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Towards integrated nanoplasmonic logic circuitry

Moshik Cohen,*ab Zeev Zalevskybc and Reuven Shavita

Surface plasmon polaritons (SPPs) may serve as ultimate data processing expedients in future

nanophotonic applications. SPPs combine the high localization of electrons with the bandwidth,

frequency and propagation properties of photons, thus supplying nature with the best of two worlds.

However, although plasmonics have recently gained constantly growing scientific attention, logic

devices that operate on SPPs on a deep nanometer scale are yet to be demonstrated. Here, we design,

fabricate and experimentally verify the smallest, first ever reported all optical nanoplasmonic XOR logic

gate. The introduced XOR device is based on a novel engineerable interferometry scheme with

extremely compact dimensions of l3/15 500, which can be used to realize a variety of plasmonic logic

functionalities. We use frequency modulated Kelvin probe microscopy to provide evidence of binary

XOR functionality performed directly on SPPs with l3/80 000 mode volumes. An extinction ratio of

10 dB is achieved for a device length of 150 nm, increasing up to 30 dB for a device length of 280 nm.

Our findings confirm plasmonics as the favorite data carriers in integrated all optical logic devices

operating on the deep nanoscale, and pave the way to the development of future ultrafast information

processing technologies based on SPPs.
Introduction

With the rapidly growing demand for higher data processing
rates, silicon based electronic devices approach fundamental
speed and bandwidth limitations, which is an increasingly
serious problem that impedes further progress in numerous
elds of modern science and technology. These limitations
arise from interconnect delays, and from increased power
dissipation of transistors as their gate lengths approach a
single-nanometer scale.1–4 Possible solution for these setbacks
may lay in photonics devices, as photons provide a considerably
superior information bandwidth and improved thermal prop-
erties as compared to electrons.5,6 Although semiconductor
based optical devices had previously been introduced,7–10 large-
scale integration of photonic circuitry has been fundamentally
limited by their large, diffraction limited size and by the poor
optical response of silicon at optical frequencies. Recently, it
has been suggested that surface plasmon nanophotonics may
overcome these limitations.11–14 Newly introduced plasmonic
nanoantennae,14–17 waveguides18–21 and devices18,22–24 unlock an
enormous potential for exciting new applications based on
SPPs. Predominantly, nanometric all optical logic devices that
use plasmonics as data carriers, are of prime importance for
future information processing and photonic computing
ngineering, Ben-Gurion University of the
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technologies. Still, although plasmonic based logic devices
where recently introduced,10,25 logic devices which operates
directly on SPPs in deep nanoscale have not been reported.
Recently, Lu et al. reported on Metal–Insulator–Metal (MIM)
based plasmonic structures26–28 which use highly conned
modes to achieve miniaturization and high performances.
Here, we design fabricate and characterize a novel, silicon based
all optical nanoplasmonic exclusive or (XOR) gate. The device
achieves smallest reported dimensions for plasmonic logic gate,
which is three order of magnitude smaller than recently
reported SPP logic devices10,25 and therefore achieves signi-
cantly lower losses and smaller delay times. The logic operation
is obtained by interference of SPPs through ultrathin Ag lm
with measured lateral dimensions of 4 � 20 nm, achieving the
smallest reported dimensions for all optical logic gate. Addi-
tional logic and Boolean functionalities can be realized by
engineering the interferometer dimensions. We propose a
special excitation and waveguiding scheme which facilitates the
launch of nanometric SPPs from laser illumination and forces
them towards the gate. High resolution (HR) atomic force
microscopy (AFM) system with He–Ne laser at wavelength of
633 nm is used to excite and trace the nanoplasmonic waves
along the structure and particularly at the device area. We
theoretically and experimentally show full logic XOR function-
ality of the reported gate; with device operation at a broad
frequency range enables multi tera-bits per second (Tbit s�1)
data processing rates. The XOR logic device consists of twoMIM
waveguides separated by a 4 nm (d ¼ 4 nm) thick metallic layer.

