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ABSTRACT: We report realizations of nanoscale integrated all-optical XNOR, XOR, NOT, and
OR logic gates using plasmonic slot waveguides based on linear interference between surface
plasmon polariton modes. The miniature device size with lateral dimensions smaller than 5 μm,
precisely controlled optical phase difference, and quasi-monochromatic surface plasmon polariton
modes excited by a continuous wave 830 nm laser beam ensure a high intensity contrast ratio of 24
dB between the output logic states “1” and “0”. Compared with previous reported results, the
intensity contrast ratio is enhanced 4-fold, whereas the lateral dimension is reduced 4-fold. These
compact logic devices are stable, robust, free from environmental impact, and much suitable for
practical on-chip applications. These also provide a means to construct all-optical logic devices and
nanophotonic processors.
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Recently, nanoscale all-optical logic gate devices have
attracted enormous attention because of their important

applications in fields of optical computing and ultrahigh speed
information processing. The basic idea is to form constructive/
destructive interference between two light signals in a photonic
crystal, a photonic microstructure having photonic bandgap, to
obtain output logic states “1” and “0”, where the phase
difference is introduced through third-order optical non-
linearity.1−3 However, to date, few experimental results of
nanoscale integrated all-optical logic gate devices have been
reported because of small third-order nonlinear susceptibility of
conventional materials.4 Linear interference can also be used to
realize such logic gate devices, where the logic operation
depends on the relative optical phase difference of two input
signals.5 Owing to the difficulty in precisely controlling the
optical phase difference, this method suffers from an inherent
instability and low intensity contrast ratio between output logic
states “1” and “0”.6 Until now, only a few experimental results
have been reported.6 It is possible to reduce the inherent
instability by device miniaturization and monolithic integra-
tion.7 Plasmonic microstructures can confine light into
subwavelength-scale regions and exhibit strong plasmonic
enhancement, which provides an approach to scale down
photonic devices further and to realize direct integration with
solid-state chips.8,9 Recently, Wei et al. have reported several
all-optical logic gates based on linear interference between
surface plasmon polariton (SPP) modes in a silver nanowire
network.10,11 The length of silver nanowires was about 20 μm,
and the achieved intensity contrast ratio of output logic states
“1” and “0” was only 6 dB.10,11

Here, we propose and realize nanoscale integrated all-optical
XNOR, XOR, NOT, and OR logic gates based on the linear

interference of SPP modes in plasmonic slot waveguides,
consisting of air slots etched in a thin gold film. These
structures can provide transverse-magnetic (TM)-like SPP
modes, also called quasi-TEM SPP modes, strongly confined at
the interface of dielectric waveguide and metal films.12 The
plasmonic slot waveguide exhibits both ultralong range
propagation of over several tens of micrometers and strong
spatial confinement of light into a subwavelength scale region.13

SPP modes propagate in the direction parallel to gold film,
which is suitable for on-chip integration applications. The
miniature device featuring lateral dimensions of less than 5 μm,
precisely controlled optical phase differences obtained through
exact patterning of logic gates using focused ion-beam (FIB)
etching technology, and quasi-monochromatic SPP modes
excited by an 830 nm continuous-wave (CW) laser beam
ensure a high intensity contrast ratio of 24 dB between output
logic states “1” and “0”. These compact logic devices are stable,
robust, and free from environmental impact, meeting the
requirements of practical on-chip integration applications.
The schematic structure of the plasmonic slot waveguide is

shown in Figure 1a. It consists of an air slot with width w of 100
nm etched in a gold film with thickness h of 100 nm on a
silicon dioxide substrate. The dispersion relation of the
plasmonic slot waveguide was calculated by the finite element
method (using a commercial software package Comsol
Multiphysics),14 and the calculated results are depicted in
Figure 1b. The refractive index of air and silicon dioxide was set
at 1 and 1.5, respectively. The wavelength-dependent complex
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refractive index of gold was obtained from ref 15. The
plasmonic slot waveguide can provide wideband guided SPP
modes, which has been confirmed by Dionne’s calculations.13

