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In this paper, all-optical XOR and NAND logic gates based on gold disk-shaped nanoparticles have been
proposed. The proposed structure consists of a non-periodic array of disk-shaped nanoparticles that are placed
on SiO, substrate. The gates function is based on the constructive and destructive interferences between the
input signals. For the NAND gate the phase difference between the input signals has been used to create a

destructive interference. The most advantages of these structures are subwavelength dimensions and high
contrast ratio of about 26 dB and 24 dB for the XOR and NAND logic gates, respectively.

1. Introduction

All-optical devices based on nanoparticles and effect of surface
plasmons (SPs) play a great roll in integrated optical circuits due to
nanoscale size, ultrahigh speed information processing, high capacity,
low power consumption, security to electromagnetic interference and
also overcoming the diffraction limit of light by surface plasmon
polaritons (SPPs) [1-5]. Semiconductor devices suffer from heat
generation and low speed so it was motivating to research more in
field of optical computing. Recently, researches have proposed all-
optical devices such as waveguides [6,7], junctions [8], sensors [9-12],
switches [13,14], modulators [15,16] and logic gates [17] based on
SPPs. Surface plasmons are observed in noble metals such as silver and
gold in visible and near-infrared regions. Plasmonic nanoparticles are
good candidates for utilizing in optical devices due to their absorption,
scattering and coupling features that depend on the basic parameters
such as geometry, dimension, and position of nanoparticles [18-22].
Also, researchers have proposed all-optical logic gates in hybrid
plasmonic-photonic crystal nano-beam cavities [23] and nonophotonic
plasmonics [17], according to waveguide type Kretchmann-Reather
configuration on the metal surface [24], cross phase modulation (XPM)
[25] and amplifier [26]. Moreover, all-optical logic gates based on
linear interference between (SPP) modes in a silver nanowire network
have been studied [17,27].

In this paper, a new XOR and NAND logic gates based on a non-
periodic nano-disk array of gold nanoparticles placed on SiO, substrate
have been proposed. The structures have been analyzed numerically by
the finite-difference time-domain (FDTD) and analytically. The effect of
nanoparticle distance on the localized surface plasmon resonances
(LSPRs) has been studied. Highly reduction of size and loss are
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provided by proposed all-optical logic gates. We have obtained high
contrast ratio of 26 dB and 24 dB for the XOR and NAND logic gates,
respectively. The transmission of more than 90% is obtained for our
structures. It is possible to utilize nanolithography techniques to
implement the design of optical logic gates with accuracy of 5 nm for
photonics integrated circuits (PICs) [28].

This paper is organized as follows. In Section 2, simulation method
and theory concept have been presented. In Section 3, all-optical logic
gates have been proposed, analyzed and compared with the previous
works. The paper is concluded in Section 4.

2. Simulation method and theory concept

Our proposed structure, as shown in Fig. 1, consists of a5 x 5 array
of gold disk-shaped nanoparticles with the radius of a=50 nm, the
height of h=20 nm and the inter-particle spacing of d=5 nm that are
placed on SiO, substrate with the refractive index of 1.5. In our
simulations Johnson and Christy data [29] is utilized to describe the
gold permittivity, because Drude model is not able to model noble
metals such as gold in our simulations frequency range.

The simulations are based on the finite-difference time-domain
(FDTD) numerical method with the (convolutional perfectly matched
layer (CPML) as absorbing boundary condition. The structure is excited
by a TM polarized pulse with electromagnetic filed components of H,,
E, and E,,. Also, in our proposed structures, the output port C is along
x or y axes for the XOR and NAND logic gates, respectively.

The transmission spectra of the structure of Fig. 1 for the inter-
particle spacing of 0, 5, and 10 nm are illustrated in Fig. 2. The
transmission spectrum has the maximum amplitude when the inter-
particle spacing is 5 nm. Depending on the position and number of the
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Fig. 1. Schematic view of a 5x5 array of gold disk-shaped nanoparticles placed on SiO»
substrate.
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Fig. 2. Transmission spectra of the array structure of Fig. 1 with the inter-particle
spacing of 0, 5, and 10 nm.

plasmonic nano-disks, the local field of each nanoparticle is minimized
or maximized. The interaction between nano-disks in Fig. 1 causes new
LSPRs which are a result of the coupling between the various individual
LSPRs of the isolated particles. Furthermore, since plasmon waves
couple strongly only in the near-field regime at very short distances,
closely packed clusters is also needed to achieve high field enhance-
ment. So if inter-particle spacing increases, the inter-field interferences
decrease and the transmission spectrum of the array is similar to the
typical nano-disk [30]. According to the obtained results, the optimum
inter-particle spacing for the proposed structure has been chosen to be
5 nm.

