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Tunable plasmon modes in single silver nanowire
optical antennas characterized by far-field
microscope polarization spectroscopy

Ming Fu,*ab Lihua Qian,a Hua Long,a Kai Wang,a Peixiang Lu,*a Yury P. Rakovich,c

Frederik Hetsch,d Andrei S. Sushad and Andrey L. Rogachd

Performing far-field microscope polarization spectroscopy and finite element method simulations, we

investigated experimentally and theoretically the surface plasmon modes in single Ag nanowire antennas.

Our results show that the surface plasmon resonances in the single Ag nanowire antenna can be tuned

from the dipole plasmon mode to a higher order plasmon mode, which would result in the emission

with different intensities and polarization states, for the semiconductor quantum dots coupled to the

nanowire antenna. The fluorescence polarization is changed with different polarized excitation of the

800 nm light beam, while it remains parallel to the Ag nanowire axis at the 400 nm excitation. The 800

nm incident light interacts nonresonantly with the dipole plasmon mode with the polarized excitation

parallel to the Ag nanowire axis, while it excites a higher order plasmon mode with the perpendicular

excitation. Under excitation of 400 nm, either the parallel or perpendicular excitation can only result in a

dipole plasmon mode. In addition, we demonstrate that the single Ag nanowire antenna can work as an

energy concentrator for enhancing the two-photon excited fluorescence of semiconductor quantum dots.
1 Introduction

Optical nanoantenna structures can efficiently convert propa-
gating optical radiation into localized elds through the exci-
tation of collective electron oscillations known as surface
plasmon resonances. This provides an effective route to
concentrate and manipulate light from free space to nanoscale
objects. In the metallic nanoparticles and nanorods based on
dipole resonances, strong local eld-enhancement can be ach-
ieved,1–3 which has been exploited to improve spontaneous
emission enhancement,4 white light supercontinuum genera-
tion,5 and surface enhanced Raman spectroscopy.6,7 Beyond
dipole plasmon mode, having access to higher order modes in
eld expansion can provide fundamental control over optical
elds to engineer electromagnetic parameters like phase,8

polarization state, directions of radiation and optical angular
momentum.9 The capability to tune the plasmon resonance
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modes in optical nanoantennas has played a critical role in
plasmonics.10

Noble metal antennas are an ideal platform to investigate the
generation and control of different plasmon resonance modes.
To map the surface plasmon modes in nanowire antennas,
scanning near-eld optical microscopy has been used as an
accurate and convenient imaging method.11–15 A direct far-eld
measurement of the surface plasmon modes proved to be diffi-
cult, as plasmons can only be converted into photons at defects,
such as nanowire ends or kinks, which break the symmetry and
allow for direct plasmon–photon conversion.2,16–21 In recent
years, indirect far-eld techniques, such as overcoating the
plasmonic nanowire with uorescent polymer or quantum dots
(QDs) which emit under the surface plasmon near-eld excita-
tion, have been developed.9,14,15,22–30 The emission intensity is
proportional to the surface plasmon near-eld intensity (or its
square for the two-photon excitation), and can be used to
elucidate the surface plasmon modes in nanowire antennas.

Herein, performing the far-eld microscope polarization
spectroscopy and three-dimensional nite element method
(FEM) simulations, the plasmon modes of single silver (Ag)
nanowire are investigated experimentally and theoretically. Our
results show that as the excitation wavelength and excitation
polarization angle are changed, the surface plasmon reso-
nances can be tuned from the dipole plasmon mode to a higher
order plasmonmode, which would result in different intensities
and polarization states of the emission radiated by the emitters
nearby. The plasmon resonance modes calculated by the three-
This journal is © The Royal Society of Chemistry 2014
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dimensional FEM simulation t well with the experiment
results. In addition, we demonstrate that the single Ag nanowire
antenna can work as an energy concentrator for enhancing the
two-photon excited uorescence (TPEF) of semiconductor QDs.
Fig. 2 (a) Scheme of the microscope photoluminescence measure-
ment set-up. (b) Bright field image of the hybrid Ag nanowire–CdTe
QD structure. q is the cross-angle between the Ag nanowire axis and
the excitation laser polarization. (c) Two-photon excited fluorescence
(TPEF) spectra with different excitation areas and fluorescence
microscopy image of the hybrid structure, at the excitation power of
1 mW.
2 Results and discussion

