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Abstract Based on the atomic force microscope (AFM), the {luorescence microscopic imaging system and the time-
correlated single photon counting (TCSPC) system, the spontaneous emission enhancement of quantum dots and the
fluorescence surface plasmon polariton (SPP) propagation are studied in a coupling structure of a gold nano-sphere
(AuNS) and a sliver nano-wire (AgNW). The coupling between the AuNS and the AgNW is achieved in two ways.
Firstly, a mixed solution of AuNSs and quantum dots, and the solution of AgNWs are successively coated on a SiO,
substrate to look for the AuNS-AgNW coupling structures that are randomly formed. Secondly, a controlled AuNS-
AgNW coupling structure is achieved by using the AFM nano-manipulation. Based on the AuNS-AgNW coupling
structure with quantum dots in its nano-gap, the experimental results show that the enhancement factor of the
spontaneous emission rate of the quantum dots fluorescence can be up to 611 and the propagation of the fluorescence
SPP along the AgNW is also observed. COMSOL Multiphysics software is used to simulate the enhancement factor

of the spontaneous emission rate of a quantum dot with different positions and polarizations near the AuNS-AgNW
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coupling structure. The results are compared with those of a quantum dot coupled with single AuNS and single

AgNW, showing that the AuNS-AgNW coupling structure can provide a higher enhancement factor of the

spontaneous emission rate. The propagation of the SPP along the AgNW excited by the point source is also

calculated. The simulation results agree well with the experimental results.
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Fig. 1 Characterization results of the AuNS, AgNW and QDs. (a) AFM image of AuNSs and AgNWs; (b) height profiles
of the AuNS and AgNW along the trajectories O and @ in Fig.1 (a); (¢) SEM images of AuNSs and AgNWs;

(d) normalized scattering cross-section of the AuNS as a function of the wavelength; (e) fluorescence spectrum of

quantum dots on SiO, substrate; (f) statistical histogram of fluorescence lifetime of quantum dots on SiO, substrate

and an example of the fluorescence decay curve shown in the inset (fluctuating and smooth curves correspond to

experimental data and fitting curve, respectively)
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Fig. 2 Schematic diagram of the main experimental system. (a) Schematic diagram of the optical measurement system;

(b) AFM manipulation and imaging diagram

S I

3.1 SEIZHER
3.1.1 HRAHBRUHENLEHEF-RAILLE- T

ARG MM B K R 438 R & SPP £ §
A R 2.1 1 Prad my g — Aoy 2 & n R
mi o R A G OK BRORN i S B TR G U Wi U B
b SR JE A b ) TR — DX 40 0l R AT 4 A oK BRI

B3 G K ER A T IR B T TR BEAS M R IS 32 AR e PO AR o () 4 R BR A B 1 25 TR

BUG A R F 5 FE 5 9O AR [ R A 2 () R R A
SHOBOEE KR K 3Ca) (b)) s, AlLLE
PR I 52 A5 5 A % 1 6 2R, 4 4 1 v [ B T s
Bl 3(h) i 4 98 oK Bk 10 9 6 3 SR AN, 4 40K
BRA B oS 0GR R . AN, T A g K Bk
T IE H L T S RO B R A A K RN
AETE W BR8N , 3 B T S PR S K BR SR T R AR L il
A5 L B 037 B A AR I B BR

16 pm

WG ED S0, #EH -

AN
e B I 32 1 A8 (R PR R X3 A ) — B BRI 23 A1 ) < 20 0K BR 5 () 5 181 3 Cad A ) XS8R ) 7 5 5 3 9 O 1% L [
i 5 3 Cad R 1B B T i 1) < 4 R B 1 A6 A (7]

Fig. 3 Dark field imaging and fluorescence imaging of AuNSs and quantum dots coated in mixed solution. (a) Dark field

imaging of the SiO, substrate coated with a mixed solution of AuNSs and quantum dots, in which some randomly

distributed AuNSs are marked by the circles; (b) wide-field fluorescence imaging of quantum dots in the same area

as Fig.3 (a), in which the locations of the quantum dots in the circles are the same as those of the AuNSs in the

circles in Fig.3 (a)
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Fig. 4 Experimental measurement results of the adhesion coupling between AuNSs and QDs. (a) Dark field imaging of the

SiO, substrate coated with a mixed solution of AuNSs and quantum dots, in which some randomly distributed

AuNSs are marked by the circles, triangle, square; (b) wide-field fluorescence imaging of quantum dots in the same

area as Fig. 4(a), in which the locations of the quantum dots in the circles and square are the same as those of the

