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Controllable Excitation of Surface Plasmons in End-to-Trunk Coupled Silver
Nanowire Structures *

ZHU Yin(4f%), WEI Hong(Z241), YANG Peng-Fei(# /% &), XU Hong-Xing ({4 & )**
Beijing National Laboratory for Condensed Matter Physics and Institute of Physics, Chinese Academy of Sciences,
P.O. Box 603-146, Beijing 100190

(Received 5 April 2012)

In branched nanowire structures, the controllable excitation of surface plasmons is investigated by both experi-
ments and simulations. By focusing the excitation light at the junction between the main wire and the branch
wire, surface plasmons can be selectively launched to propagate to different output terminals, depending on the
polarization of the excitation light. The parameters influencing the plasmon excitation and thus emission behav-
ior are investigated, including the branch angle, the position of the branch and the nanowire radius. The different
polarization dependence of the output light is determined by the surface plasmon modes selectively excited in
the junction through end-excitation or/and gap-excitation manners. For the branch wire, when the branch angle
is small, the end-excitation is dominant, which makes the branched wire behave like an individual nanowire.
With the increase of the branch angle, the coupling between the branch wire end and the primary wire trunk is
increased, which influences the plasmon excitation in the branch wire as evidenced by the rotation of the polar-
ization angle for maximum output. For the primary wire, the SP excitation is dependent on the branch angle,
position of the junction along the primary wire, and the radii of the nanowires. The results may be important for
the design of a controllable surface plasmon launcher, one of the functional components in surface-plasmon-based

nanophotonic circuits.

PACS: 73.20.Mf, 42.25.Ja, 78.67.Uh

The manipulation of light at the nanometer scale
based on surface plasmons (SPs) has attracted in-
tensive interest from many different fields. Metal
nanostructures which support SP resonances show
many valuable properties and are used in various ap-
plications, such as surface-enhanced spectroscopy,!'”!
surface plasmon resonance sensing,[”'! SP-assisted
optical tweezers,!”° nanolasers,!”) nanophotonic de-
vices and circuits,® "% and quantum information
processing.l'>'*l In one-dimensional metal nanos-
tructures, SPs can propagate along the waveguide
with tight confinement of the local electromagnetic
field in the transverse dimension. Propagating SPs
have been investigated in different waveguide struc-
tures, of which crystalline silver nanowires attract
special attention.['>~??l The emission direction and
polarization,[” =2 loss caused by the metal and the
substrates,?° 2% and group velocity!”?*’] have been
studied. Recently, SP interferences have been suc-
cessfully used to control and modulate the propagat-
ing plasmons in nanowire networks, and binary logic
gates can be built.l'>*'] Hence, the silver nanowires
are good elements for the demonstration of SP-based
nanophotonic circuits. To build functional plasmonic
circuits, the controllable excitation and distribution of
SPs in a nanowire network is an inevitable issue.

In this Letter, we investigate the SP excitation in
three-terminal nanowire structures composed of two
Ag nanowires coupled in an end-to-trunk configura-
tion. Excitation laser light is focused at the connect-
ing junction of two wires to generate propagating SPs,
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which couple out at the output terminals as photons.
Experimental results show that the SP excitation is
strongly dependent on the polarization of the incident
light. For the branch wire, the plasmons can be effi-
ciently launched when the incident light is polarized
along this wire. For the main wire, the generation
of SPs shows more complex behavior, dependent on
the geometrical details of the branched wire structure.
Electromagnetic simulations using the finite element
method (FEM) are also performed to investigate the
polarization dependence of the output light. The in-
fluences of different nanowire structure geometries on
the SP emission behaviors are studied.