Single-crystalline Ag nanowires were synthesized by wet chem-
istry methods,31 details of the sample preparation are provided
in the Methods section. Fig. 1a shows the scanning electron
microscopy image of as-synthesized Ag nanowires with the
diameters from 50 to 500 nm and lengths from 2 to 15 mm. In
order to fabricate the hybrid Ag nanowire–CdTe QD structure as
shown in Fig. 1b, the Ag nanowires were dispersed onto the
quartz substrates from their diluted ethanol solution via a drop-
casting method. For the ensemble experiments, CdTe nano-
crystal QDs were dispersed into 1 wt% solution of poly-
vinylalcohol (PVA) in water. Before drop-casting CdTe QD
dispersed PVA, a CdTe free PVA layer was obtained by spin-
coating 1 wt% solution PVA to render a �30 nm thick layer
between the Ag nanowires and CdTe QDs to avoid quenching of
CdTe uorescence by Ag nanowires.32–34

The uorescence of the hybrid structures was detected using
a home-built microscope photoluminescence measurement set-
up35,36 shown in Fig. 2a. The bright eld image of the region
around a single Ag nanowire surrounded by CdTe QDs,
obtained under illumination by a tungsten halogen lamp, is
shown in Fig. 2b. For further discussion, we dene q as the
cross-angle between the Ag nanowire axis and the excitation
laser polarization (Fig. 2b). Fig. 2c shows the TPEF spectrum of
CdTe QDs obtained at the excitation wavelength of 800 nm and
Fig. 1 (a) Scanning electron microscopy image of Ag nanowires. (b)
Scheme of the plasmonic nanowire antenna functionalized by optical
emitters (CdTe QDs) on top of a polyvinylalcohol (PVA) layer of 30 nm
thickness. The surface plasmon of Ag nanowire antennas generated via
the excitation of the incident laser pulse can near-field excite the CdTe
QDs nearby with high efficiency to radiate the fluorescence.

This journal is © The Royal Society of Chemistry 2014
the excitation power of 1 mW. The 800 nm excitation laser
focused by the objective (0.65 NA, 40�) has a Gaussian beam
prole with the beam waist of 523 nm, the intensity at the silica
surface with an area about 1 mm in diameter can couple to the
Ag nanowire and generate the surface plasmons (as shown in
Fig. 6), while the other intensity distributed far from the beam
center can excite the QDs directly. Consequently, the 800 nm
photons mainly excite the surface plasmons of the Ag nanowire
which can couple to the CdTe QD excitons and thus generate
the emission.

Keeping the excitation laser polarization parallel to the Ag
nanowire axis, far-eld TPEF microscopy images of the sample
scanned around the single Ag nanowire have been collected. As
shown in the inset of Fig. 2c, a strong TPEF signal near the Ag
nanowire can be observed, whereas the area of the sample far
from the Ag nanowire shows very weak, spatially homogeneous
QD uorescence. When the QDs around the Ag nanowire are
near-eld excited by the surface plasmons, the majority of the
excitons radiate emission in the free space and can be efficiently
collected by the objective. Only the minority of the excitons can
couple to the Ag nanowire, and then couple out as photons via
the exciton–plasmon–photon conversion,16,33 which have the
radiation direction along the nanowire axis and can only be
detected with low efficiency. Therefore, the emission registered
here is mainly related to the excitonic emission via the plas-
mon–exciton–photon conversion.

The excitation power dependence of the uorescence inten-
sity of the hybrid Ag nanowire–CdTe QD structure as a function
of q under excitation at 800 nm (two-photon excitation) has
been studied. The TPEF near the Ag nanowire under the parallel
polarized excitation is stronger than that under the perpendic-
ular excitation. As the excitation power increased, the polar plot
changed its shape from peanut to ellipse (Fig. 3a), which indi-
cates that the excitation polarization dependence of the TPEF
Nanoscale, 2014, 6, 9192–9197 | 9193
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Fig. 3 (a) Polar plot of the TPEF intensity of the hybrid Ag nanowire–
CdTe QD structure as a function of q (defined in Fig. 2b) under exci-
tation at 800 nm, with the excitation power of 2 mW (blue dots), 3 mW
(green dots), and 4 mW (red dots). The data exhibit a cosine angular
dependence (solid lines). (b) The TPEF intensity at parallel (IkEx.) (red
squares) and perpendicular (ItEx.) (blue squares) polarized excitation
fitted with a quadratic functional form (solid lines) as a function of the
excitation power.