AuNSs in the circles and square in Fig.4 (a); (c) scanning electron microscope imaging of AuNSs in the same area

as Fig. 4(a); (d) detailed imaging of AuNSs in the triangle in Fig. 4(c); (e) detailed imaging of AuNSs in the

square in Fig. 4(c¢); (f) fluorescent spectrum of the quantum dots adhered to the AuNSs shown in Fig. 4(e)
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Fig. 5 Measurement results of the SPP propagation and spontaneous emission rate enhancement of QDs in the random

coupling structure of AuNSs and AgNWs. (al)—(a3) Dark field images of the AuNS-AgNW coupling structure, in

which the triangle indicates the location of coupling between an AuNS and an AgNW; (b1)—(b3) fluorescent images

of the quantum dots under excitation by the focused normally incident laser beam, in which the focus position of the

incident laser beam is indicated by the triangle and is the same as the position in Fig. 5 (al)—(a3); (cl)—

(c3) fluorescence decay curves of quantum dots at the coupling position shown in Fig.3 (bl)—(b3), in which the

fluctuating and smooth curves correspond to experimental data and fitting curve, respectively
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Fig. 6 Experimental results of AuNS-AgNW coupling structure formed by AFM manipulation and the propagation of the

fluorescence SPP of quantum dots. (al) Dark field imaging of AuNSs and AgNWs before AFM nano-manipulation;

(a2) AFM imaging and nano-manipulation diagram, where the AgNW in the dotted box is the same AgNW in the

dotted box in Fig. 6(al); (bl) dark field imaging after AFM nano-manipulation; (b2) AFM imaging after AFM

nano-manipulation; (c) wide-field fluorescent image of the AFM manipulation area after quantum dots are added to

the sample shown in Fig. 6 (bl) and are dried; (dl) dark field imaging of the AuNS-AgNW coupling structure

formed by the AFM manipulation after quantum dots are added; (d2) fluorescent image when the quantum dots at

the coupling position are excited by the focused normally incident laser beam; (e) height profile of coupling structure

drawn along the track D in Fig.6 (b2)
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Fig. 7 Fluorescence decay curve of quantum dots at the
coupling position of the AuNS-AgNW coupling
structure formed by AFM nano-manipulation
(fluctuating and smooth curves correspond to

experimental data and fitting curve, respectively)
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Fig. 8 Simulation results of the spontaneous emission enhancement effect of the AuNS-AgNW coupling structure with the

quantum dot on the SiO, substrate. (a) Schematic diagram of the simulated structure; (b) spontaneous emission

rate enhancement factor ¥, of x-polarized and z-polarized point current source plotted as a function of d;

(¢) quantum yield 5 of the x-polarized and z-polarized point current source plotted as a function of d
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Fig. 9 Simulation results of the spontaneous emission enhancement effect of the AuNS-AgNW coupling structure with the

quantum dot on the surface of the AuNS. (a) Schematic diagram of the simulated structure; (bl) spontaneous

emission rate enhancement factor 7., of the z-polarized point current source plotted as a function of § for different

D; (b2) quantum yield » of the z-polarized point current source plotted as a function of ¢ for different D;

(cl)—(c2) are the same as (bl)—(b2) but for an x-polarized point current source
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Fig. 10 Simulation results of the spontaneous emission enhancement effect of the AuNS-AgNW coupling structure with the

quantum dot on the surface of the AgNW. (a) Schematic diagram of the simulated structure; (bl) spontaneous

emission rate enhancement factor 7., of the z-polarized point current source plotted as a function of # for different

D; (b2) quantum yield 5 of the z-polarized point current source plotted as a function of ¢ for different D;

(cl)=(c2) are the same as (bl)—(b2) but for an x-polarized point current source
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Fig. 11 Spontaneous emission rate enhancement factor

vl of the z-polarized point current source

plotted as a function of /, in which the inset is a

schematic diagram of the simulated structure
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Fig. 12 Comparison of the spontaneous emission enhancement effect of single AuNS, single AgNW and AuNS-AgNW
coupling structure. (al)—(a3) Schematic diagrams of the simulated single AuNS, single AgNW and AuNS-AgNW
coupling structure; (b) spontaneous emission rate enhancement factor ¥, of the z-polarized point current source
plotted as a function of 0; (c¢) fluorescence decay curves of quantum dots coupled with single AgNW, single AuNS,
and the coupling structure of AuNS-AgNW, in which the gray curve is the fluorescence decay curve of quantum

dots on the SiO, substrate already shown in the inset of Fig. 1({f)
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Fig. 13 Calculation results of the SPP field distribution on the AgNW excited by a quantum dot in the AuNS-AgNW
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AgNW coupling structure (at the bottom of the figure); (b) field distribution in an x-y plane in air region which is

half of one wavelength above the axis of the silver nanowire, in which the black solid lines in the figure show the

profiles of the AuNS and AgNW
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