The MIM waveguides comprising the nanoplasmonic inter-
ferometer are integrated with identical dielectric cores of two
Nanoscale
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independent MIM plasmonic waveguides. In the other perim-
eter of the system, the waveguides are connected to resonant
dipole nanoantennae to achieve efficient excitation of propa-
gating SPPs from laser illumination. To fabricate the nano-
plasmonic devices, 20 nm Ag layer was sputtered on top of
chemically cleaned wafers, via ion sputtering at vacuum levels
of less than 9e�7 Torr without cooling. The structures were
patterned using gallium focused ion beam (Ga FIB) with 7 nm
ion beam spot size. The acceleration voltage was set to 5 kV and
currents as low as 0.69 nA were applied. Fig. 1b shows a SEM
image of the fabricated nanometric interferometer, integrated
with the plasmonic system. The silver structures are shown in
bright colors, and the gray background represents the SOI
substrate. We respectively mark the inputs and output to the
device as “I1”, “I2” and “Out”. The overall area occupied by the
nanoplasmonic gate with the excitation system is 1 � 1 mm,
which is more than 200 times smaller as compared to the
system reported in ref. 25 The average surface roughness
measured on the internal faces of the system is 2 nm, obtained
by experimental optimization of the lithography process.

The theoretical operation principle of the nanoplasmonic
interferometer may be explained using the coupled modes
theory,29 which suggests that a structure built out of two iden-
tical slab waveguides with a sub-wavelength separation trans-
fers light between the two waveguides with a constant phase
shi of p/2. The spatial periodicity of the power transfer
between the two MIM waveguides depends on the magnitude of
the wave number k ¼ 2p/lSPP, where lSPP is the wavelength of
the propagating plasmonic mode within the waveguide.

In optical frequencies, the refractive index of metals can be
expressed as n¼ ni + jnj, where the real part ni governs the phase
of a signal and the imaginary part nj origins absorption. From
the refractive index, we extract the relative permittivity by
Fig. 1 Nanoplasmonic interferometer based XOR gate integrated with SPP excit
plasmonic system. Micron-scale optical excitation is converted to nano-scale plasm
monic MIM waveguides towards the plasmonic XOR device, which performs the log
which used to realize XOR logic functionality. s ¼ 20 nm, the thickness of the interna
length. (b) SEM image of the fabricated nanoplasmonic system.

Nanoscale
3 ¼ 30 + j300, 30 ¼ ni
2 � nj

2; 30 0 ¼ 2ninj (1)

where 30 and 30 0 are the real and imaginary part of 3, respectively.
The thickness of the silver metallic layer is numerically
designed to accomplish the relative phase shi of p between the
plasmonic modes, which is required to realize XOR operation.30

The MIM waveguides comprising the interferometer are inte-
grated with identical dielectric cores of two independent MIM
plasmonic waveguides. In the other perimeter of the system, the
waveguides are connected to resonant dipole nanoantennae to
achieve efficient excitation of propagating SPPs from laser
illumination. It was recently observed excitation of MIM SPP
waveguides using dipole nanoantennae achieves coupling effi-
ciencies which are orders of magnitude higher as compared to
direct illumination of a bare waveguide.31 To achieve maximum
excitation efficiency, we maximize the intensity of the electric
eld in the dipole gap, and simultaneously minimize the
impedance mismatch between the dipole and the waveguide by
geometry optimization. These requirements are met by maxi-
mization of the net power owing through the waveguide cross-
section, which also ensures ow of propagating SPPs towards
the device. The net power ow is given by

W ¼
ðð

Re

�
~P

�
$~n dS ​ (2)

where~P is the Poynting vector for the propagating SPPs and~n is a
vector in the direction of wave propagation. The dimensions of
the nanoantennae are optimized to achieve maximum W in the
MIMwaveguides. The numerical analysis and optimization of the
structures were carried out using nite element method (FEM)
commercial SW package HFSS V14.32 Fig. 2a shows the 3D elec-
tromagnetic model for analysis and optimization of the system.
The model is comprised of Ag plasmonic nanostructures
ation and waveguiding system. (a) Schematic illustration of the reported nano-
onic waves by the resonant dipole nanoantennae, confined and guided via plas-
ic operation. The inset shows 3D illustration of the nanoplasmonic interferometer
l metallic layer is d ¼ 4 nm and LI ¼ 300 nm represents the overall interferometer