In addition to the shape, size and material of nanoparticles, the
properties of transmitted light strongly depend on the localized
positions and gaps between nanoparticles. Plasmonic nanoparticles
with periodic structures have been reported [31].

The optical absorption of a nanoparticle array can be directly
obtained as follow [14]:
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where k in the wave number, Eg and P; are the incident electric field

and the induced dipole moment, respectively. The polarizability («;) of
each nanoparticle can be expressed as [14]:

a. = Er_l
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where €, = €,,1ic1o/€neaium> V' 15 the particle volume and L is the shape
factor that depends on the nanoparticle structure [31]:

On one hand, optical absorption is known as destructive phenom-
ena and has to be suppressed but on the other hand, absorption control
can be considered as a helpful feature in plasmonic waveguides. For
instance, in order to obtain full coupling of the nano-disks, absorption
of the nano-disks has to be controlled. Manipulation of nanoparticles
can reveal the importance of absorption control. According to Egs. (1)
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Fig. 3. (a) Schematic view of a non-periodic array of gold disk-shaped nanoparticles and
(b) its transmission spectrum.

and (2), absorption depends on particle geometry, polarization and
permittivity of the material. By decreasing the transmission, the
absorption is increased.

One of the most promising plasmonics nanoparticle platforms is
studying the effect of deterministic aperiodic structure of nanoparticles
on the properties of transmitted light [16,31,32]. In this paper, it is
intended to obtain a high transmission when one signal is applied to
the proposed structure. As shown in Fig. 2, when the array is periodic,
the transmission is low. The field of each nanoparticle is the result of
the input source as well as other nanoparticles interaction [18]. Since
the arrangement of nanoparticles significantly influences the fields of
the structure, the nanoparticles must be rearranged non-periodically in
a way that near-fields and far-fields strengthen each other [32].

The schematic view and the transmission spectrum of a non-
periodic structure are shown in Fig. 3. By comparing Figs. 2 and 3b,
it is clear that removing some nanoparticles and rearranging them in a
non-periodic form have a great effect on the oscillation of nanoparticles
and the transmission is much higher compared to the periodic one.

3. The proposed all-optical logic gates

3.1. XOR logic gate based on the non-periodic plasmonic
nanoparticles

Exclusive OR (XOR) plays a significant role in logic optical circuits
that the circuit symbol and truth table corresponding to its input-
output are shown in Fig. 4 [33]:

The schematic view of the proposed XOR logic gate is shown in
Fig. 5. A and B are the input ports and the output port is C. The
parameters of the structure are chosen to be a=50 nm, h=20 nm, and
d=5 nm. The nanoparticles are made of gold and the substrate is SiO,.

The structure is illuminated by a narrow band plane wave with the
central wavelength of 453 nm. According to the transmission spectrum
of Fig. 6 surface plasmons are excited at the wavelength of 451.8 nm.

In the proposed XOR logic gate, A and B input ports are excited
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Fig. 4. (a) The circuit symbol and (b) the truth table of XOR logic gate.
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Fig. 5. Schematic view of the proposed XOR logic gate.
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Fig. 6. Transmission spectrum of the structure of Fig. 5.
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along x and y axes, respectively, and also, output port C is along y axis.
The following equations describe the magnetic fields of two different
inputs [33]:

HY = ZaMNexp(k,x) =@, Y, aj"J,(kpexpling),
= 3)

HY = Galexp(ik,y) =, Y, af"j"f,,(kmmexp(jn(co - g]]

n=-co

C))

where a,;*? and a,,%? are the amplitudes of two magnetic field sources.
Radial distance and azimuth angel are p and ¢, respectively. Thus, the
transmitted magnetic fields to nanoparticles will be:

HY =7 ' a"j"J(kip)exp(ing)
= 5)
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When n=2 and a,,*’= a,,Z'#0 (i.e, both inputs are in high logic
level) the total magnetic field using Egs. (5) and (6) can be calculated as
[33]:

H,_,(p<a ¢ =H),+HL,=0 7

It can be understood from Eq. (7) that the inputs (A and B) are
assumed to be simultaneously equal at high level value; so the output
logic in this case will be zero, because the second resonance mode
cannot be generated. Thus, without this assumption the output will be
in high logic level. In order to minimize the loss of the logic gate, the
two input sources must be located in the same distance to nanoparticle.

