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ABSTRACT

We report the first experimental demonstration of plasmon-exciton coupling between silver nanowire (NW) and a pair of
quantum dots (QDs). The resolving of single surface plasmons (SPs) generated in the NW-QD pair system is achieved.
The accurate positions of the two QDs and NW ends are obtained by using a maximum likelihood single molecule
localization method, and the separation distances between the two QDs range from microns to 200 nm within the
diffraction limit. Parameters including the SP propagation length and the wire terminal reflectivity are experimentally
determined and taken into account. The efficiency of plasmon generation due to the exciton-plasmon coupling is
obtained for each QD.

Keywords: Quantum dot, silver nanowire, surface plasmons, super-resolution imaging, single photon source

1. INTRODUCTION

The interaction between quantum emitters and photons is one of the most important research directions of quantum
information science and the key of the realization of quantum switch, quantum logic gate, quantum storage and so on.
Plasmonic waveguide, which offers enhanced local electromagnetic field and propagating surface plasmons (SPs),
presents us a new method to control the light-matter interaction at the nanometer scale'”. Chemically synthesized
crystalline metal nanowires (NWs) can support propagating SPs with lower losses than lithographically defined
waveguides and can be easily manipulated to construct complex optical devices, which make them ideal candidates to
enhance the light-matter interaction at the nanometer scale®"*.

Quantum dot (QD) is a widely accepted candidate for single photon source with tunable emission spectra, which can be a
key component for the quantum information technology'”™"”. In 2007, plasmon-exciton coupling in a system of Ag NW
and single QD was demonstrated by Akimov et al'®. Inspired by this experimental work, a novel scheme that can
generate quantum entangled states in a system of two quantum emitters positioned near a plasmonic waveguide is
proposed and investigated theoretically'”>. Here we report the first experimental demonstration of plasmon-exciton
coupling between silver NW and two QDs. The separation between the two QDs we studied is ranging from microns to
200 nm within the diffraction limit. The SP-generation efficiency of each QD is derived.

2. SAMPLE PREPARATION

The Ag NWs synthesized using solution-phase polyol methods®* were deposited onto glass slides cleaned by the piranha
solution and dried naturally. The slides with Ag NWs were immediately covered by Al,O; of 10 nm thickness using
atomic layer deposition method (Cambridge NanoTech, Savannah-100). Then CdSe/ZnS QDs (Qdot® 655 ITK™,
Invitrogen) were spin coated onto the sample. Finally copper grids with marked number were stuck onto the slides,
which can help to find the same NW with both an optical microscope and a scanning electron microscope (SEM). A
typical SEM image of Ag NWs we used is shown in Figure la. Figure 1b shows the histogram of wire diameter for 70
wires. A transmission electron microscopy (TEM) image of the QDs is shown in Figure 1c.
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Figure 1. (a, b) SEM image of Ag NWs and histogram of wire diameter distribution. The scale bar in (a) is 1 um. (¢) TEM
image of the QDs. The scale bar is 20 nm.

3. EXPERIMENTAL SETUP

Our optical setup is based on an inverted microscope. As shown in Figure 2, laser light of 532 nm wavelength was
focused onto the sample from the glass side using a 100% oil immersion objective (NA 1.4, Olympus). The fluorescence
from the QDs was collected by the same objective and detected by an electron multiplying charge-coupled device
(EMCCD) (iXon DV887, Andor) operating at frame rate of 10 or 20 Hz. To measure the fluorescence lifetime and
second-order correlation function, the fluorescence is guided to two confocal detection paths that enable light detection
from an area as small as 1 pum in diameter on the sample surface and detected by two single photon avalanche diodes
(SPAD) (PDM, Micro Photon Devices). The recorded signals are analyzed using a time-correlated single photon
counting module (PicoHarp300, PicoQuant).
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Figure 2. Schematic illustration of the optical setup. BS is a beam splitter. SPAD1 and SPAD2 are two single photon
avalanche diodes. TCSPC means a time-correlated single photon counting module.