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Theoretical analysis and design of the nanoplasmonic XOR gate and excitation system. (a) 3D EMmodel for the analysis and optimization of the nanoplasmonic
device. (b) 2D description of the model. The graphs in Fig. 2e and f and Fig. 3b are plotted on white and red dashed lines defined here. The inset shows the nano-
plasmonic device with definition for the location of the output signal. (c) 3D numerical calculation results of the system performance for XOR(“1”,“1”) ¼ “0”, the device
region is shown in the inset. (d) 3D numerical calculation results of the system performance for XOR (“1”, “0”) ¼ “1”, the device region is shown in the inset. (e) Electric
field magnitude along the system, for the case of XOR (“1”,“1”). The field is presented along the dashed line defined in Fig. 2b. The fields are plotted for three different
phases of the laser excitation, as the red brown and blue patterns correspond to excitation phases of 45, 50 and 55�, respectively. (f) Electric field magnitude for XOR
(“1”, “0”), plotted along the same geometry and for the same laser excitation phases as in Fig. 2e.
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deposited on SOI substrate, while the materials properties are
obtained from ref. 33

Each nanoantenna is illuminated by a laser at a wavelength of
1.55 mm, linearly polarized in the dipole direction, and with a
parameterized incident angle. Each laser beam is focused to a
radius of 1 mm, centered at the origin of the corresponding
nanoantenna. Selectively densemeshing of amaximum 1 nm cell
size was assigned at the metallic regions to precisely capture the
plasmonic logic operation obtained by the device. Themodel was
terminated by PML absorbing boundaries, matched to the
material at the boundary of each computational domain. The
convergence criterion was set to less than 1% energy variation
between three successive iterations of adaptive mesh renement.
The results are presented at the optical frequency, i.e. 194.55 THz.
The device output power is determined by integrating the time-
This journal is ª The Royal Society of Chemistry 2013
averaged power ow over the area which includes the cross-
section of both waveguides. Thus, the device output, “Out”, has
dimensions which include the cross-section of the waveguides
and separation layer, i.e., 44 � 20 nm, as shown in the inset of
Fig. 2b. As dened in eqn (2), we use the net power ow to
maximize the SPP coupling from the optical laser, thus to assure
maximum transfer of voltage and current to the waveguide. The
electric eld magnitude, which is proportional to the power ow
(Pa|E|2), is used to describe the nanoplasmonic system perfor-
mances, similar to recently reported works.34,35 Fig. 2c shows the
numerically calculated electric eld magnitude for XOR (“1”, “1”)
¼ “0” logic operation, in which both nanoantennae are illumi-
nated. The optical laser radiation is efficiently coupled to SPP
modes that propagate through MIM waveguides toward the
nanoplasmonic XOR device. Zoom in-to the area of the device
Nanoscale
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shows destructive plasmons interference, which results in logic
zero (“0”) at the output of the device, as emphasized in the inset.
Fig. 2d illustrates XOR (“1”,“0”) ¼ “1” logic operation, with zoom
in-to the area of the device shown in the inset displaying the high
eld value which corresponds to logic “1”. For this case, a portion
of the propagating SPPs is reected from the device input and
coupled to the other waveguide. The intensity of the undesired
reected eld is 20 dB lower as compared to that of the plasmon
in the excited waveguide, i.e. S12 ¼ �20 dB. Full modulation, i.e.
30 dB extinction ratio at the device output, is achieved aer less
than 300 nm of interference length (LI < 300 nm, as dened in
Fig. 1a). This indicates on high speed phase accumulation
through tunneling of the plasmonic modes, until a relative phase
shi of p between the waveguides is accomplished. Fig. 2e and f
show the electric eld magnitude at the center of the MIM
waveguide and the device for XOR (“1”,“1”) ¼ “0” and XOR
(“1”,“1”) ¼ “1”, respectively. The eld is plotted along the white
dashed line dened in Fig. 2b, for three different phases of the
illuminating lasers. Fig. 2e shows the destructive interference
results in logic “0” for the case of two active lasers. In Fig. 2f we
observe similar electric eld proles at the input (located at D ¼
1.6 mm) and output (located at D¼ 1.9 mm) of the device, for logic
level “1”, which is an essential property for realization of
logic gates. The numerical analysis for XOR (“0”,“1”) ¼ “1” logic
operation is presented in Fig. 3.

