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 Silver nanowires with cross sections well below the free-space 

diffraction limit of light are high-quality waveguides for the 

propagation of planar, optical-frequency signals as surface 

plasmon polaritons (SPPs). [  1  ]  They are currently of intense, 

rapidly increasing interest as fundamental building blocks of 

subwavelength optics and as a platform for the development 

of nanoscale optical components and devices. [  2–12  ]  A remark-

ably wide range of plasmonic optical components and devices 

have been recently demonstrated, including waveguides, [  13–16  ]  

splitters, [  17–19  ]  routers and multiplexers, [  19  ]  detectors, [  20  ,  21  ]  and 

polarization rotators. [  16  ,  22  ,  23  ]  

 While surface-plasmon modulators have been demon-

strated for spatially extended plasmons on metallic fi lms, this 

highly useful device functionality has not yet been reported 

for the far more compact nanowire geometry. [  24–26  ]  Ulti-

mately, nanowire-based modulators could provide a useful 

functional route to advanced nanoscale analog devices that 

could operate at optical frequencies. 

 In this Communication, we demonstrate an interference-

based, nanowire all-optical modulator. The device consists of 

two nanowires: a short nanowire with one of its ends directly 

adjacent to a main or “trunk” nanowire of longer length, 

forming a “y” structure. The two adjacent arms of the struc-

ture serve as input terminals, with the remaining end of the 

longer wire as the output. By changing the relative phase 

or the relative polarization angle of the two input signals, 

constructive and destructive interference of the plasmons 

launched onto the main wire occurs, resulting in a strongly 

modulated emission of the signal at the output. The device 

functions as a simple nanoscale plasmon modulator, which 
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could be straightforwardly coupled to other plasmonic com-

ponents [  16  ,  18  ,  19  ,  27  ]  in future integrated plasmonic circuits. 

 The experimental geometry is shown in  Figure  1  . 
Figure  1 a shows a schematic of the optical excitation/mod-

ulation/probe geometry. Ag nanowires [  28  ]  were chemically 

synthesized and then deposited on an indium tin oxide 

(ITO)-coated glass substrate where the branched geometries 

were formed by self-assembly. The transmitted ( EXT 1 ) and 

refl ected ( EXT 2 ) beams derived from a 633-nm laser source, 

split by beam-splitter 1 (BS1) so that optics could be inserted 
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Figure 1. A branched nanowire structure as plasmon modulator. 
a) Experimental setup. Light is split at BS1 into transmitted (EXT 1) and 
refl ected (EXT 2) beams, recombined at BS2, then focused onto the 
input sites of the modulator. b) An SEM image of the “y” geometry of 
the modulator, showing inputs 1 and 2 and output 3. Inset: enlarged 
view of the junction with the scale bar = 200 nm. c,d) Optical images of 
the branch excited by two coherent 633-nm laser spots at inputs 1 and 
2, respectively. The phase difference of the two SPPs at output 3 are 
Δ = 0° and 180°, for (c) and (d), respectively. Arrows indicate the angle 
of incident polarization at each input.
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independently into each beam, recombined onto BS2, then 

focused onto the sample inputs using an oil-immersion objec-

tive (Olympus UPlanApo, 100 × , numerical aperture  =  1.35). 

The phase of the beam in  EXT 1  was controlled with respect 

to  EXT 2  by a Babinet compensator (BC). A scanning elec-

tron microscopy (SEM) image of the “y” structure is shown in 

Figure  1 b. The SPPs launched at input 1 propagated along the 

short wire and were then coupled into the main wire via the 

junction (Figure  1 b). The emission from the modulator output 

was recorded by a thermoelectric (TE)-cooled 1392  ×  1040 

charge-coupled device (CCD) detector. The polarization and 

power at the two inputs were controlled by half-wave plates 

and attenuators in each input beam. The polarization angle 

at each input was rotated to ensure maximal emission from 

the output, as illustrated by the arrows in Figure  1 c. Figure  1 c 

and d shows the modulator excited simultaneously at both 

inputs. For the same incident polarization at each input, the 

emission intensity at the output can be controlled, depending 

on the relative phase of the two input beams. The emission 

intensity can be expressed as the coherent superposition of 

 |  E  1  e  − i   (  ω t  +   Δ  1)   +   E  2  e    − i (  ω t   +    Δ  2)  |  2  ,  where  E  1  and  E  2  are the electric 

fi elds of the emission resulting from the SPPs launched at 

inputs 1 and 2, respectively,   ω   is the frequency of the free-

space emission observed at the output, and   Δ   1  and   Δ   2  are the 

phases of each of the SPPs at the output. By tuning the BC, 

the phase difference between the two SPPs,   Δ    =    Δ   1  –   Δ   2  was 

varied.   

