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ABSTRACT: We show that the local electric field distribution of propagating
plasmons along silver nanowires can be imaged by coating the nanowires with a
layer of quantum dots, held off the surface of the nanowire by a nanoscale
dielectric spacer layer. In simple networks of silver nanowires with two optical
inputs, control of the optical polarization and phase of the input fields directs the
guided waves to a specific nanowire output. The QD-luminescent images of these
structures reveal that a complete family of phase-dependent, interferometric logic

functions can be performed on these simple networks. These results show the
potential for plasmonic waveguides to support compact interferometric logic operations.
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Light-based devices have been proposed for some time as a
potential strategy for advancing semiconductor-based comput-
ing beyond the fundamental performance limitations of electronic
devices, as epitomized by Moore's law.'~® Two major classes of all-
optical logic have been demonstrated: one based on linear optical
effects, known as interferometric logic,379 and the other based on
nonlinear optical effects, arising typically from light-induced modula-
tions in the refractive index of an active medium.' > Since interfero-
metric logic depends on the relative optical phase of the two input
signals, it manifests inherent stability challenges,'®™ " which may be
possible to reduce by device miniaturization and monolithic integra-
tion.” The diffraction limit of light presents a fundamental obstacle
for reducing the dimensions of optical logic components to length
scales commensurate with electronic devices in integrated circuits.
The coupling of light to surface plasmons (SPs), the collective oscilla-
tions of electrons in metallic structures, makes it possible to reduce
the dimensions of light-based devices to the nanoscale."**° A wide
range of plasmon-based functions important for the development
of plasmonic circuitry have recently been demonstrated, such as
waveguidinég,m_26 gajn,27_29 electrical excitation®*>" routing,32 modu-
lation, ™3¢ and detection.*”*®

In this letter, we report an imaging strategy based on quantum-dot
luminescence, that allows us to visualize the near-field distribution of
surface plasmons propagating on silver nanowires (NWs) in detail.
This provides a valuable tool for the study of plasmons propagating
along branched or joined nanowires, forming nanowire networks. In
silver nanowire networks of simple geometries, plasmons launched
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along a nanowire can be controllably routed to a specific nanowire
output. The underlying physical mechanism, interference between
SPs launched at different positions along a primary nanowire, is
clearly observable, as is the detailed evolution of the plasmon field
along the device. The addition of a second plasmon input makes it
possible to turn on or off emission paths, resulting in combinations of
optical signals that execute specific interferometric Boolean logic
operations. These findings shed new light onto our fundamental
understanding of propagating plasmons in complex networks and
may advance the development of integrated plasmonic devices for
new generation information technologies.

Chemically synthesized Ag NWs with smooth surfaces® are
excellent waveguides that support propagating SPs.**”** With
the electromagnetic (EM) field strongly confined in the radial
direction, light emission from a nanowire occurs only at the ends
of the structure. The presence of a symmetry-breaking element,
such as an adjacent nanoparticle, a structural anomaly, even the
tip of a scanning near-field optical microscope (SNOM), can
redirect the emission to other locations.”**>* Here, CdSe@Zn$
quantum dots (QDs), separated from the nanowire by a 30 or S0 nm
thick AL, O; layer, act as a continuous layer of local reporters of the
nanowire evanescent field. Excitation of the QDs is proportional to
the local electric field intensity, allowing us to clearly visualize the
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Figure 1. QD emission images of plasmons launched by 632.8 nm laser
excitation at one end of a Ag nanowire. Changing the polarization angle at
the input modifies the field distribution in the nanowire (A) and controls the
emission from an adjacent Ag nanoparticle at the opposite end of the wire
(B). (A) (i) Optical image of a NW and a SEM image of a typical NW coated
with 30 nm ALO; (inset). (ii) The QD emission image with wide field
excitation. (iii—vi) QD emission images for different incident polarizations.
(B) (i) Optical image of a NW-NP system. (ii) The QD emission image
with wide field excitation. (iii) Scattering image. (iv) QD emission image
corresponding to (iii). (v,vi) Scattering and QD emission images for a
different polarization. The scale bar is 200 nm in Ai, and 5 ¢¢m in Bi. The red
arrows indicate the laser polarization. To enhance the contrast, we use a
green color scale to show the intensity distribution of the QD emission. The
color scales on the right corresponds to the QD emission images with the
excitation light focused on the top ends of the wires.

