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Abstract: Metallic nanowires are of great research interest due to their
applications in surface plasmon polariton coupling of light. The efficiency
is much dependent on the polarization of the light due to the phase
matching requirement in the light-surface plasmon polariton coupling. By
scanning confocal microscope, the photoluminescence from a single Ag
nanowire was demonstrated strongly dependent on the excitation laser
polarization, showing good consistency with the theoretical simulation.
Meanwhile strong avalanche photoluminescence from a single Ag nanowire
was observed when the excitation laser was polarized along the long axis of
the Ag nanowire. The photoluminescence emission exhibited a polarization-
sensitive spatial distribution. This may stimulate promising applications in
designing polarization-controllable nanoscale plasmonic devices.
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1. Introduction

One-dimensional metallic Ag or Au nanowires (NWs) can be used to guide photons at visible
and near-infrared range by coupling electromagnetic wave to collective electron oscillation on
their surface which is known as surface plasmon polariton (SPP) [1-8]. Plasmonic metallic
NWs serve as waveguides for plasmon propagation, provide the possibility to break the
diffraction limit and localize the electromagnetic energy to scales less than A/10 [9,10], which
have been thoroughly investigated in recent studies reporting on SPP propagation [1-3,5,8],
SPP damping along NWs [7,11-14], the coupling and splitting of SPP with light [15-19],
surface enhanced Raman scattering [20,21], and the interaction of SPP with single-photon
emitters such as quantum dots [22,23] or color centers in nanodiamonds [24,25]. Furthermore,
plasmonic NWs provide an appealing nanophotonic platform for miniaturization of optical
signal processing and sensing devices at subwavelength scale and integration of photonic
circuits with external devices to overcome the fundamental data transmission rates and
bandwidth limitations in conventional electrical technology [26-30].

Generally, metallic NWs are synthesized by two methods: template-directed approaches
[31-34] and chemical synthesis [35-39]. The plasmons supported by the metallic nanowires
fabricated by templates usually suffer large losses due to scattering from the grain boundaries
and rough surfaces of NWs [2]. On the other hand, chemical synthesis has been demonstrated
as a simple and inexpensive route for the bottom-up preparation of metallic NWs with very
smooth surfaces and without grain boundaries [35-39]. Chemically grown Au NWs have in
principle the same advantages as Ag NWs, but Au is intrinsically lossier, especially at optical
frequencies. Thus, the studies about plasmonic activities and synthetic work of Ag NWs are
always flourishing [1-39]. It is known that Ag or Au nanostructures can emit strong
fluorescence under visible light excitation, which is believed as a result of radiative
recombination of Fermi level electrons and sp- or d-band holes [40-42]. As for Ag NWs,
near-infrared and visible photoluminescence (PL) from Ag NW arrays and assembles has
been observed under visible laser excitation [43,44]. However, there were few reports on the
PL from single Ag NWs [45]. More importantly, as one kind of one-dimentional
nanostructure, the polarization properties of PL from a single Ag NW has not been studied in
detail.

In this letter, PL properties from a single Ag NW with the diameter about 130 nm and
perfect surface quality were studied under excitation at 532 nm. The PL intensity from a
single Ag NW showed strong dependence on the polarization direction of the excitation laser.
Furthermore, the excitation power dependence and emission polarization properties of the PL
from a single Ag NW were investigated. An elongated single Ag NW emitted a strong
avalanche PL under excitation polarized along its long axis, suggesting strong surface
plasmon coupling effect between light and resonant free electrons in the NW surface. The PL
emission was revealed to exhibit a polarization-sensitive spatial distribution.