 Figure 2  a shows the output emission intensity from the 

modulator as a function of phase change   Δ   between the two 

inputs. Individual excitation at inputs 1 or 2, with incident 

powers of 0.8 and 0.4  μ W, respectively, results in emission 

at the output with similar intensities (triangles and circles), 

that is,  I  1   ≈   |  E  1  |  2 ,  I  2   ≈   |  E  2  |  2 . For simultaneous excitation at 

both inputs 1 and 2, the intensity exhibits a distinct, phase-

dependent interference, which is proportional to  |  E  1  |  2   +   |  E  2  |  2   +  

2 E  1  E  2  · cos(  Δ  ). When   Δ    =  0 ° , corresponding to the image 

shown in Figure  1 c, constructive interference between the 

SPPs from the two inputs results in  I  12   ≈  4 |  E  1  |  2 . For a   Δ    =  

180 °  phase shift between the two inputs, corresponding to 
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    Figure  2 .     a) Emission as a function of the phase difference. Squares: 
emission intensity from 3 when the inputs 1 and 2 are simultaneously 
excited. Triangles: only input 1 is excited. Circles: only input 2 is excited. 
The laser powers at inputs 1 and 2 are 0.8 and 0.4 mW, respectively. 
The polarization of both inputs 1 and 2 are the same as in Figure  1 c. 
b) Emission as a fuction of incident polarization angle. Squares: both 
inputs 1 and 2 are excited simultaneously. Triangles: only input 1 is 
excited. Circles: only input 2 is excited. The incident polarization angle 
is rotated anticlockwise. The incident polarization at 2 is parallel to the 
wire. The phase difference   Δ   when   α    =  101 °  is fi xed to 0 ° . All data are 
normalized by the intensity of  I  2 . Curve is from the relation  |  E  2   +   E  1 cos(  α   – 
  α   0 ) e   i Δ    |  2 , where  E  1   =   E  2   =  1,   α   0   =  101 ° , and   Δ    =  0 ° .  
Figure  1 d, destructive interference results in an almost com-

plete elimination of emission from the output. By tuning the 

phase difference, a modulation depth of ( I  max  –  I  min )/ I  max   =  

0.94, corresponding to an intensity ratio of  I  max / I  min   =  18, can 

be obtained. The maximum modulation depth at the output 

occurs when the intensities of individual SPPs launched 

from the different input ends are equal to each other at the 

output terminus. Since the in-coupling effi ciencies of light at 

inputs 1 and 2 are different due to the different geometries 

of the two input ends, and since the SPPs launched at the dif-

ferent inputs experience different losses before they meet at 

the main wire, the incident power at the two inputs should 

be different to achieve the maximum modulation depth. If 

the same laser power had been used, these differences in 

in-coupling effi ciencies and propagation losses would have 

resulted in incomplete interference and a smaller modula-

tion depth. The primary reason that the incident power at the 

branch input (input 1) must be larger than for input 2 is that 

the plasmons generated at the branch input experience some 

additional loss when they tunnel from the branch to the main 

wire at the junction.  

 The output can also be modulated by changing the polar-

ization angle of one of the input beams (Figure  2 b). When 

input 1 is excited exclusively, the emission from the output 

oscillates with a period of 180 °  (triangles). This is due to the 

strongly polarization-dependent in-coupling effi ciency. [  14  ]  

The emission follows the relation cos 2 (  α   −  α   0 ), where   α   is the 

input polarization angle.   α   0   =  101 °  is the optimal polariza-

tion angle for this specifi c modulator structure. The incident 

polarization of input 2 is kept at 90 °  during the rotation of 

the incident polarization at the input 1. When inputs 1 and 

2 are simultaneously excited with the phase difference set 

to   Δ    =  0, the emission oscillation period as a function of   α   
is changed to 360 °  (squares) and the modulation amplitude 

becomes much stronger than for excitation of only input 1. 