To further confirm the guided SPP modes, we also calculated
the power density profile of a 530 nm guided mode by the finite
element method, and the calculated results are shown in Figure
1c. The guided mode is confined mostly in the slot region and
extends slightly into the adjacent silicon dioxide and air regions.
The maximum intensity is at the gold−air interface in the slot,
which is in agreement with Dionne’s calculations.13 The
effective refractive index of the plasmonic slot waveguide for a
530 nm SPP mode was calculated to be 1.57 + 0.0106i, which
indicates that the effective propagating length of this SPP mode
is 11 μm.
Gold films with a thickness of 100 nm were prepared using a

laser molecular beam epitaxy (LMBE) growth system (model
LMBE 450, SKY Company, China). As the excitation light
source, we used the beam (with a wavelength of 248 nm, a
pulse width of 25 ns, and a pulse repetition rate of 5 Hz) output
from an excimer laser system (model ComPexPro 205,
Coherent Company, USA). A FIB etching system (model
DB235, FEI Company, USA) was employed to prepare the
logic gate patterns. All widths of the plasmonic slot waveguides
were 100 nm. To excite and collect the needed SPP mode, we
also etched a coupling grating connected with an air groove
with a triangular configuration at the input port of each
plasmonic slot waveguide. We also etched a grating in the
output port to help couple the SPP mode to free space for the
purpose of measurement. The scanning electron microscopy

(SEM) images of the fabricated logic gate samples are shown in
Figure 2. The lateral dimension of the logic gate devices was
less than 5 μm, reduced 4-fold compared with those used in
previous reports.10,11 The all-optical logic functions were
measured using a scanning near-field optical microscopy

Figure 1. Characteristics of the plasmonic slot waveguide. (a) Schematic structure. (b) Dispersion relation. (c) Power density profile of a 530 nm
SPP mode.

Figure 2. SEM images of all-optical logic gate samples. (a) For the OR
gate. (b) For the NOT gate. (c) For the XNOR gate. (d) Laser
spectrum.
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system. The input coupling grating was normally illuminated
from the back side using a p-polarized CW Ti:sapphire laser
beam with a wavelength of 830 nm. The incident laser beam
was focused into a spot with a radius of about 2.5 μm, ensuring
that the laser beam covers all input gratings. The spot center
was set at the perpendicular bisector line of the connection line
between two input coupling gratings. The patterned area of
each input coupling grating was about 1 μm × 1 μm. This
ensures a nearly equal average excitation intensity for all of the
input coupling gratings. The spectrum of the 830 nm laser
beam is shown in Figure 2d. The line width of the laser
spectrum curve was only 1.9 nm, which ensured that only the
needed quasi-monochromatic 530 nm SPP mode can be excited
in the plasmonic slot waveguide. The optical-thick gold film can
prevent the direct transmission of the laser beam. The incident
laser was coupled into a 530 nm SPP mode through the input
grating. The SPP mode propagating through the plasmonic slot
waveguide was scattered by the decoupling grating in the
output port. The scattered light was collected by a long working
distance objective (Mitutoyo 20, NA = 0.58) and then imaged
onto a charge coupled device (CCD). To confirm the
propagation properties of the SPP mode in the plasmonic
slot waveguide, we also etched a straight waveguide, a 90°

circular arc waveguide with a radius of 900 nm, and a cosine
arc-shaped waveguide, as shown in Figure 3a−c. The width and
length of each of the three kinds of plasmonic slot waveguides
were 100 nm and 11 μm, respectively. It is very clear that,
under excitation of an 830 nm CW laser, there is a distinctive
signal output from the decoupling grating for each kind of
waveguide, as shown in Figure 3d−f. This confirms the
excellent propagation properties of the 530 nm SPP mode. The
different sizes of laser spot in Figure 3d−f are related to the
different excitation intensity.
The XNOR gate has three input waveguides, as shown in

Figure 2c, the bending regions of which having a circular arc
shape with a radius of 900 nm to reduce propagation losses.16

There is an optical path difference of 795 nm between
waveguides B and C, and 265 nm between waveguides A and C.
Therefore, a destructive interference can be reached in the
output waveguide for the 530 nm SPP modes propagating
through waveguides A and C, or waveguides B and C, while a
constructive interference can be reached for the 530 nm SPP
modes propagating through waveguides A and B. Waveguide C
was used as the reference waveguide. To perform the logic
operation of “0 XNOR 0=1”, we etched a coupling grating
connected with a triangular air groove in the input port of