plasmon-induced field distribution at every point along the entire
structure in a minimally perturbative manner. This imaging method
enables us to observe the local field distribution in unprecedented
detail, providing a clear picture of precisely how plasmons can be
redirected by and to additional proximal nanowires at specific points
along a primary nanowire.

A bright field image of a typical Ag nanowire and its QD
emission image under large-area laser illumination are shown in
Figure 1Aiii. When a 632.8 nm laser is focused at one end of
the nanowire, a periodic nodelike field distribution along the wire
is clearly observed (Figure 1Aiii—vi). The large “heads” in the
image are caused by the strong QD emission light due to
direct focused laser illumination, and the intensity reduction
along the nanowire is due to the propagation loss of the nanowire
plasmon. The spatial modulation of the near field along the
nanowire is a direct result of the interference of the wire
plasmons excited by the light source. The excitation light with
arbitrary polarization can excite plasmons of different modes, but
the spatial distribution of each mode can be quite different. The
interference of these modes results in the modulated electric field
distribution along the nanowire.”> The interference pattern is
determined by both the relative intensities of the excited modes
and their relative phase. The excitation efficiency and thus the
magnitude of a certain mode is determined by incident polariza-
tion. Therefore the total local field distribution due to construc-
tive or deconstructive interference of different plasmon modes is
strongly dependent on the polarization direction of the laser
input. For longitudinal incident polarization (Figure 1Aiii), the

near field is distributed symmetrically along the nanowire.
Increasing the polarization angle shifts the well-pronounced
nodes of the field distribution from one side of the nanowire
to the other. This study provides direct and detailed near-field
images of how the field distribution of nanowire plasmons can be
actively controlled by the physical properties of the “input”, in
this case, the polarization angle of the incident light launching the
NW plasmon. (In the Supporting Information Movie S1, control
to the local field distribution is demonstrated dynamically.)

When a structural anomaly, such as an adjacent Ag nano-
particle, is present near a node of the nanowire plasmon, it can
affect the plasmon field distribution, and bright emission from
the plasmon to the far field results. This scenario is shown in the
QD emission image of Figure 1B. The strength of the far-field
emission at the adjacent nanoparticle is strongly controlled by
the local plasmon-induced field distribution. Here, changing the
polarization angle of the plasmon-launching laser controls the
light emission from the adjacent Ag nanoparticle. Light emission
from the nanoparticle can be varied from a maximally emitting
“ON” state (Figure 1Biii), when the node of the field distribution
is at the particle (Figure 1Biv), to a minimally emitting “OFF”
state (Figure 1Bv), when the node is on the opposite side of
the nanowire (Figure 1Bvi). The on/off ratio is observed to be
as large as 10 here. Since the complete constructive and
deconstructive interference of different modes with different
wavelengths are hardly to obtain, there is a fundamental
limitation for this ratio depending on how the different plasmon
modes are excited and propagated. Further investigations for this
issue are currently under investigation.

When a second nanowire is placed in close proximity to the
primary nanowire, it can serve as a second input from which a
plasmon can be independently launched onto the primary structure
(Figure 2A). We can describe the behavior of this simple nanowire
network as having two input terminals I1 and 12 and one output
terminal (O). In our experiments, the laser beam was split into two
beams each with its respective polarization tuned independently by
half-wave plates; the phase difference between the two beams was
controlled using a Babinet-Soleil Compensator (Foctek Photonics)
in one of the beam paths. Both the polarization angle and the phase
difference between the two excitation beams I1 and I2 control the
emission at output O. Changing the relative phase of the excitation
field at I1 and I2 for fixed input polarization illustrates this behavior
(Figure 2). As the relative phase between I1 and 12 is monotonically
increased, the emission intensity at O varies in an oscillatory manner
between a maximum and minimum value (Figure 2B). For the
specific input polarizations shown in Figure 2, the ratio of maximum
to minimum intensity at O can be larger than 10; however, similar
oscillatory behavior can be observed for any pair of incident
polarization states although the ratio of maximum to minimum
intensity at O may be different. This dynamic range makes it
straightforward to assign maximum and minimum output intensities
as “ON” and “OFF” states.