This phenomenon can also be understood by the interference 

of two propagating SPPs launched at inputs 1 and 2. As the 

fundamental plasmon mode in a metallic nanowire ( m   =  0) 

has a lower propagation loss than its higher-order modes, the 

output emission is mainly from the  m   =  0 SPP mode. Hence, 

the emission intensity ca n be simply written as  |  E  1 cos(  α   −   α   0 )·

e  i Δ     +   E  2  |  2 . Taking the value  E  1   =   E  2   =  1,   α   0   =  101 ° , and   Δ    =  0 ° , 

the experimental curve can be well reproduced by the black 

curve shown in Figure  2 b, where the small discrepancy may 

be due to the emission from the  m   =  1 mode. 

 To understand the interference of SPPs in nanowires, 

we performed fi nite-element method (FEM) simulations of 

this structure using a commercial electromagnetic analysis 

package (COMSOL Multiphysics;  Figure  3  ). Our model 

system is a y-shaped structure consisting of a 5- μ m main wire 

and a 2.5- μ m branch wire, each of 200-nm diameter, excited 

at inputs 1 and 2 with incident polarizations illustrated by the 

white arrows. The near-fi eld intensity distributions in a plane 

5 nm above the modulator are shown in Figure  3 a. It is clear 

that the electric-fi eld intensity along the main wire becomes 

strong (top,   Δ    =  0 ° ) or weak (bottom,   Δ    =  180 ° ) depending on 

the phase difference between these two excitations. This sim-

ulation confi rms that the observed modulation of the emis-

sion is due to the interference of SPPs in the nanowire, rather 
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    Figure  3 .     FEM simulations of phase and polarization modulation in 
silver nanobranches. a) Local electric-fi eld intensity distribution of a 
nanobranch of 200-nm diameter excited simultaneously at inputs 1 
and 2. The polarization at each input is indicated by the white arrows. 
The phase difference of SPPs from inputs 1 and 2 is   Δ    =  0 °  (top) and 
180 °  (bottom). b) Emission intensity at output 3 as a function of phase 
difference   Δ  . The incident polarizations are the same as that in (a). 
c) Emission intensity modulated by the incident polarization angle at 
the terminal 1. Solid curve: both inputs 1 and 2 are excited. Dashed 
curve: only input 1 is excited. The incident polarization angle is rotated 
anticlockwise.  

    Figure  4 .     Plasmon modulation in a nanowire − nanoparticle system. 
a) SEM image of a nanowire with an adjacent nanoparticle. The scale 
bar in the inset showing the detail of the wire − particle junction is 
100 nm. b) Optical image of simultaneous excitations of inputs 1 and 2. 
c) Emission intensity from the nanoparticle in (a) as a function of the 
phase difference at the two inputs. Squares: emission intensity from 
nanoparticle for simultaneous excitation of inputs 1 and 2. Triangles: 
only input 1 is excited. Circles: only input 2 is excited. The laser powers 
at inputs 1 and 2 are 0.3 and 0.9 mW, respectively. d) SEM image of 
a nanowire modulator with two adjacent nanoparticles serving as 
output sites. The scale bars in both insets showing the details of the 
wire − particle junction are 100 nm. e) Optical image of the wire for 
simultaneous excitations of inputs 1 and 2. Arrows in (b) and (e) show 
the incident polarization angles at each input. f) Emission intensity 
from particle A (squares) and B (triangles) as a function of the phase 
difference,   Δ  , for simultaneous excitation. The laser powers at inputs 
1 and 2 are 3.8 and 0.8 mW, respectively.  
than an interference of fi elds at the detector. The dependence 

of the intensity at the output on the phase difference at the 

two inputs, and on the polarization angle at one of the inputs, 

as shown in the measurements in Figure  2 , is reproduced 

qualitatively by the simulation result (Figure  3 b).  