Figure 3. SEM images of plasmonic slot waveguides with a width of 100 nm and a length of 11 μm for a straight waveguide (a), a 90° circle arc
waveguide with a radius of 900 nm (b), and a cosine arc-shaped waveguide (c). CCD images of plasmonic slot waveguide under excitation of an 830
nm CW laser for the straight waveguide (d), the 90° circle arc waveguide with a radius of 900 nm (e), and the cosine arc shape waveguide (f). The
red arrow indicates the position of the coupling grating in the input port of the plasmonic slot waveguide. The green arrow indicates the position of
the decoupling grating in the output port of the plasmonic slot waveguide.
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waveguide C, as shown in Figure 4a. The 530 nm SPP mode
can only be excited in waveguide C. No SPP mode can be
excited in waveguides A and B. The measured CCD image
obtained under excitation of an 830 nm CW laser is shown in
Figure 4b. There is strong signal with an intensity of 2.09 au
output from the decoupling grating. This corresponds to output
logic “1”. The simulated Hz field distribution when the SPP
mode is incident in waveguide C is shown in Figure 4c. A
strong signal output can be obtained in the output port, thus
confirming the measured results. To perform the logic
operation of “1 XNOR 0=0”, we etched a coupling grating
connected with a triangular air groove in the input port of both
waveguides A and C, as shown in Figure 4d. The 530 nm SPP
mode can be excited in waveguides A and C simultaneously.
The measured CCD image obtained under excitation of an 830
nm CW laser is shown in Figure 4e. There is a very weak signal
with an intensity of 0.00725 au output from the decoupling
grating. This corresponds to output logic “0”. The reason is that

a destructive interference is reached in the output waveguide
for SPP modes propagating through waveguides A and C
because the optical path difference is a half of the wavelength of
the SPP mode. The simulated Hz field distribution when SPP
mode is incident in waveguides A and C is shown in Figure 4f.
No signal can be obtained from the output waveguide. This
confirms the logic operation of “1 XNOR 0=0”. To perform the
logic operation of “0 XNOR 1=0”, we etched a coupling grating
connected with a triangular air groove in the input port of both
waveguides B and C, as shown in Figure 4g. Thus, the 530 nm
SPP mode can be excited in both these waveguides
simultaneously. The measured CCD image obtained under
excitation of an 830 nm CW laser is shown in Figure 4h. There
is a very weak signal output from the decoupling grating with
an intensity of 0.00916 au. This corresponds to the output logic
“0”. The reason is that a destructive interference is reached at
the output waveguide for SPP modes propagating through
waveguides B and C because the optical path difference is one

Figure 4. Logic operation of XNOR gate. The SEM image of sample (a), measured CCD image under excitation of an 830 nm CW laser (b), and
simulated results (c) for the logic operation of “0 XNOR 0=1”. The SEM image of sample (d), measured CCD image under excitation of an 830 nm
CW laser (e), and simulated results (f) for the logic operation of “1 XNOR 0=0”. The SEM image of sample (g), measured CCD image under
excitation of an 830 nm CW laser (h), and simulated results (i) for the logic operation of “0 XNOR 1=0”. The SEM image of sample (j), measured
CCD image under excitation of an 830 nm CW laser (k), and simulated results (l) for the logic operation of “1 XNOR 1=1”. The red arrow indicates
the position of the coupling grating in the input port of the plasmonic slot waveguide. The green arrow indicates the position of the decoupling
grating in the output port of the plasmonic slot waveguide.
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and a half of the SPP wavelength. The simulated Hz field
distribution when the SPP mode is incident in waveguides B
and C is shown in Figure 4i. No signal can be obtained from
the output waveguide. This confirms the logic operation of “0
XNOR 1=0”. To perform the logic operation of “1 XNOR
1=1”, we etched a coupling grating connected with a triangular
air groove in the input ports of all waveguides A, B, and C, as
shown in Figure 4j. The SPP mode can be excited in all three
waveguides simultaneously. The measured CCD image
obtained under excitation of an 830 nm CW laser is shown
in Figure 4k. There is a strong signal output from the
decoupling grating with an intensity of 2.193 au. This
corresponds to the output logic “1”. Here, the total intensity
of SPP mode propagating through waveguides A and B is
double that in waveguide C. Although a part of the SPP energy
in the output waveguide is reduced through destructive
interference, the remainder can still be obtained from the
output waveguide. The simulated Hz field distribution when
SPP modes are incident in waveguides A, B, and C
simultaneously is shown in Figure 4l. A strong signal can be
obtained from the output waveguide. This confirms the logic
operation of “1 XNOR 1=1”. The intensity contrast ratio
between the output logic “1” and “0” can be calculated from
10·log(P1/P0), where P1 and P0 are the signal intensities of logic
“1” and “0”, respectively.4,5 The intensity contrast ratio between
output logic “1” and “0” was measured to be 24.8 dB, which is
enhanced by 4-fold compared with previously experimental
reports.10,11 When the guided SPP mode propagates in the

direction of Y-axis, as shown in Figure 1a, the guided SPP mode
can be described in the form of17