4. RESULT AND DISCUSSION
4.1 QD pair with large separation coupled with a Ag NW

Figure 3a shows the photoluminescence (PL) image of a NW-QD pair system, where the separation between the two
QDs is about 2 um. In order to realize the simultaneous excitation of the two QDs A and B, we added a lens into the
optical path to expand the excitation spot to a size of about 4 um in diameter. The bright spots marked as A and B are
from the direct photon emission of the excited QD pair. The photons at spots C and D are from the NW end scattering of
the propagating SPs generated by the two QDs'®**, Time traces of fluorescence counts (integrated over the pixels in
the light pink squares in Figure 3a) from the QDs A and B show a blinking behavior, that is, the emission is randomly
switched between ON (bright) and OFF (dark) states under continuous excitation, which is a character of single quantum
dot* . The blinking curves of the scattered photons at C and D show two-level “ON” states, which indicates that both
QDs A and B are efficiently coupled with the NW and they both contribute to the generation of propagating SPs.
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Figure 3. Ag NW coupling with simultaneously excited QD pair. (a) PL image shows the coupling of two QDs with the Ag
NW. The measured positions of QDs A and B, NW terminals C and D are labeled with red stars. The inset shows the
enlarged view of the measured positions of QD A. (b) SEM image of the same NW. The measured positions of QDs and NW
ends are overlaid. (¢) Time traces of fluorescence counts of QDs A and B, and scattered light at the NW ends C and D. The
two bright states of the fluorescence counts at C and D are denoted with two different color areas. The intensity unit kcts
means 1000 counts. The light pink squares in (a) show the regions where the counts of each pixel are integrated to generate
the emission counts.

Figure 4 shows the fluorescence decay histograms for QDs A and B coupled to the NW and for an uncoupled reference
QD on substrate. For the uncoupled QD on substrate, a single exponential fit yields an excited state lifetime of about
24.2 ns. As a consequence of coupling with the NW, the QDs A and B get additional recombination channels®', resulting
in a reduced excited state lifetime of 5.6 ns and 7.7 ns, respectively.
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Figure 4. PL decay curves of an uncoupled reference QD (green line), coupled QD A (red line) and QD B (black line).

In order to quantitatively characterize the coupling strength between QD and Ag NW, we define the SP-generation
efficiency as the percentage of the QD energy converted to guided SPs. This value can be expressed as follows (here the
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QD energy does not include the part damped non-radiatively and the collection efficiency of our detection system for the
NW end emission and QD emission is assumed to be equal):

BLop-Ena BLop-na>
n= Lpa€ + 100

- BLop-gnan BLop-na2
[QD5+[Endle + 1,0

(M
Here 7 is the SP-generation efficiency, [, , and [, ,, are the intensity of the scattered light at the two ends of the
NW, [ oD is the direct photon emission intensity of the QD, 1/ £ is the propagation length of SPs, LQDfEnd1 and

LQD_ a2 ar€ the distances between the QD and the two NW ends, O is the transmittance of the NW ends, which is

experimentally obtained as 0.68°2. On the basis of the assumption that the probability of the energy from the QD
converting to SPs propagating on the NW in two opposite directions is equal, the scattering counts at C and D can be
expressed as a superposition of the emission counts of the two QDs A and B with different weight dependent on both the
QD positions and their SP-generation efficiency:

1 1
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Here the accurate distances between the two QDs and NW ends can be obtained by using a maximum likelihood single
molecule localization method®* . The four emission spots A, B, C and D are fitted with two dimensional Gaussian point
spread function and the localized centers are labeled with red stars in Figure 3a. The inset of Figure 3a is the enlarged
plot of the measured positions of QD A, which presents a spatial resolution of less than 20 nm. Figure 3b shows the SEM
image of the NW with the measured positions of QDs and NW ends labeled with red stars. The distances between the
emission spots are as follows: L, ¢ =2064 nm, L, = 2338 nm, Lz_p = 2204 nm. On the basis of the time traces of

fluorescence counts at A and B, we used three free parameters7],, 77, and 3 to fit the time trace recorded at terminal