Fig. 3a illustrates XOR (“0”,“1”) ¼ “1” logic operation, with
zoom in-to the area of the device shown in the inset. Symmetrical
eld distributions are obtained, as expected from the symmetry
of the analyzed geometry. Fig. 3b presents the electric eld
magnitude along the red dashed line described in Fig. 2b, for
three different phases of the illuminating laser. We observe
identical graphs to the results presented in Fig. 2f, as anticipated
due to symmetry. The output signal can be extracted by con-
necting a coupling structure to the device output. The coupling
structure shall have a minimum cross-section of 20 � 44 nm to
achieve identical output power for XOR (“1”,“0”) and XOR
(“0”,“1”) logic states, which can be easily achieved using a
Fig. 3 Numerical analysis XOR (“0”,“1”) logic state. (a) Numerical calculation results o
inset. (b) Electric field magnitude for XOR (“0”,“1”), plotted along the red dashed li
excitation phases of 45, 50 and 55�; similar to Fig. 2e.

Nanoscale
coupling grating structure25 or plasmonic nanoantenna
couplers.34 Linear tapered MIM based nanofocusing can be used
if additional connement of the output signal is desired.34,36

The black graph in Fig. 4a shows the extinction ratio vs. the
interference length, as the blue and red curves are XOR (“1”,“0”)
and XOR (“1”,“1”), respectively. It is observed that the extinction
ratio has two peaks, at L ¼ 130 nm and L ¼ 280 nm, corre-
sponding to the peaks appearing in XOR (“1”,“0”). An extinction
ratio of 35 dB is obtained for L ¼ 280 nm; this high value is
obtained due to strong destructive interference in XOR (“1”,“1”)
response. The dependence of the power transfer as a function of
the separation width was rigorously studied, for values between
of d varying from 3 to 20 nm (d ¼ S). Fig. 4b shows the elds in
the XOR device area for d¼ 20 nm and for d¼ 5 nm. We observe
very low coupling between the waveguides for d ¼ 20 nm,
yielding no destructive interference.

For d¼ 5 nm the coupling between the waveguides is higher,
which results in destructive interference and XOR (“1”, “1”) ¼
“0” is accomplished. However, the observed “0” logic level
achieved for d ¼ 5 nm is signicantly higher than the “0” logic
level in the optimal design (d ¼ 4 nm). The higher level of “0”
results in degradation of the extinction ratio to a maximum of
12 dB, as compared to 35 dB for the optimal design.

We use the surface electric potential measurement in
Frequency Modulated Scanning Kelvin Probe Microscopy (FM –

SKPM) for experimental characterization of the reported nano-
plasmonic structures. Surface potential microscopy measures
the contact potential difference (CPD) between the scanning tip
and the characterized device. Generally, CPD is highly material-
dependent and related to the work functions of the pure
material and to additional surface dipole moments.37 The
contribution of bulk and surface plasmons to the work func-
tions of the materials38–42 as well as to the van der Waals
force43,44 were previously reported. Our AFM system includes
He–Ne laser at a wavelength of 633 nm which illuminates the
entire sample to excite propagating SPPs from the nano-
antennae gaps toward the XOR device. Fig. 5a presents a 2D
f the system performance for XOR (“0”,“1”)¼ “1”, the device region is shown in the
ne shown in Fig. 2b. The red brown and blue patterns respectively correspond to