⎯⇀ ⇀ = ⎯⇀ β ω−H r t H x y e( , ) ( , ) i y t
0

( )
(1)

where β is the propagation constant and ω the circular
frequency of the guided SPP mode. Therefore, the Hz field
distribution of the guided SPP mode takes on a standing-wave-
like pattern (Figure 4c, f, i, and l) due to the modulation action
of the term ei(βy−ωt).18

The XOR gate has an asymmetric Y-shape configuration, as
shown in Figure 2b, the bending region of which has a circular
arc shape with a radius of 900 nm to reduce propagation
losses.16 There is an optical path difference of 265 nm between
waveguides A and B, which indicates that a destructive
interference can be reached in the output waveguide for 530
nm SPP modes propagating through waveguides A and B.
When a signal light was input in one of the input waveguides, a
strong signal was obtained in the output port. Therefore, the
logic operations of “1 XOR 0=1” (Figure 5a,b) and “0 XOR
1=1” (Figure 5d,e) were realized. There is a strong signal with
an intensity of 5.043 au output from the decoupling grating,
which corresponds to output logic “1”. When signal light was
input in waveguides A and B simultaneously, no signal was
obtained in the output port because a destructive interference
was reached in the output waveguide. Therefore, the logic
operation of “1 XOR 1=0” (Figure 5g,h) was realized. There is
a very weak signal output from the decoupling grating with an
intensity of 0.0342 au, which corresponds to output logic “0”.
The measured intensity contrast ratio reached 21.7 dB. The

Figure 5. Logic operation of XOR gate. The SEM image of sample (a), measured CCD image under excitation of an 830 nm CW laser (b), and
simulated results (c) for the logic operation of “1 XOR 0=1”. The SEM image of sample (d), measured CCD image under excitation of an 830 nm
CW laser (e), and simulated results (f) for the logic operation of “0 XOR 1=1”. The SEM image of sample (g), measured CCD image under
excitation of an 830 nm CW laser (h), and simulated results (i) for the logic operation of “1 XOR 1=0”. The red arrow indicates the position of the
coupling grating in the input port of the plasmonic slot waveguide. The green arrow indicates the position of the decoupling grating in the output
port of the plasmonic slot waveguide.
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measured logic performances are in agreement with the
calculated ones, as shown in Figure 5c, f, and i. If we set
waveguide B as a reference waveguide, a NOT gate can be
realized very easily by using the same configuration of the XOR
gate. For example, the sample shown in Figure 5d can be used
to fulfill logic operation “NOT 0=1” (Figure 5e,f). The sample
shown in Figure 5g can be used to fulfill logic operation “NOT
1=0” (Figure 5h,i).
The OR gate has a symmetric Y-shape configuration, as

shown in Figure 2a, the bending regions of which having a
cosine-arc shape so as to ensure small propagation losses.16 The
distance between waveguides A and B was 2 μm. The length of
the bended waveguide was also 2 μm. The distance from the
input port of either waveguide to the interaction point has
exactly the same value, which will ensure constructive
interference in the output waveguide. When a signal light was
input in one of the waveguides, a strong signal was obtained in
the output port. Therefore, the logic operations of “1 OR 0=1”
(Figure 6a,b) and “0 OR 1=1” (Figure 6d,e) were realized.
When a signal light was input in waveguides A and B
simultaneously, a strong signal was obtained in the output port
because a constructive interference was reached in the output
waveguide. Therefore, the logic operation of “1 OR 1=1”
(Figure 6g,h) was realized. The measured logic performances
are in agreement with those calculated ones shown in Figure 6c,
f, and i.
One shortcoming of plasmonic slot waveguides, that is, that

their performances will be influenced if dust or small
nanoparticles fall into the air slots, can be overcome by filling

the air slots with dielectric material.18 According to our
calculation, no cross-talk occurs when the distance between two
plasmonic slot waveguides is larger than 200 nm. This has been
confirmed by Gramotnev’s measured results.19 Various
integrated photonic devices have been demonstrated based
on plasmonic slot waveguides, such as plasmonic splitters,20

modulators,21 and directional couplers.17 Therefore, plasmonic
slot waveguide is very promising for the future dense on-chip
integration applications.
In conclusion, four nanoscale integrated all-optical logic gates

have been demonstrated XNOR, XOR, NOT, and OR
functions, based on the linear interference effect of SPP
modes. The intensity contrast ratio between the output logic
“1” and “0” reached as high as 24 dB, and the lateral dimension
was reduced to less than 5 μm. This may offer a simple and
effective approach for the realization of nanoscale integrated
SPP all-optical logic devices suitable for on-chip applications.
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