When the two input fields (1 and 1) individually or collectively
result in a maximum (1), this three-terminal structure represents an
OR gate. Conversely, either input signal will emit when launched
individually but, when launched jointly, may result in a minimum or
OFF state (0) when the two input plasmons interfere destructively.
In this case, the structure functions as an XOR gate. The QD
emission images for these ON and OFF states (Figure 2C) clearly
show the underlying interference-based mechanism resulting in
the observed output behavior. For the ON state (Figure 2Ciji),
a periodic, zigzag nodelike field distribution extending to the output
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Figure 2. Interference of plasmons in Ag NWs. (A) Optical image of a
simple two-nanowire network composed of a primary nanowire and a
converging secondary input nanowire. (B) Scattering intensity at output O
as a function of optical phase delay when input is either I1 or I2 (green);
scattering intensity at output O as a function of optical phase delay for both I1
and 12 inputs (black). (C) (iii) Scattering images for the case of two inputs I1
and 12, but with differing phase change. (iiiv) QD emission images corre-
sponding to i and iii. The red arrows indicate the polarization of the input
excitation laser. The AL,O; thickness is 30 nm, and the scale bar is 5§ ym.

terminal O is observed when the two propagating plasmons
converge onto the primary nanowire of the structure. For the
OFF state (Figure 2Ciii,iv), destructive interference of the two input
plasmons reduces the field at the output, minimizing light emission
(Supporting Information Movie S2). The phase shift is also
responsible for the slightly increased attenuation of the propagating
plasmon (Figure 2Civ). From these images one can see that the
XOR function can also be accomplished by changing the length of
the input nanowire of an OR gate by half a wavelength.

By judicious choice of both the input polarization and the
relative phase of the excitation laser at the two inputs, plasmon
signals can be controlled in different ways. A more complex
nanowire network consisting of a primary wire with an additional
input and, an additional output is shown in Figure 3A. For this
structure, the wire ends marked with I1 and I2 function as inputs
while the positions labeled O1 and O2 serve as outputs. For the two
incident light polarizations indicated by the red arrows, maximum
light emission is varied from O1 and O2 as a function of the relative
phase of the two input fields (Figure 3B and Supporting Information
Movie S3). This behavior can be understood directly from the QD
emission images in Figure 3C (Supporting Information Movie S4).
The output from O2 is controlled by the intensity of the field in the
wire junction (encircled by the dashed yellow rectangle), and the
output from O1 is determined by the field intensity at the end of the
primary wire. The Ol and O2 emission intensities over several
cycles of relative phase (277/cycle) of the two inputs is shown in
Figure 3D. When the output at O1 is maximal, O2 is close to
minimal, and vice versa. The emission data shown in Figure 3D
show that the interference between the SPs generated at I1 and 12 is
almost ideal. The emission intensity from O1 with input from only
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Figure 3. Modulation and routing of light in a two input-two output
nanowire network. (A) Optical image of the network. (B) Scattering images
for two beam interference in one cycle. (C) QD emission images in one
interference cycle. (D) Scattering intensity at O1 and O2 terminals. Red, the
intensity of O1 for simultaneous input of both I1 and I2; black, the intensity
of O2 for simultaneous input of I1 and I2; green, the intensity of O1 for I1
only and I2 only; cyan, the intensity of O2 for I2 only; blue, the intensity of
02 for 11 only. AL, O; thickness is SO nm, scale bar is S #m. Red arrows in (A)
show the polarization of the two laser beams, and the white dashed rectangle
in (A) mark the area displayed in (B,C).