Fig. 4 Polar plot of the integral fluorescence intensity of the hybrid Ag
nanowire–CdTe QD structure as a function of q (defined in Fig. 2b)
under excitation of (a) 800 nm at 600 mW and (b) 400 nm at 0.045 mW.
The results are fitted with a cosine function (solid lines).

Fig. 5 The fluorescence intensity as a function of the angle between
the Ag nanowire axis and the detected polarization direction, with q

(defined in Fig. 2b) ¼ 0�, 45�, and 90�, under the excitation of (a–c)
400 nm and (d–f) 800 nm. The results are fitted with a cosine function
(solid lines).
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intensity changes from anisotropic to nearly isotropic. In the
areas far from the Ag nanowire, the polar plot of the TPEF as the
function of q had an almost round shape with smaller radius
than that with the Ag nanowire at the same excitation power
(not shown). Setting the excitation laser polarization parallel
and perpendicular to the Ag nanowire axis, the TPEF intensity
was measured as a function of the excitation laser power. As
shown in Fig. 3b, the dependences obtained are well-tted with
a quadratic functional form, with almost negligible back-
ground, which indicates that the uorescence is a two-photon
process.8

The integral intensity and the polarization of the QD uo-
rescence as a function of the excitation polarization and wave-
length have been studied in detail for the samples with the Ag
nanowire axis oriented perpendicular to the excitation laser
propagation. Varying the polarization of the excitation laser
beam by rotating a half-wave plate, the dependence of the
integral intensity of the uorescence signal on the angle
between the Ag nanowire axis and the polarization of the exci-
tation laser beam (dened as q in Fig. 2b) has been recorded.
Fig. 4 shows the integral uorescence intensity of the hybrid
structure as a function of q under excitation at 400 nm (one-
photon excitation) and 800 nm (two-photon excitation) respec-
tively. The results are tted with a cosine function. Under
400 nm excitation (blue solid points), the integral uorescence
intensity shows nearly isotropic behavior (ItEx./IkEx.¼ 1.08) with
only slight elongation of angular distribution in the direction
perpendicular to the long axis of the Ag nanowire (q ¼ 90� and
270�). In contrast, the maximum uorescence intensity under
800 nm excitation was reached when the excitation laser was
polarized parallel to the nanowire axis (q ¼ 0� and 180�), with a
relatively high ratio of angular distribution (ItEx./IkEx. ¼ 1.65).

We further studied the polarization of the uorescence of the
hybrid Ag nanowire–CdTe QD structure under 400 nm and 800
nm excitation. By rotating the Glan-Laser polarizer in front of
the spectrometer (Fig. 2a), we were able to selectively detect the
uorescence signal at different polarization directions. As
shown in Fig. 5, under one-photon excitation at 400 nm, the
uorescence had maximal and minimal intensity when the
detected polarization was parallel and perpendicular to the
9194 | Nanoscale, 2014, 6, 9192–9197
nanowire axis, respectively, which indicates that the uores-
cence was mainly polarized toward the direction of the nano-
wire axis. The polarization ratio Imax/Imin was 3.11 (q ¼ 0�), 3.01
(q ¼ 45�), and 2.90 (q ¼ 90�) respectively. Under two-photon
excitation of 800 nm at q¼ 0�, the QD uorescence hadmaximal
and minimal intensity when the detected polarization was
parallel and perpendicular to the nanowire axis, respectively. As
q ¼ 45�, the polarization direction of the maximal and minimal
uorescence intensity changed to 25� and 115�, respectively,
and the polarization ratio Imax/Imin decreased from 12.9 (q ¼ 0�)
to 3.8 (q ¼ 45�). This indicates that the TPEF was mainly linear
polarized toward the direction of nanowire at q ¼ 0� and the
direction with a cross-angle of 25� with the nanowire axis at
q¼ 45�. For q¼ 90�, the uorescence showed minimal intensity
at the detected polarization of both parallel and perpendicular
to the nanowire axis, and the maximal intensity was observed at
the direction with cross-angles of 45�, 135�, 225�, and 315� with
the nanowire axis.

