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A nonlinear plasmonic T-shaped switch based on a square-shaped ring resonator is simulated by the finite-
difference time-domain numerical method. Three optical logic gates—a NOT, with one T-shaped switch, and
AND and NOR gates, each with two cascaded T-shaped switches—are proposed. The nonlinear Kerr effect is
utilized to show the performance of our proposed logic gates. The values of transmission at the ON and OFF
states of NOT and NOR gates are 70% and less than 0.6% of the input lightwave, respectively, while these values
for the AND gate are 90% and less than 30%, respectively. © 2015 Optical Society of America

OCIS codes: (190.3270) Kerr effect; (250.5403) Plasmonics; (250.6715) Switching; (230.3750) Optical logic devices.

http://dx.doi.org/10.1364/AO.54.007944

1. INTRODUCTION

All-optical devices based on surface plasmon polaritons (SPPs)
have been the subject of extensive researches in recent years.
SPPs confine electromagnetic waves in subwavelength scales;
hence, devices based on SPPs are appropriate solutions for over-
coming the diffraction limit. SPPs are the interaction of electro-
magnetic waves and the free electrons of metals, propagating on
the metal–dielectric interfaces [1,2]. Various passive and active
plasmonic devices, such as nanocavities, multi/demultiplexers,
splitters, couplers, resonators, stub waveguides, Bragg reflec-
tors, hybrid plasmonic waveguides, switches, and logic gates,
have been investigated so far [3–15].

Nonlinear plasmonic waveguides can be used in optical sig-
nal processing, optical communication networks, and optical
computing systems, as all-optical switches and logic gates
[16,17]. Several effects have been used to achieve all-optical
logic gates, such as four wave mixing (FWM) in silicon nano-
wires [18], semiconductor optical amplifiers [19], two-photon
absorption in silicon waveguides [20], and third-order nonlin-
ear effects [21]. Moreover, some logic gates based on SPPs have
been investigated [22–27].

Ring resonators have been used for many applications, such
as wavelength and mode selection, switching, filtering, wave-
length multi/demultiplexing, and electromagnetically induced
transparency-like transmission [15,28,29]. Also, ring resona-
tors with nonlinear Kerr effect or other tunable procedures have
been employed for design of all-optical logic gates.

Compared to circular ring resonators, rectangular-shaped
ones have higher coupling efficiency due to the long coupling

section between the bus waveguide and the resonator.
Furthermore, contrary to dielectric waveguides, plasmonic
bent waveguides can provide higher transmission with lower
bending loss [15].

In this paper, we propose three all-optical logic gates based
on nonlinear plasmonic square ring resonators (NLPSRRs).
Nonlinear self-phase modulation and cross-phase modulation
Kerr effects are utilized to control the light in our nanoscale
device. The subwavelength size and the low required pumping
power of the NLPSRR switch make it suitable for application
in photonic integrated circuits.

The paper is organized as follows. In Section 2, the perfor-
mance of a plasmonic T-shaped switch is studied. In Section 3,
the performance of three optical logic gates—a NOT, with
a T-shaped switch, and AND and NOR gates, each with
two cascaded T-shaped switches—are simulated and their
performance is demonstrated. The paper is concluded in
Section 4.

2. NONLINEAR PLASMONIC T-SHAPED SWITCH

The schematic view of the plasmonic T-shaped switch is
shown in Fig. 1. It consists of a square-shaped ring resonator
and two perpendicular straight waveguides adjacent to it. The
switch has input ports A and B for the signal and pump light-
waves, respectively. For better performance of the switch in the
third telecommunication window, the parameters of the struc-
ture are chosen as: waveguide width w � 50 nm, waveguide
and ring gap g � 20 nm, and side length of the square ring
in the x and z directions L � 570 nm.