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Extinction ratio and power transfer analysis. (a) Extinction ratio as a function of the device length. (b) Electric fields in the device region for XOR (“1”,“1”) for d ¼
20 nm (upper image) and for d ¼ 5 nm (lower image).
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image of the surface electric potential on the sample for XOR
(I1 ¼ ‘1’, I2 ¼ ‘1’) ¼ “0” experiment, obtained for the structure
shown in Fig. 5b. High eld values are measured at both I1 and
I2, i.e., “1”. The XOR device realizes destructive interference
between the SPPs at I1 and I2, which results in low eld values at
the device output, i.e., “0”, as shown in Fig. 3b. Additional “hot
spots” appear on the sample outside the plasmonic system.
These “hot spots” represent localized surface plasmons excited
by interaction of the laser light and residual Ag nanoparticles,
which remained on the sample aer the lithography process.
We note that even though the laser illuminates the whole
structure, the dominant effect which governs the device oper-
ation is caused by propagating SPPs from the nanoantennae.
Therefore we neglect the effects caused by localized plasmons
as well as by direct illumination of the device.35 The ultrasmall
Fig. 5 Performance characterization of the nanoplasmonic logic XOR gate,
integrated with the excitation and waveguiding system. (a) 2D measurement of
XOR (“1”,“1”) ¼ “0” logic functionality (b) HR SEM image of the fabricated
structure for characterization of XOR (“1”,“1”) ¼ “0” logic functionality. (c) 2D
measurement of XOR (“0”,“1”) ¼ “1” logic functionality. (d) HR SEM image of the
fabricated structure for characterization of XOR (“0”,“1”) ¼ “1” logic functionality.

This journal is ª The Royal Society of Chemistry 2013
size of the introduced nanoplasmonic structures poses strong
limitation on the capability to precisely conne the laser beam
to separately excite each nanoantenna. Therefore, we fabricated
an identical device integrated with a single nanoantenna and
MIM waveguide, as shown in Fig. 5d. Fig. 5c shows the experi-
mental results of XOR (I1 ¼ “0”, I2 ¼ “1”) ¼ “1”, obtained by
characterization of the structure depicted in Fig. 5d. We observe
low (“0”) eld values at I1, and high eld values (“1”) at I2. For
this combination of inputs, the device yields high eld values at
the output “Out”, as emphasized in Fig. 5d, resulting in XOR
(“0”,“1”)¼ “1”. The reported nanoplasmonic gate implements a
boolean XOR function on the propagating SPPs at inputs“I1”
and “I2”. Hence, the signal level of “1” at the device output “Out”
results if only one of the inputs to the gate is at logic level “1”.
Otherwise, logic “0” shall be measured at “Out”.

Fig. 6a shows the measured surface electric potential along
the device for XOR (I1 ¼ “1”, I2 ¼ “1”), and XOR (I1 ¼ “0”, I2 ¼
“1”). The elds are presented from the inputs to the gate (L ¼ 0)
to the boundary of the physical device (L ¼ 300 nm), as a
function of the distance, L. The quanta are presented along a
dashed line as described in Fig. 6b. We dene an electric
potential at the output of >16 mV as the “1” or ‘ON’ state, and
potential <6 mV as “0” or ‘OFF’ state. For the case of XOR (I1 ¼
“1”, I2 ¼ “1”), destructive interference between the plasmonic
modes along the device leads to rapid attenuation of the signal
which results in “0” logic level at the output, as shown in the
black graph of Fig. 6a. For the case of XOR (I1¼ “0”, I2¼ “1”) the
eld maintains high level through the device, achieving “1” at
the output, as shown in the blue graph of Fig. 6a.

The experimental results are summarized in Table 1, which is
in perfect agreement with the true table of a XOR device. An
extinction ratio of 10 dB between the logic levels at the device
output is accomplished aer only150 nm, increasing up to 30 dB
for a device length of 280 nm. The extremely small size of the
device is achieved due to the introduced interferometry structure.
Tunneling of the SPP modes through the nanometric separation
layer leads to rapid phase accumulation, until a relative phase
shi of p between the waveguides is accomplished. This archi-
tecture achieves the required phase accumulation much faster
and aer a smaller interference length as compared to the linear
Nanoscale
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Fig. 6 Measured electric potential along the nanoplasmonic XOR device. (a) The blue line represents the measured field for XOR (I1 ¼ ‘1’, I2¼ “0”)¼ “1”. The black line
represents the measured electric potential for XOR (I1¼ ‘1’, I2¼ ‘1’)¼ “0”. Dashed points correspond to discrete measured values. The length of the XOR gate is defined
by the interference length for which 10 dB extinction ratio is observed, i.e. 150 nm. (b) The line along which the fields are presented for the two experimental setups.