C. The fitting result is77,, =0.39, 17, =0.31and 1/ # = 4634 nm.

In order to study the exciton-plasmon coupling independently, we used a focused laser beam to selectively excite each
coupled QD (Figure 5). The large spot in Figure 5a corresponds to emission from the QD itself, whereas the two other
spots correspond to scattered SPs at the ends of the NW. Figure 5b shows the time trace of the fluorescence counts from
the QD A and from the ends of the NW. A high degree of correlation between the blinking curves indicates that the QD
A is the source of fluorescence from the wire ends. Measurement results of the second-order correlation function of the
NW-QD A coupling system are shown in Figure 5S¢, where A and C represent detectors aligned to the emission spots at
A and C in Figure 5a. Both second-order correlation function of A&A and A&C show obvious anti-bunching behaviors
(g?(0) < 0.5), which demonstrates the generation of single quantized SPs on the NW'® 227,
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Figure 5. Ag NW coupling with the selectively excited single QD. (a, d) PL image of single QD coupled with a Ag NW. The
accurate positions of QD A (B), NW terminals C and D are labeled with red stars. (b, e) Time traces of fluorescence counts
of QD A (B) and scattered light at the NW ends C and D. The light pink squares in (a) and (d) show the regions where the
counts of each pixel are integrated to generate the emission counts. (c, f) Second-order correlation function g®(t) of the
NW-QD system. The dots in (c) correspond to the measurements with SPAD1 aligned to emission spot A and SPAD2 to
emission spot A (black) or spot C (red) in the PL image shown in (a). The dots in (f) correspond to the measurements with
SPADI aligned to emission spot B and SPAD2 to emission spot B (black) or spot D (red) in the PL image shown in (d). The
c%lze)m (blue) solid lines are exponential fitting of the black (red) dots. The dashed horizontal lines mark the position where
27(t)=0.5.

The ratio of the counts from both ends /. / I, is centered at about 1.77 and this ratio can be related with the propagation

length 1/ [ using the following equations:

1 1 1
= In(-9) 3)
ﬂ (LA—D - LA—C) [D

A propagation length of 4362 nm is obtained using equation 3. The relationship of emission counts at C and A is as
follows:

1 Ui

I.=—1,6exp(—pL, . )—= (4)
2 1-n,

We use the time trace at A to fit that at C, and obtain the SP-generation efficiency of QD A 77, =0.40. Using the

similar method, we demonstrated the single photon emission of the QD B and the single surface plasmon generation in

the NW (Figure 5d-f). The SP-generation efficiency of QD B is 77, = 0.32 . The difference of SP-generation efficiency

between QD A and QD B might be from the slight difference in the QD-NW separation or QD orientation. The values of
SP-generation efficiency and propagation length obtained under both the simultaneous excitation and selective excitation
conditions are nearly the same, which indicates that the emission counts at the NW ends result from independent
contributions from QDs A and B.

4.2 QD pair within diffraction limit coupled with a Ag NW

Figure 6a shows the PL image of a pair of QDs (separated within the diffraction limit) coupled with a Ag NW, where the
two QDs A and B were excited by focused laser beam. The large bright spot and two small light spots correspond to the
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direct far field emission from the QD pair and scattered SPs at the ends of the NW, respectively. Time traces of
fluorescence counts (integrated over the light pink squares shown in Figure 6a) from the QD pair and scattered photons
at the ends of the NW are shown in Figure 6¢. The two fluorescence “ON” levels correspond to one QD (lower level)
and both QDs (upper level) being in the bright state, indicating two QDs being present. Figure 6d (black dots) shows the
measured autocorrelation function of the fluorescence from the QD pair ((A & B) & (A & B). The number of QDs in the
detection area we estimated through the value of g?(0) is two™ *"** In order to determine the separation distance
between QD A and QD B, we selected the PL images that clearly show only QD A or QD B (pink dots or green dots in
Figure 6¢) is in the bright state. Then the maximum likelihood single molecule localization method is used to fit the
accurate position of the QD. The fitted positions of the QDs and the NW terminals are labeled with red stars in Figure 6a
and 6b. The measured separation distance between the two QDs is 217 nm. Using the same method as above, we obtain
the propagation length of about 4805 nm through the counts ratio between C and D. The SP-generation efficiencies for
the two QDs are deduced from the time traces of emission counts with only QD A or only QD B in the bright state. The