7944 Vol. 54, No. 26 / September 10 2015 / Applied Optics Research Article

1559-128X/15/267944-05$15/0$15.00 © 2015 Optical Society of America

http://dx.doi.org/10.1364/AO.54.007944


The metal and dielectric materials are silver and SiO2

composite, respectively. The linear refractive index and the
third-order nonlinear susceptibility of the dielectric are no �
1.47 and χ�3� � 2.37 × 10−15 �m2∕V2�, respectively [14]. The
dispersive dielectric function of the silver is described by the
Drude model:

ε�ω� � ε∞ −
ω2
P

ω2 − jγPω
; (1)

where ε∞ � 1.95 is the relative permittivity at infinite fre-
quency, and ωP � 1.37 × 1016 �rad∕s� and γp � 20 × 1012

�rad∕s� are the plasma and collision angular frequencies, respec-
tively [12]. The resonant wavelength of the ring resonator is
determined by [2]:

Lneff � mλ∕4; (2)

where m, the mode number, is an integer, and neff and λ are the
ring effective refractive index and the free space wavelength,
respectively. According to Eq. (2), the switch is designed for
the resonant wavelength of 1535 nm.

The effective refractive index of SPP modes for TM polari-
zation in metal–insulator–metal (MIM) waveguide can be
obtained from the dispersion relation [9]:

tanh
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2eff − εd
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� −

εd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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q

εm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2eff − εd

q ; (3)

where k0 � 2π∕λ is the free space wave number, and εd and
εm are the dielectric constants of the dielectric and metal,
respectively.

The two-dimensional finite-difference time-domain (2D-
FDTD) numerical method, with a convolutional perfectly
matched layer (CPML) as the absorbing boundary condition
of the area under simulation, has been used. Since the width
of the waveguide is much smaller than the operating wave-
length, only the fundamental TM mode is supported. The
output normalized transmission spectra of the switch for an
input Gaussian modulated pulse with the power of 9.3 × 10−11

(W/μm) are shown in Fig. 2.

In the linear state with low power input signal, when the
wavelength of the input lightwave is equal to the resonant
wavelength of the ring, the input lightwave couples to the ring
and there is no power at port C, which means that the switch
is at the OFF state. In other words, when the wavelength of
the input lightwave is out of the resonant wavelength of the
ring, there is no coupling to the ring and port C is ON.
By launching a high-power input lightwave, due to the Kerr
nonlinear effect, the refractive index and so the resonant wave-
length of the ring are increased and the status of the switch
changes.

The ratio of the powers at ports B and C �PB∕PC� at the
wavelength of 1535 nm is depicted in Fig. 3. The power ratio
decreases from 7.1 to −11.7 dB for input powers in the range of
1.98 × 10−8 − 0.0125 (W/μm).

3. ALL-OPTICAL LOGIC GATES

A. NOT Gate
To use the nonlinear T-shaped switch of Fig. 1 as an all-
optical NOT logic gate, the switching performance in the
simultaneous presence of the bias signal and the input light-
wave is studied. A bias signal at the wavelength of 1628 nm
and power of 1.99 × 10−8 (W/μm) and an input lightwave at

Fig. 1. Schematic view of our proposed nonlinear plasmonic
T-shaped switch.
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Fig. 2. Transmittance spectra of the plasmonic T-shaped switch
of Fig. 1.
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Fig. 3. Power ratio �PB∕PC� versus input lightwave power for the
nonlinear plasmonic T-shaped switch of Fig. 1.
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the wavelength of 1535 nm are launched to ports A and B,
respectively. The wavelength of the bias signal is chosen to be
higher than the resonant wavelength of the ring. As shown in
the transmission diagram of Fig. 4, in the linear case, when
there is a low level signal with power of 1.51 × 10−8 (W/μm)

at port B, the transmission at output port C is 70%, which
gives logic 1 (C � B 0). In the high-level state with the input
power of 0.013 (W/μm), port C is OFF and the transmission
is about 0.6%, which corresponds to the logic 0 (C � B 0).
The magnetic field distributions of the NOT gate in the ab-
sence and presence of the input lightwave are illustrated
in Fig. 5.