The crystalline Ag nanowires were synthesized us-
ing a reported protocol.’*” Then an ethanol suspen-
sion of Ag nanowires was spin-coated on glass slides
patterned with indexed grids, which can help to find
the same structure with both an optical microscope
and a scanning electron microscope (SEM). Branched
nanowire structures randomly formed can be found on
the sample. The mean diameter of the Ag nanowire is
about 280 nm, and the lengths range from 5 to 20 pm.
The optical measurements were performed based on
an upright microscope. The laser light of 633 nm wave-
length was focused on the junction of the branched
nanowire structure through a 100x(NA 0.95) objec-
tive. The back-scattered light was collected by the
same objective and directed to a CCD camera to
record the images. The polarization of the laser light
was controlled by a half-wave plate. The polarization
angle is defined as the angle between the polarization
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direction and the branch wire. In the branched struc-
tures, the three terminals are separated far enough
from the junction, which guarantees that the output
light from the three terminals can be detected with-
out the interference from the excitation light at the
junction.
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Fig.1. (a) SEM image of one end-to-trunk coupled
nanowire structure, (b,c) the optical images for the polar-
ization angle of 80° (c) and 0° (d) as shown by the grey
arrows. (d) The intensity from the three output terminals
A (black), B (blue) and C (red) at different polarization
angles.
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Fig. 2. SEM images and polarization dependent output
intensity at three terminals A (black), B (blue) and C (red)
for three different end-to-trunk coupled nanowire struc-
tures.

Figure 1(a) shows the SEM image of an end-to-

trunk coupled Ag nanowire structure. The diameter
of the branch wire (short one) is 303 nm and the length
is 4.62 um. For the main wire, the diameter and length
are 289nm and 11.6 um, respectively. The angle be-
tween the two nanowires is about 37°. When the con-
necting junction is illuminated by the 633 nm wave-
length laser light, SPs are launched not only in the
branch wire, but also in the main wire, which is evi-
denced by the light scattering at the nanowire termi-
nals. The intensity of the scattered light at the three
output terminals (A, B and C) strongly depends on
the polarization of the laser light. Figures 1(b) and
1(c) show the scattering images under two different
incident polarizations. As can be seen, for the po-
larization shown by the grey arrow in Fig.1(b), the
output intensity at terminal A is strong, while for the
polarization shown in Fig.1(c), the output intensity
at terminal B is strong. The output intensity at the
three terminals for different laser polarizations is plot-
ted in Fig. 1(d). The output intensity of all the three
terminals shows strong polarization dependence. For
the branch wire, the output intensity at terminal B
becomes maximal when the laser polarized along the
branch wire (§ = 0°). Meanwhile, the output inten-
sity of terminals A and C is close to the minimum for
this polarization. For an incident polarization of 80°,
strong light emission is obtained at terminal A and
the light emission at terminal B is weak, which means
that the SPs are only efficiently launched in the main
nanowire.
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Fig. 3. (a) FEM simulation of electric field intensity dis-
tribution in an end-to-trunk coupled Ag nanowire struc-
ture excited by a Gaussian beam (beam waist 1um) at
the junction. The coupling end of the branch wire (length
L, = 2.5um, radius R, = 150nm) capped the mid-
dle point of the main wire (length L,, = 6pum, radius
Ry = 150nm) with the angle of 35° between the two
wires. The polarization of the excitation light is parallel
to the branch wire. (b-d) The incident polarization de-
pendent intensity of the terminals B (b), A (c) and C (d)
for the branch angle « of 35° (black), 60° (red) and 90°
(blue).

In this structure, the polarization dependence of
the output light at the branch wire terminal is the
same as that of a single wire. Thus the excitation of
SPs in the branch wire is mainly determined by the
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nanowire end at the junction. We classify the SP gen-
eration manner at the nanowire end as end-excitation.
For the main nanowire, the excitation of the plasmons
happened at the wire trunk where adjacent nanowire
exists. The coupling between the main wire and the
branch wire enables the excitation of SPs in the main
wire. We classify this kind SP excitation manner as
gap-excitation. For this kind of excitation configura-
tion, the wave vectors that can lead to the SP exci-
tation are different from the end-excitation configura-
tion. Depending on the detailed geometry of the gap,
different plasmon modes are excited, which results in
different polarization dependence of the output behav-
ior of the main wire.
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Fig. 4. FEM simulations of output intensity at three ter-
minals in an end-to-trunk coupled Ag nanowire structure.
The angle between the branch wire (Lp, = 2.5um, R, =
150nm) and the main wire (Ly, = 6 pm, R, = 150 nm)
is 35°. (a—c) The output intensity at terminals A (a), B
(b) and C (c) for the junction at the middle of the main
wire (black), moving 400 nm (red) and 700 nm (blue) right
of the middle. (d-f) The output intensity at terminals A
(d), B (e) and C (f) for the branch wire radius of 120 nm
(black), 130nm (red) and 140nm (blue). The radius of
the main wire is 150 nm. The junction is at the middle of
the main wire.