I1 or 12 (O1(I1) and O1(12)) is SO0 au. For simultaneous input at
I1 and 12 (O1(I1+412)) the emission from O1 varies from 250 to
1800 au, which is quite close to the 0 to 2000 au range expected for
complete destructive and constructive interference. With O2(I1) ~
100 and O2(I2) ~ 375, complete constructive and destructive
interference would result in emission from O2 (O2(I1 + 12))
varying between 90 and 860 au, which is a slightly larger dynamic
range than the experimentally observed variation between 250 to
750 au. A phase delay induced by plasmon coupling at the nanowire
junction may contribute to this slight asymmetry. Moreover, the O1
and O2 outputs can be modified in additional ways by applying
different incident polarizations (see Figure S3, Supporting In-
formation). This combination of polarization and phase control
can realize different input-output combinations not achievable by
varying only polarization or phase (Supporting Information Figures
S4—6 and Movie SS).

By defining specific intensity thresholds for ON and OFF
states for the structure in Figure 3, additional logic operations can
be realized. For example, for an intensity threshold of 450 au, and
considering O2 as the output, (I1 = ON, 12 = OFF) results in
02 = OFF, (I1 = OFF, 12 = ON) results in O2 = OFF, and (I1 =
ON, 12 = ON) input results in O2 = ON, demonstrating the
behavior of an AND gate.
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Table 1. Examples of All-Optical Logic Operations Based on
NW Networks®

0 0 1 1

AND 0 empty 1 0 1

0 0 0 1

0 0 1 1

OR 0 0 1 1 0 1 1 1
0 0 1 1

XOR 0 0 1 1 0 1 1 0
1 control 1

NOT [ ooy 1Dy

0 0 1 1
Q___empty N N Q.

== 1 0 1

NAND 1= 1= R ; R .

control 1 1
0 0 1 1
0 0 1 1 0 1 1 0
Adder 0 0 0 1
0+0=(0 0) 0+1=(01) 1+0=(01) 1+1=(10)

“The numbers in red are inputs and the numbers in blue are outputs.
Unused terminals are labeled empty. The terminals labeled control
require the input to be ON.

A summary of a few of the many logic functions that can be
demonstrated in nanowire networks is provided in Table 1. The
logic gates AND, OR, and NOT, shown here, are sufficient to
realize all binary logic functions. As shown earlier, OR and XOR
gates are related to each other, differing at one input by half a
plasmon wavelength. Here we also illustrate how the simple
network in Figure 3 can be regarded as a binary adder, where two
inputs (14 1) result in outputs of 1 (the intensity threshold is
defined as >500) at output O2 and 0 at output O1: 1+1 = 10.
Only one above-threshold signal at either input results in 1 at O1
and 0at 02: 0+ 1 =1+ 0=01.We also show the schematics of a
NAND gate constructed using a network of NWs in a serial AND
and NOT configuration.

It is interesting to note that all the plasmonic devices demon-
strated here are based on the same principle: interference
of plasmons in a primary wire with those introduced by a
secondary, adjacent nanowire. This primary wire can thus be
viewed as the plasmonic equivalent of a bus in a central
processing unit. By loading the primary wire with plasmons
launched with specific input properties at the secondary input
NWs, the resulting plasmonic interference enables routing and
out-coupling to specific output NWs. We believe this concept
can be further generalized and expanded to more complex
structures that can combine optical signals in various ways, and
that a multiple-input, multiple-output plasmonic bus may serve
as an efficient splitter, router, switcher and/or multiplexer in
future complex plasmonic networks designed for computation
and information processing functions. It worthwhile to note
that the phase sensitivity of the plasmon structures presented
here presents significant challenges for cascaded devices, as one
would find in information processing applications. Precise
design and fabrication criteria with specific plasmon propagat-
ing lengths for phase control would be a necessary requirement
for practical plasmon-based interferometric logic. For larger
networks, it would likely be necessary to implement amplifica-
tion schemes using gain media,”” such as quantum dots or dye
molecules, to maintain the signal thresholds required for com-
plex processing functions.
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