To obtain the response time of the NOT logic gate, bias and
high-intensity continuous wave (CW) pulses at 1628 and
1535 nm wavelengths are, respectively, launched to ports A
and B of Fig. 1. By time monitoring of output port C, when
the output port approaches the steady state, the switching time
is attained to be 11 fs.

B. NOR Gate
An all-optical logic gate can be constructed by cascading two
T-shaped switches of Fig. 1, as depicted in Fig. 6. A CW bias
signal at wavelength of 1628 nm and two input lightwaves
at wavelength of 1535 nm are simultaneously launched to
ports P, A, and B, respectively. The distance between the
rings is assumed to be 100 nm to avoid crosstalk between
them.

According to the performance of the T-shaped switch
described in Section 2, the structure of Fig. 6 can act as a
NOR gate. When one of the input signals A or B or both of
them are ON with power of 0.007 (W/μm), the low-intensity
bias signal is coupled to the one or both of the ring resonators
and the normalized transmission at port C is less than 0.6%.
Therefore, port C is OFF, which gives the logic 0 at the output.
However, when both of the input signals A and B are OFF,
the bias signal transmits through the bus waveguide. The
normalized transmission at output port C is 70%, which would
be logic 1. The magnetic field distributions of these states
are shown in Fig. 7. The response time of the NOR logic gate
is measured by the same method as that described in
Subsection 3.A to be 13 fs.

C. AND Gate
The structure of the NOR logic gate of Fig. 6 can also be
used as an AND logic gate, if we swap the wavelengths of
the bias and input signals. When there is no signal at input
ports A and/or B, since the wavelength of the low-intensity
bias signal is equal to the resonant wavelength of the ring
resonators, it is coupled to the rings, so output port C be-
comes logic 0. Moreover, when there is a high lightwave with
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Fig. 4. Normalized transmission diagram of port C versus input
lightwave power at port B.

Fig. 5. Magnetic field distributions of the NOT gate in the
(a) absence and (b) presence of the input lightwave at wavelength
of 1535 nm. Output port C is at ON and OFF states (C � B 0),
respectively.

Fig. 6. Schematic view of the plasmonic NOR gate structure.
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power of 0.004 (W/μm) at input ports A or B, the refractive
index and so the resonant wavelength of the rings increases,
the bias signal is coupled to one of the rings, and there is no
power at output port C. Otherwise, when both input ports A
and B are ON, because of the enhancement of the resonant
wavelength of the rings, the signal transmits through the
straight waveguide, hence port C is logic 1. The values of
the transmission at the ON and OFF states are 90% and
less than 30%, which gives logics 1 and 0, respectively. The
magnetic field distributions of these states are shown in
Fig. 8. The response time of the AND logic gate is measured
by the same method as those of the NOT and NOR gates
to be 13 fs.

4. CONCLUSION

In this paper, the performance of a nonlinear plasmonic
T-shaped switch based on the nonlinear cross-phase modula-
tion Kerr effect has been demonstrated. We have proposed
three all-optical logic gates—NOT, AND, and NOR. The
NOT gate is constructed with one T-shaped switch, and the
AND and NOR gates are constructed by cascading two T-
shaped switches. The transmission of our proposed NOT
and NOR logic gates at the ON state is 70%, while at the
OFF state it is less than 0.6% of the input power. For the
AND gate, the values of transmission at logic 1 and logic 0
are 90% and less than 30%, respectively. Therefore, there is

Fig. 7. Magnetic field distributions of our proposed plasmonic
NOR gate for four states: (a) both inputs, (b) input A, and (c) input
B are 0; and (d) both inputs are 1.

Fig. 8. Magnetic field distributions of our proposed plasmonic
AND gate for four states: (a) both inputs, (b) input A, and (c) input
B are 0; and (d) both inputs are 1.
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a high contrast ratio between the ON and OFF states. The sub-
wavelength size and the low required pumping power of the
nonlinear plasmonic square ring resonator switch and logic
gates with perpendicular waveguides make it suitable for appli-
cation in photonic integrated circuits.
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