opposite sides of the NW always experience the
same excitation condition and only QDs with a displacement
along the NW direction can be selectively excited. The zigzag-
shaped near-field intensity distribution induced by the
interference of propagating SPs and localized SPs provides
another kind of excitation scheme, which can selectively excite
the QDs symmetrically distributed on the opposite sides of the
NW. The two kinds of interference patterns provide different
choices for the different QD position arrangements around the
NW, which enhances the flexibility of this super-resolution
selective excitation method (see Section 9 of Supporting
Information). It is also feasible to excite localized SPs at
multiple sites to interfere with the propagating SPs and
superpose localized SPs onto the plasmonic standing wave to
generate more complex interference patterns to realize
particular excitation aims.

A powerful feature of this coupled system of multiple
quantum emitters and plasmonic NW is that all the quantum
emitters near the NW can be controllably excited, and their
spontaneous emission can be strongly coupled to the quantized
single SPs on the NW. It provides a suitable system to study the
quantum interference of single SPs generated from two

2014

quantum emitters. The plasmonic NW with tunable SP
interference field would also be useful for optical imaging and
sensing in chemical and biological systems with high spatial
resolution and low background noise. Furthermore, by
replacing the multiple quantum emitters near the NW with
branch NWs, the propagating SPs on the branch NWs can be
selectively launched by moving the SP interference fringes
along the main NW, which provides a new method for SP
routing in plasmonic nanocircuits.

In conclusion, we show that multiple QDs coupled with the
plasmonic NW can be controllably excited by tuning the
interference pattern of SPs on the NW. The superposition of
localized SPs and propagating SPs forms a zigzag-shaped near-
field distribution at the overlap region of these two modes, and
the interference of two counter-propagating SP waves generates
a standing wave pattern on the NW. By changing the relative
phase of the two excitation beams, the interference patterns can
be shifted along the NW, enabling the controllable excitation of
multiple QDs on the NW. Using this technique, the selective
excitation of two QDs with a separation of about 100 nm is
demonstrated in experiment. Finally, we numerically demon-
strate a new kind of super-resolution imaging method which
combines the structured illumination microscopy technique
with the tunable SP interference pattern on the NW. Our
findings form the basis for a new kind of optical excitation and
characterization technique breaking the diffraction limit, which
can be extended to other kinds of plasmonic waveguide systems
and benefit the studies of multiple quantum emitters coupled
with plasmonic nanowaveguides and nanocircuits.
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