We experimentally measured different branched
nanowire structures and found the structure-
dependent output behavior. Figure 2 shows three
structures with different angles between the branch
wire and the main wire, and different nanowire di-
mensions. For the gap-exciation of SPs in the main
nanowires, the output intensity at terminals A and C
shows different behaviors, due to the selective excita-
tion of different plasmon modes in the junction. In
addition, the diameter of the nanowire can also in-
fluence the modes that can be excited. However, the
polarization dependence of the branch nanowire is less

sensitive to the detailed nanostructure geometries. As
can be seen in Figs.2(a)-2(c), the output intensity
at the branch terminal B becomes maximum when
the laser polarization is parallel to the branch wire
(Figs. 2(a) and 2(c)) or deviates little from the branch
wire (Fig.2(b)). The deviation of the polarization
angle for maximum output at terminal B is about 20°
in Fig. 2(b). This small rotation of the laser polariza-
tion is probably caused by the junction of narrow gap,
which influences the excitation of plasmon modes by
end-excitation configuration.

Simulations using the finite element method
(COMSOL multiphysics) were performed to investi-
gate the influence of the nanowire structure parame-
ters on the polarization-dependent SP excitation. The
simulated structure is composed of a main nanowire
(6 ym length and 150 nm radius) and a branch wire
(2.5 pm length and 150nm radius). The excitation
light was simulated by a polarized Gaussian beam
(beam waist 1 um), which was incident on the con-
necting junction of the branched structure. Figure
3(a) shows the near-field distribution when the excita-
tion light was incident on the junction. SPs are gener-
ated by the laser illumination, which can be seen from
the strong near-field distribution along the nanowire.
The emission intensity at the output terminals is ob-
tained by averaging the electric field intensity over the
nanowire cross section. Figure 3(b) shows the depen-
dence of the emission intensity at terminal B on the
incident polarization angles for three different angles
between the branch and the main nanowires. As can
be seen, for different branch angles, the emission in-
tensity at terminal B is always strongly dependent on
the polarization of the laser light. For the branch an-
gle of 35° and 90°, the emission intensity at terminal
B is maximal when the polarization angle is 0° (the
laser polarized parallel to the branch wire, black and
green curves in Fig. 3(b)). While for the branch angle
of 60°, the emission at terminal B is strongest when
the polarization angle is —15° (red curve in Fig. 3(b)).
Furthermore, the absolute emission intensity at ter-
minal B for a branch angle of 60° is much stronger
than those of branch angles 35° and 90°. The differ-
ent behaviors for different branch angles can be un-
derstood by considering the excitation configurations.
When the branch angle is small, e.g. 35°, the excita-
tion of SPs in the branch wire is mainly determined by
the end-excitation and the effect of the gap-excitation
at the junction is small. With the increase of the
branch angle, more of the branch wire end is cou-
pled to the main wire trunk, and the contribution of
gap-excitation is increased, which makes the polariza-
tion dependence behavior of the branch wire different
from that of a single wire. The polarization angle cor-
responding to the maximum emission is —15°, which
agrees well with the experimental data in Fig.2(b).
On the other hand, the gap-excitation configuration
also improves the in-coupling efficiency for the plas-
mon excitation, thus stronger emission at the branch
terminal B is observed. When the branch angle is in-
creased to 90°, the symmetry of the gap determines
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that the SP excitation efficiency at the junction is the
highest when the laser light polarized along the branch
wire. By comparing the three curves in Fig. 3(b), we
can see that the green curve is less dependent on the
incident polarization compared with the black and the
red curves. To quantitatively evaluate the polarization
dependence, we define the degree of polarization de-
pendence p = %, where I,,,, is the maximum
output intensit}rfr:a?mir;mis the minimum output inten-
sity. From the data in Fig.3(b), we can obtain that
the degrees of polarization dependence corresponding
to the branch angles of 35°, 60° and 90° are 0.74, 0.89
and 0.52, respectively. The polarization dependence is
weakest when the branch angle is 90°, and strongest
when the branch angle is 60°. The asymmetric strong
coupling between the branch wire end and the main
wire trunk modifies the polarization dependence of the
branch wire and improves the excitation efficiency for
optimal incident polarization, and results in an out-
put behavior strongly dependent on the polarization
of the excitation light. Figures 3(c) and 3(d) show
the output intensity at different incident polarization
angles for three different branch angles. For both ter-
minals of the main nanowire, the emission intensity
is strongest when the branch angle is 90°. Although
the degree of polarization dependence for the emis-
sion at terminal A and C is much smaller than that
of terminal B, it is maximal when the branch angle is
60° (0.41 for terminal A and 0.51 for terminal C), and
minimal when the branch angle is 90° for terminal A
(0.15) and 35° for terminal C (0.14).