2. Experimental section

The Ag NWs were synthesized as described in detail as following. 5 mL of ethylene glycol
(EG) were stirred in a glass vial, suspended in an oil bath (150 °C). After the EG was heated
for 1 h under stirring, 40 L of a 4 mM copper(II) chloride (CuCl,) solution in EG was
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injected into the heated EG. After an additional 15 min, 1.5 mL of a 0.094 M AgNO; solution
in EG was injected into the hot solution followed immediately by 1.5 mL of a 0.147 M PVP
(molecular weight M=55000, concentration expressed in terms of monomer) solution in EG
added dropwise over a period of 2 min. The reaction was continued at 150 °C for another 1 h
and quenched in water. The reaction products were washed with acetone, collected by
centrifugation at about 2000 rpm for 20 min, and then washed with ethanol for three times,
finally dispersed in ethanol for further use. The morphology and size of the obtained Ag NWs
were characterized by a scanning electron microscopy (SEM) (JEOL JSM-5610LV), and
optical absorption spectra were measured using a UV-Vis-NIR spectrophotometer (JASCO
V-570). Samples for the PL. measurement of single Ag NW were prepared by spin-coating the
dilute suspension of Ag NWs in ethanol on clean glass substrates, and then coated
immediately with polymethyl methacrylate (PMMA) thin films of about 40 nm thickness by
spin-coating method to avoid the oxidation of Ag NWs in air.

Using a home-made scanning confocal microscope system, spatial polarization properties
of the PL from a single Ag NW were investigated. A 532 nm solid-state laser (continuous
wave) was used as the excitation source. A polarizer was added at the output of the laser to
force a linear polarization and the polarization direction was tuned by the half-wave-plate
behind the polarizer before the microscope objective. The laser beam was focused into
diffraction-limited spot on one end of a single Ag NW by a high numerical aperture
microscope objective (NA = 0.95, x 100). PL from a single Ag NW was collected by the
same microscope objective, sent to the detector after spatial and spectral filtering, and then
detected by a silicon avalanche photodiode (APD). To measure of emission polarization
contrast, a half-wave-plate and a polarizer were placed before the detector. By rotating the
half-wave-plate in front of the detector the polarization of PL emitted from the single Ag NW
could be checked.

3. Results and discussion

Fig. 1. (a) SEM image of Ag NW assembles synthesized by polyol reduction of AgNOs. (b)
SEM image of single Ag NW, revealing the very smooth surface. Inset: an SEM image of one
end of Ag NW.

Figure 1(a) shows a typical SEM image of fabricated Ag NWs on a silicon wafer. Ag NWs
could be well dispersed with a low density and spin-coated on the substrates, which facilitated
the measurement of PL from a single Ag NW. As shown in Fig. 1(a), the length of Ag NWs
varied from few to tens of micrometers. On the other hand, in the enlarged SEM image of Fig.
1(b), the NWs exhibited a very smooth surface and were quite uniform in their dimensions
with an average diameter of ~130 nm. The end of the individual Ag NW exhibited a pyramid
structure as shown in the inset of Fig. 1(b), showing that the silver NWs were grown from
seeds deriving from twinned bicrystalline particles of decahedral shape [35].

Surface plasmon resonance property of Ag NWs was characterized in Fig. 2. The dilute
suspension of Ag NWs in ethanol was held in a quartz cell of path length 1 cm and the
spectrum was recorded by a UV-Vis-NIR spectrophotometer. Two extinction peaks around
350 and 395 nm could be observed, which corresponds to the quadruple resonance excitation
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and transverse surface plasmon resonance (TSPR) of Ag NWs, respectively [46]. We
observed no extinction peaks from the longitudinal surface plasmon resonance (LSPR) of Ag
NWs up to 2.5 um. Since the aspect ratio of the Ag nanowires was sufficiently large, the
plasmon resonances associated with the long and short axes are entirely decoupled and
accordingly, the peaks corresponding to LSPR of nanowires disappeared [47].
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Fig. 2. Extinction spectrum of Ag NWs in ethanol solution.
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Fig. 3. (a) PL scan image of a single Ag NW dependent on the polarization angle of the
excitation laser. (b) Normalized PL intensity from a single Ag NW as a function of the
excitation laser polarization angle. The solid dots represent the experimental data and the solid
line represents a fit based on sinusoid. (c) A typical PL spectrum of a single Ag NW.