To understand the different excitation polarization depen-
dent uorescence behavior of the sample illuminated with the
wavelength of 400 nm and 800 nm, we performed the three-
This journal is © The Royal Society of Chemistry 2014
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dimensional electrodynamics simulations by FEM using the
commercial soware package “CMOSOL Multiphysics 4.0”
(COMSOL, Inc.). The Ag nanowire was illuminated by a linear
polarized Gaussian light beam (u0 ¼ 262 nm for l ¼ 400 nm,
u0¼ 523 nm for l¼ 800 nm). Fig. 6 shows the calculated electric
eld distributions around an Ag nanowire for the excitation
beam propagating along the y-axis with different polarizations.
Assuming uniform distribution of CdTe QDs in the PVA matrix,
the collected single photon excited uorescence and TPEF
signals are linear and quadratic dependent on the average
electric intensity respectively. With the 400 nm excitation, the
electric eld around the Ag nanowire at perpendicular polarized
excitation is similar to that at parallel polarized excitation
(Fig. 6a and b), which is consistent with the nearly isotropic
behavior as shown in Fig. 4. For the 800 nm illumination, in the
area with the diameter of 1 mm around the Ag nanowire (Fig. 6c
and d), the calculated average electric eld intensity ratio
IkEx./ItEx. is 1.27, its square is consistent with the experimental
result 1.65 as shown in Fig. 4.

Because of the random orientation of QDs, the uorescence
intensity of ensembles should not be polarization dependent in
general.2 The polarized uorescence of CdTe QDs around the Ag
nanowire could be attributed to the electromagnetic coupling of
the CdTe QD uorescence with near-eld plasmon modes of
the Ag nanowire.37 The excitation (both the wavelength and
Fig. 6 Planar representations of the electric field E, around a Ag
nanowire (D ¼ 300 nm, L ¼ 5 mm), relative to the incident field E0, |E|/|
E0|, simulated by the finite element method. The Ag nanowire is
excited by a linearly polarized Gaussian light beam with l ¼ 400 nm or
800 nm propagating in the y direction with the polarization parallel
and perpendicular to the Ag nanowire axis respectively. The top panels
are cross-sections of the nanowire in the x–y plane at z ¼ 0, the
bottom panels are cross-sections of the x–z plane at y ¼ 0.

This journal is © The Royal Society of Chemistry 2014
polarization direction) related uorescence polarization can be
understood as follows, for the 400 nm excitation, when q ¼ 0�,
the light beam interacts nonresonantly with the longitudinal
dipole mode. When q ¼ 90�, the frequency of light photons
matches the frequency of surface electrons oscillating against the
restoring force of positive nuclei in Ag, so that the surface plas-
mon resonance can be excited and transmit along the nanowire
axis to both ends which also results in the longitudinal plasmon
mode. The excited longitudinal plasmon mode coupled to the
exciton emission dipoles via the dipole–dipole interaction can
result in the linear polarized emission with orientation along the
nanowire axis (Fig. 5a–c), which is independent of q. For the 800
nm illumination, when q ¼ 0�, the light beam interacts non-
resonantly with the longitudinal dipolemode of the Ag nanowire;
when q ¼ 90�, it excites a higher order longitudinal plasmon
mode, which has both longitudinal and transverse components.
The dipole and higher order plasmon modes coupled to the QD
emission dipoles can result in the linear polarized emission with
orientation along the nanowire axis and quadrupole-like polar-
ized emission,38,39 respectively (Fig. 5d and f). When q ¼ 45�, the
light beam excites a superposition of the dipole and higher order
plasmon modes, resulting in both the longitudinal and trans-
verse plasmon modes oscillating with the same frequency and
phase, which can lead to a new dipole mode. Due to the different
intensities of longitudinal and transverse modes, the orientation
of the new dipole mode (�25�) is different from the polarization
direction of the excitation light (q ¼ 45�). The electromagnetic
coupling between the new dipole plasmon mode and the QD
emission dipoles can result in the linear polarized emission as
shown in Fig. 5e.