Besides the branch angle, the position of the con-
necting junction and the nanowire radius also influ-
ence the output behavior. Figures 4(a)—4(c) shows
the simulated output intensity at the terminals A, B
and C in the structure of branch angle 35°, for mov-
ing the coupling end of the branch wire from the mid-
dle point of the main nanowire to the right by 0nm,
400 nm and 700 nm, respectively. The polarization de-
pendence of the emission intensity at terminal A is
sensitive to the movement of the branch wire. The
polarizations corresponding to the maximum output
are rotated anticlockwise. When the branch end is at
the middle of the main wire, the emission intensity at
terminal A is maximal when the laser polarization an-
gle is # = 10°. With the branch moved 400 nm to the
right, the emission at terminal A is strongest when
60 = 60°. When the branch is moved further to the
right to the position of 700 nm away from the middle,
the emission at terminal A is strongest when 6 = 90°.
The maximal output intensity for the three different
junctions is similar. For the output at terminal B, the
intensity is highest when the laser polarized parallel to
the branch wire (# = 0°). For the branch angle of 35°,
the end-excitation is dominant for the plasmons in the
branch wire, which is insensitive to the movement of
the branch wire along the main wire and determines
the maximum output intensity for § = 0°. For the
terminal C, the maximum output intensity also ro-
tates anticlockwise relative to the polarization angle
as the branch wire is moved to the right. However,

the rotation is not so drastic as for terminal A. With
the branch moved from the center of the main wire
to 400nm to the right and 700nm to the right, the
emission intensity at terminal C is increased gradu-
ally. As the branch wire is moved off the middle of
the main wire, the distance that the generated SPs
propagate over in the main wire is changed. As is
known, the Ag nanowire behaves like a Fabry—Pérot
cavity to selectively modulate the output at the termi-
nals. The change of the output behavior for terminals
A and C in the branch structure is probably caused
by the Fabry—Pérot resonances of different SP modes.
Fixing the radius of the main wire as 150 nm and vary-
ing the radius of the branch wire as 120 nm, 130 nm,
and 140 nm, the corresponding incident polarization
dependent intensity at the three output terminals is
shown in Figs.4(d)-4(f). The strongest emission of
the branch also occurs when the incident polarization
is parallel to its long axis. However, for terminals A
and C, the output behavior becomes quite different.
Since both the main wire and the branch wire are
placed on the same glass substrate, the decrease of the
branch wire radius changes the geometries of the junc-
tion, which influences the plasmon modes launched by
gap-excitation and thus changes the output behavior.

In conclusion, we have investigated the control-
lable plasmon excitation in branched nanowire struc-
tures. From the results of both experiments and sim-
ulations, it is found that the detailed branched nanos-
tructure geometries play an import role in determin-
ing the excitation of surface plasmons and thus the
output. By controlling the polarization of the exci-
tation light, the plasmons can be selectively launched
to the branch wire or the main wire, which is related
to the SP excitation manners. We study the SP ex-
citation dependence on the branch angle, position of
the junction along the main wire, and the radii of the
nanowires. The controllable excitation of the prop-
agating surface plasmons in the branched nanowire
structures may be used for a selective SP launcher
or addressable light splitter to be integrated into SP-
based nanophotonic circuits.

We thank Li Chen for the help in preparing the
manuscript.
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