The spatial distribution of the PL from a single Ag NW by different excitation laser
polarization directions was examined by using a scanning confocal microscope. Figure 3(a)
shows the PL images from a single Ag NW. According to the evolution of the PL images with
the excitation laser polarization direction, it could be observed that the PL intensity from a
single Ag NW exhibited a strong dependence on the excitation laser polarization direction
and varied with a period of 180°. Figure 3(b) plots the PL intensity versus the excitation
polarization direction related to the long axis of the single Ag NW. The maximum and
minimum PL intensity were reached as the excitation laser was polarized parallel and
perpendicularly to the long axis of Ag NWs, respectively. The PL intensity contrast was
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calculated to be about 85%, showing a large polarization sensitivity of the single Ag NW on
the excitation laser polarization. Interestingly, it could also be clearly seen that the PL
intensity was not uniformly distributed along the long axis of the Ag NWs as in the SEM
image in Fig. 1. This could be explained by the inhomogeneity in the crystal structure at
different sites along the NWs as well as the surface adsorption of surfactant PVP used during
the process of NW synthesis [45]. A typical PL spectrum of a single Ag NW is shown in Fig.
3(c). The PL spectrum showed a broad peak near 625 nm with a shoulder peak around 725
nm. The whole spectrum ranged from 575 to 850 nm. The similar PL spectra were obtained
when measured on the different positions along Ag NW. We also conducted the measurement
on the area of the sample without Ag NWs, but no apparent luminescent signal was observed.
The measurement on other individual Ag NWs was repeated in the same conditions and
similar phenomenon was observed as mentioned above. The large dependence of the PL
intensity from a single Ag NW on the excitation laser polarization direction should be related
to the distribution of the local electric filed strength on the NWs interacting with the incident
optical field.
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Fig. 4. Polarization dependence of the average electric field intensity enhancement. (a) Electric
field intensity contours obtained from the FDTD calculations on a single Ag NW under the
parallel and perpendicular excitation polarization relative to the long axis of the Ag NW. The
field intensity is at the logarithmic scale. (b) Field intensity enhancement factor (solid circles)
as a function of the excitation polarization direction relative to the long axis of the Ag NW.
The red line is a sinusoid fit.

FDTD was performed to reveal the local electric field strength contours of a single Ag
NW using FDTD Solutions 7.5 (Lumerical Solutions, Inc). The simulation was conducted on
a cubic grid with a discretization step of 10 nm with perfectly-matched layer conditions
imposed at the boundaries. A plane wave with electric field intensity of E, was used to excite
one end of a single Ag NW and computed its evolution along the long axis of the Ag NW
according to the Maxwell’s equations. The Ag NW was considered as a cylinder capped with
an oblate spheroid at each end. The diameter of the cylinder was 130 nm, and the length was
about 6 um, which very closed to the footprint size as Ag NW in Fig. 3(a). The semimajor
and semiminor axes of the spheroid were 65 and 50 nm, respectively. The Ag NW was placed
on a thin substrate with refractive index n = 1.47, matching that of the silica glass substrate
used in the experiment. The local electric field enhancement was simulated with different
incident light polarization directions. Figure 4(a) shows the average enhancement field
contours of the local electric field intensity of a single Ag NW when the incident light was
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parallel and perpendicular to the long axis of the Ag NW. For the parallel incident
polarization light, the longitudinal SPP mode was excited at the left end of the Ag NW, and
propagated along its long axis up to the right end. The radiation recombination transition of
electron-hole along the whole NW could be activated and produce strong PL. For the
perpendicularly polarized incident light, the transverse SPP mode was excited and only
located around the excited end of the Ag NW. Furthermore, the average enhancement factor
of the electric field intensity for the parallel incident polarization was about 15 times larger
than that for the perpendicular one. Thus, the PL intensity from a single Ag NW excited in the
parallel incident light polarization was significantly stronger than that excited in the
perpendicular one. Figure 4(b) illustrates the plots of the average enhancement factor of the
electric field intensity of a single Ag NW as a function of the incident light polarization. We
defined 0° for the incident light polarization direction along the long axis of the Ag NW. As
the excitation laser was polarized along (0° or 180°) or perpendicular (90° or 270°) to the
long axis of the Ag NW, the largest or smallest average enhancement factor could be
achieved, respectively. The experimental results exhibited an excellent agreement with the
FDTD simulation on local electric filed enhancement (Figs. 3 and 4).
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Fig. 5. PL intensity dependence on the excitation laser power in parallel and perpendicular
polarization excitation directions.