For the mechanism of the TPEF enhancement, on one hand,
the anisotropic dependence of the uorescence intensity on the
polarization angle of the excitation light indicates that the
observed TPEF enhancement is caused by a plasmon-induced
enhancement of the CdTe QD excitation rate.37 On the other
hand, the dependence of the TPEF polarization on the excita-
tion polarization angle shows that the electromagnetic coupling
of the CdTe QD emission dipoles with dipole or higher order
plasmonmodes of the Ag nanowire also contributes to the TPEF
enhancement.40–42

3 Conclusions

In conclusion, our results show that the surface plasmon reso-
nances in the single Ag nanowire antenna can be tuned from
the dipole plasmon mode to a higher order plasmon mode, as
the excitation wavelength and excitation polarization angle are
changed. The different surface plasmon modes coupled to the
radiation of quantum emitters nearby would result in the
emission with different intensities and polarization states.
Furthermore, we demonstrate that the single Ag nanowire
antennas can work as an energy concentrator for enhancing the
two-photon excited uorescence of semiconductor quantum
dots. The tunability of the surface plasmon modes in the single
Ag nanowire antenna can be helpful for the potential applica-
tions of these plasmonic structures in integrated nanophotonic
and plasmonic devices.
Nanoscale, 2014, 6, 9192–9197 | 9195
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4 Methods
Sample preparations

CdTe QDs capped by thioglycolic acid with a diameter of 3.7 nm
were synthesized as previously reported.43 Ag nanowires were
synthesized via the reduction of AgNO3 with ethylene glycol in
the presence of poly(vinyl pyrrolidone).31,44 The nanowires were
separated from the crude solution by addition of a large amount
of acetone, followed by sonication and centrifugation, and re-
dispersed in ethanol. For the ensemble experiments, CdTe QDs
were dispersed into 1 wt% polyvinylalcohol (PVA) aqueous
solution.32 The Ag nanowires were transferred onto clean quartz
substrates from their diluted ethanol solution via a drop casting
method. Aer the ethanol was air-dried, 1 wt% PVA solution was
spin coated onto the Ag nanowires with 3000 rpm to render a
�30 nm thick layer onto the wires to avoid quenching of CdTe
QDs uorescence by Ag nanowires. Then a �2.3 mm thick CdTe
QDs dispersed PVA layer was drop casted onto the sample.

Optical measurements

For the microscope imaging, a light source of a tungsten
halogen lamp with a color temperature of 3200 K was used. For
the uorescence scanning image and spectra measurements,
the Ti:sapphire femtosecond laser system (Spectra-Physics,
Tsunami, wavelength 800 nm, pulse width 50 fs, repetition rate
80 MHz) and its frequency-doubled beam are used as the exci-
tation light source. The excitation laser beam is chopped at the
repetition frequency of 2 kHz, then focused onto the sample
through a microscope objective (Olympus, 0.65 NA, 40�). The
uorescence signal of the samples is collected through another
microscope objective (Olympus, 0.65 NA, 40�) and then focused
into the entrance slit of a grating monochromator. The signal at
the selected wavelength is then detected by a photomultiplier
tube and averaged by a digital lock-in amplier (SR830, Stanford
Research System). The sample is mounted on a xy precision
compact linear stage (VP-25XA, Newport). In order to perform
efficiently the two-dimensional microscope photoluminescence
measurement, a LabVIEW program has been written in which
both the two dimensional stage and the lock-in amplier can be
controlled simultaneously.

Numerical simulations

To obtain the electric eld distribution around the Ag nanowire,
three-dimensional electromagnetic simulations were carried
out via the nite element method using the radio frequency
module of commercial soware package “CMOSOL Multi-
physics 4.0” (COMSOL, Inc.). The Ag nanowire was approxi-
mated as a solid circular cylinder with a diameter of 300 nm and
a length of 5 mm. The dielectric function of Ag was modeled by
using the tabulated values from Palik.45 The background
refractive index was set to be 1.5 (the refractive index of PVA46,47

and fused silica48). The Ag nanowire is illuminated by a linear
polarized Gaussian light beamwith the wavelength of 400 nm or
800 nm, and beam waists are 262 nm and 523 nm respectively.
The simulation region is 1.5 � 1.5 � 6 mm3, and a non-uniform
mesh with a maximum element size of 120 nm was used.
9196 | Nanoscale, 2014, 6, 9192–9197
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