Table 1 Experimental results at the output of the plasmonic logic XOR gate
Logic level of “1” at the inputs I1 and I2 is observed only when the corresponding
nanoantenna is illuminated. 10 dB extinction ratio between the logic levels at the
device output “Out” is obtained at a device length of 150 nm, increasing up to 30
dB for a device length of 280 nm

I1 I2 Out ¼ XOR (I1, I2)

0 0 0
0 1 1
1 0 1
1 1 0
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interference mechanism used in ref. 25, in which the phase
accumulation is based on the propagation length. As a result, the
reported XOR device is more than 3 orders of magnitude smaller
Fig. 7 Spatial Fourier analysis of the measured surface electric potential on the sam
device, defined as “Line 2” in Fig. 7b. The blue curve presents spatial FFT analysis of t
the lines on which we performed spatial FFT.

Nanoscale
than in ref. 25. As micron scale plasmonic devices10,25 suffer from
high propagation loss, longer delay times and huge size
mismatch with CMOS electronics; we propose the rst nano-
plasmonic architectural solution for these setbacks.

We provide further experimental evidence for the existence
of propagating SPPs along the device, by observing the spatial
frequency content of the measured elds on the sample. Since
the gate exhibits imperfect impedance matching at its bound-
aries, partial standing waves are excited along the system. These
standing waves are characterized by stationary spatial behavior,
which is identical to the spatial frequency of the propagating
SPPs and therefore can be detected via surface potential
measurement in FM KPFM. To examine the spatial frequency
content of the elds along the XOR gate, we performed spatial
fast Fourier transform (FFT) on the surface electric potential
ple. (a) The red curve shows the spatial FFT performed on the field along the XOR
he field outside the XOR device, performed on “Line 1” in Fig. 7b. (b) Definition of

This journal is ª The Royal Society of Chemistry 2013
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measured along the sample. Fig. 7a presents the spatial FFT
results for two different measurements of the surface electric
potential on the sample. The lines on which the FFT were
calculated are detailed in Fig. 7b. The blue curve shows the
spatial FFT of the surface potential along a line, which is outside
the device (Line 1 in Fig. 7b), as the red curve is the spatial FFT
of the surface potential along the center of the device (Line 2 in
Fig. 7b). For both measurements shown in Fig. 7a the dominant
eld component appears at low spatial frequencies, a result
which is in good agreement with the general electrostatic
character of the measured potential and is due to the standing
waves in the structure. However, we observe a strong spatial
frequency component in the eld along the device, at Re {kSPP}
¼ 125 mm�1. The amplitude of this component is 13 dB higher
than the corresponding component in the measurement
described by the blue curve. This result conrms the existence
of propagating SPPs with wave vector of Re {kSPP} ¼ 125 mm�1

inside the device, which is in excellent agreement with Dione
et al.20 and Chen et al.,45 Thus further substantiates our theo-
retical analysis and experiments.

In this work we propose as well as validate theoretically and
experimentally for the rst time, the capability to compress all
optical logic devices into volumes smaller than l3/15 500. By
employing extremely conned SPPs as information carriers in
optical frequencies, the reported nanoplasmonic binary XOR
gate exhibits the speed and bandwidth performances of
photonics, with dimensions of integrated electronics. An
extinction ratio of 10 dB is measured at the output for a device
length of 150 nm, rising up to 30 dB for a device length of only
280 nm. The introduced interferometry architecture can be
used to realize a variety of plasmonic logic functionalities in
deep nanoscale. Our ndings provide a path for the develop-
ment of novel silicon nanophotonic processing circuits,
achieving multi Tbit s�1 data processing rates with large-scale
integration capabilities.
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