 A plasmonic modulator can also be realized in a 

nanowire − nanoparticle system, as illustrated in  Figure  4  a. 

Here, nanowire SPPs are launched by optical excitations at 

opposite ends of the nanowire (1, 2). A nanoparticle adjacent 

to the nanowire at an arbitrary point along its length can 

serve as the modulator output site (3).  

 As shown in Figure  4 b, the SPPs launched at the nanowire 

end points result in bright emission out-coupled at the posi-

tion of the nanoparticle. [  14  ]  By tuning the phase differ-

ence at the two inputs, the output emission intensity can be 

modulated in this geometry (squares in Figure  4 c). The ratio 

between the constructive and destructive interference in this 

structure is  ≈ 2.5. Emission from the nanoparticle output site 

for individual excitation of each wire end is independent of 

phase modulation (triangles and circles), confi rming that the 

modulation observed in Figure  4 b is due to SPP interference. 

Another distinct and unusual geometry for the nanowire-

based modulator is shown in Figure  4 d: a nanowire with two 

adjacent nanoparticle outputs, A and B, with the particle sep-

aration  ≈ 1.3  μ m. The emission from both nanoparticle out-

puts is shown as a function of the relative phase of the input 

beams,   Δ   (Figure  4 f). The measured ratios between construc-

tive and destructive interference are  ≈ 4 and 3.4 at output sites 

A and B, respectively. Differences in incident power at the 

two inputs, differences in propagation distances to the two 

output sites, and likely variations in out-coupling effi ciencies 

for the output sites all contribute to this observed difference 

in modulation depth between A and B. Within the resolution 

of the phase compensator  ≈   π  /25, the emission from these two 

nanoparticle output sites are modulated synchronously. This 

nanowire − multiple-nanoparticle structure could thus be used 

as a multiple-output plasmonic modulator. 
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 In conclusion, we have shown that a silver-nanowire 

branched structure with two inputs can serve as a plasmonic 

modulator, controlled by the relative phase or polarization 

of the input light beams. We have investigated this coherent 

interference both in nanobranch “y” structures and in 

nanowire − nanoparticle structures, where nanoparticles serve 

as output sites. The modulation depth can be greater than 

90%, depending on the specifi c geometry of the structure. 

These fi ndings show that nanowire-based geometries can 

serve as ultracompact optical components for controllably 

imparting information onto both surface-bound and emitted 

free-space optical signals.  

 Experimental Section 

 Crystalline Ag nanowires were synthesized using a wet chemical 
method. First, 3 mL ethylene glycol (EG) solution (0.1 mol L  − 1 ) of 
AgNO 3  was added to 3 mL EG solution (0.6 mol L  − 1 ) of poly(vinyl 
pyrrolidone) (PVP K30). After 10 min, the 6 mL solution was 
injected dropwise into 5 mL EG at 160  ° C during a 6-min time 
period. After injection, the solution was heated at 160  ° C for 1 h. 
Magnetic stirring was applied continuously throughout the entire 
process. Finally, the whole solution was cooled, washed via cen-
trifugation once in acetone to remove the EG, then washed twice 
in ethanol to remove the residual PVP. Ag nanowires in ethanol 
were then deposited on the substrate with marked grids, then 
595 & Co. KGaA, Weinheim wileyonlinelibrary.com
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dried. Self-assembled nanobranches were found by scanning the 
sample surface with an optical microscope (Olympus BX 51). SEM 
images of the structures identifi ed for study were obtained using a 
Hitach1 S-4800 SEM system. Finally, optical measurements were 
performed under an oil-immersion objective (UPlanApo, 100 × , 
numerical aperture  =  1.35). 

 FEM simulations were performed assuming a homogeneous 
dielectric background with dielectric constant   ε    =  2.25. Scattering 
boundary conditions were adapted to truncate the boundaries. The 
permittivity for Ag at the vacuum wavelength of 632.8 nm is taken 
as   ε   Ag   =   − 18.36  +  0.4786 i . The emission power at the output ter-
minal was integrated after a near-to-far-fi eld transformation at the 
local position. In our simulations, the ratio of the incident electro-
magnetic fi elds at terminals 1 and 2 was 2:1.  
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