result is77, =0.33, 17, =0.28. The second-order correlation function between fluorescence of the QD pair and

scattering from the NW end C is shown in Figure 6d ((A & B) & C, red dots), which also indicates the emission is from
two single photon sources (QDs)*”.
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Figure 6. Ag NW coupling with two QDs located in diffraction-limited area. (a) PL image showing the coupling of QDs with
the Ag NW. (b) SEM image of the NW. The accurate positions of QDs A and B, and NW terminals C and D are labeled with
red stars. (¢) Time traces of fluorescence counts of QD pair and scattered light at the NW ends. The pink and green dots
correspond to the PL images with only QD A or QD B in the bright state. The pink, grey and cyan areas are used to separate
the three bright states. The light pink squares in (a) show the regions where the counts of each pixel are integrated to
generate the emission counts. (d) Second-order correlation function g®(t) of fluorescence signal for (A&B) & (A&B) (black
dots), and (A&B) & C (red dots). The cyan and blue solid lines are exponential fitting results for the black and red dots,
respectively.

4.3 Coupling of QD pair with a Ag NW (only one QD coupled with the NW)

In another case of a pair of QDs (distributed within the diffraction limited) in the proximity of a Ag NW, we show that
only one QD is coupled with the NW and generates propagating SPs. Figure 7a is the PL image showing the coupling of
the QD pair with the Ag NW. The largest bright spot corresponds to the direct fluorescence emission from QDs A and B,
while two smaller spots C and D correspond to SPs scattered out at the NW ends. Using the single molecule localization
method, the fitted positions of the QDs and the NW terminals are labeled with red stars in Figure 7a and 7b. The
measured separation distances of the QD pair is L3 = 255 nm. Figure 7c shows the time traces of fluorescence counts of
the QD pair and scattered SPs at the NW ends C and D. It is found that the traces at C and D are only partly correlated
with the time trace of QD pair. The two green boxes mark two clear areas where the counts at C and D are not correlated
with the counts of the QD pair, indicating only one QD is coupled with the NW. The fitted positions of the two QDs
clearly show that QD B is closer to the NW than QD A, so that only QD B is coupled with the NW and is the energy
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source of the photons at the NW ends. The SP-generation efficiency for QD B is deduced from the time traces of
emission counts with only QD B in the bright state and the result is 77, = 0.57 .
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Figure 7. Coupling of QD pair with a Ag NW (only one QD coupled with the NW). (a) PL image showing the coupling of
the QD pair with the Ag NW. (b) SEM image of the NW with the measured positions of the QDs and the NW ends overlaid.
(c) Time traces of fluorescence counts of QD pair and scattered light at the NW ends C and D.

5. CONCLUSION

In conclusion, we report the careful analysis of exciton-plasmon coupling between a pair of semiconductor QDs and a
chemically grown silver NW. By using a super-resolution imaging method, the precise positions of the QDs along the
NW are obtained, and the separation between the two QDs in diffraction-limited area is determined. Both the SP
propagation length and the wire terminal reflectivity are experimentally obtained. The SP-generation efficiency of the
exciton-plasmon coupling is determined for each QD. Our analysis method provides an efficient way to analyze and
resolve the coupling of multiple quantum emitters with plasmonic waveguides.
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