The PL intensity dependence of a single Ag NW on the excitation light power was
examined for parallel and perpendicularly polarized laser excitation, respectively, as shown in
Fig. 5. With the increase of the excitation laser power, the PL intensity for the perpendicular
incident polarization always increased linearly. On the contrary, the PL intensity excited by
parallel polarized laser increased linearly as the laser power was below 6713 W/cm® and then
increased rapidly at higher powers, showing an avalanche phenomenon. Here, we refer to the
avalanche PL as a sudden increase of PL intensity when the laser power is larger than a
threshold value. The avalanche PL from a single Ag NW when excited in the parallel incident
polarization direction may be related to the strong SPP coupling between light and resonating
free electrons in the surface of the Ag NW. The similar avalanche PL has also been observed
in Au and Ag NWs arrays under pulse laser excitation [43,48], however, the physics
mechanism under them was still not clear. One possible explanation was that the strong field
enhancement induced by the resonance coupling of light and surface free electrons in NWs
greatly increased the probability to excite the electrons to higher levels by multiphoton
absorption and/or multiple excitation and thus led to the avalanche PL [48]. As for our case,
the avalanche PL was generated by the continuous wave laser excitation, and the detailed
mechanism of avalanche PL need to be further studied. Now the related experiments are
conducting in order to uncover the mechanism of the avalanche PL from a single Ag NW.

A half-wave plate and a polarizer were added before the detector to analysis the
polarization state of the PL under different excitation polarizations. In order to distinguish the
influence of excitation laser polarization direction to the polarization contrast of the PL, the
PL intensity under the parallel and perpendicular polarization direction of the incident light
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was measured separately and the PL intensity as a function of the polarization angle relative
to the long axis of the Ag NW is displayed in Fig. 6. It could be observed that, for either
parallel or perpendicularly polarized excitation, the strongest (or weakest) PL intensity was
always observed in the parallel (or vertical) polarization direction with the excitation laser,
which could be explained that the longitudinal (or transverse) SPP mode was mainly excited
in the parallel (or vertical) polarization laser direction. The PL intensity variation was
dependent on the polarization direction of the excitation laser linearly. The PL polarization
feature could be characterized by the polarization contrast P as

_IH_[J-

P=
IH+Ii

()

where /7 and /I, are the PL intensity under the parallel and vertical directions related to the
polarization directions of the excitation laser, respectively. According to the experimental
data shown in Fig. 6, the polarization contrast for the parallel and perpendicular polarized
incident light was about 0.88 and 0.70, respectively. This indicates that the PL intensity from
a single Ag NW is spatially more polarized when the incident polarization is along the long
axis of the Ag NW.
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Fig. 6. The PL emission polarization from a single Ag NW under different excitation laser
polarization directions: (a) parallel and (b) perpendicular. The red solid curves are a fit.

4. Conclusion

In summary, we have observed that the PL from a single Ag NW was very sensitive to the
polarization direction of incident excitation light and varied with a period of 180°, which was
in good agreement with the results of FDTD simulation. Strong avalanche PL from a single
Ag NW was found when the polarization direction of incident light was along the length axis
of single Ag NW due to strong surface plasmon coupling effect. The emission polarization
investigation indicated that the spatial distribution of the PL intensity was polarization
sensitive. The polarization feature of the PL from a single Ag NW plasmonic waveguide may
be useful in applications of nanophotonics, polarization-dependent image, sensing and
biolabeling.
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