The following example describes the qualitative performance of our
proposed structure. Consider A and B are in high logic level. In this
case, there are two ports to excite LSPRs as A and B inputs of the logic
gate. As two sources are symmetric and also out of phase, the waves
decreased each other and make a null mode in the output that causes
low logic level.

By launching a continuous wave (CW) at the wavelength of
451.8 nm to the input port A or B, the value of transmission at port
C is 0.95 which gives logicl. When two input ports are simultaneously
excited by a lightwave with the resonance wavelength of 451.8 nm, the
destructive interference occurs between two input signals and so the
value of the transmission at the output port C is 0.09 that would be
logic 0. The transmission spectra and magnetic field (H,) distributions
of the proposed XOR logic gate are demonstrated in Figs. 7-9.

The contrast ratio between the ON and OFF states is defined as [33]:

A=451.8 (nm)

y(nm)

(b)

Fig. 7. (a) Transmission spectrum and (b) magnetic field (H,) distribution of the proposed XOR logic gate when a CW wave is launched to the input port A (A=1, B=0).
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Fig. 8. (a) Transmission spectrum and (b) magnetic field (H,) distribution of the proposed XOR logic gate when a CW wave is launched to the input port B (A=0, B=1).
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The contrast ratio of the proposed XOR logic gate, according to Eq.
(8), is obtained to be 26 dB.

3.2. NAND logic gate based on the non-periodic plasmonic
nanoparticles

NAND is a logic circuit element that its circuit symbol and the truth
table are shown in Fig. 10 [33]:

The proposed structure of the NAND gate is based on Fig. 11. The
structural parameters of this logic gate are the same as XOR gate. By
launching a plane wave to the input port A, the resonance wavelength
of the nanoparticles is obtained to be 445.5 nm.

In the proposed NAND gate, the relative location of the input and
control sources can be adjusted to provide the desired intensity at the
nanoparticle. Three similar sources are supposed to be at different
locations in the proposed NAND structure. To realize low logic state,
two input waves must be diminished by the wave from the control
source [33]:

Al Bi control,
H |x:xl +H |x:x1 =H |X:X1

9

The phase difference between the input ports is used to create a
destructive interference. When there is no lightwave at the input ports
A and B, the control signal with the resonant wavelength of 445.5 nm is

0.1— T T T T T T T T

B ANANDB
()

A B A NAND B

0 0 1

0 1 |

1 0 |

1 1 0
(b)

Fig. 10. (a) The circuit symbol and (b) the truth table of NAND logic gate.
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Fig. 11. Schematic view of the proposed NAND logic gate.
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Fig. 9. (a) Transmission spectrum and (b) magnetic field (H,) distribution of the proposed XOR logic gate when a CW wave is launched to the input ports A and B simultaneously (A=1,

B=1).
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Fig. 12. Magnetic field (H,) distributions of the proposed NAND gate when (a) there is no signal at the input ports A and B, a CW wave is launched to the (b) input port A, (c) input port
B, and (d) input ports A and B, simultaneously. In all states, a control signal is applied at control port.

Table 1
Comparison between our proposed structures and previous works.

Criteria This paper Ref [33] Ref [34] Ref [35] Ref [36]

Structure Plasmonic nano-particle ~ Plasmonic Waveguide nano-disk Plasmonic Waveguide Plasmonic Waveguide Plasmonic Waveguide

Noble metal Gold Silver Silver Silver Silver

Proposed device XOR and NAND logic NOT, XOR, XNOR, and NAND Switch Switch AND, OR, and NOT logic
gates logic gates gates

Size Smaller than 60 nm Larger than 500 nm Micrometer Micrometer Micrometer

Order of the wavelength Nanometer Nanometer Micrometer Micrometer Micrometer

operation
Loss Low Not very low High High High

passed through the structure and the output transmission is 0.91 which
gives logic 1. When one of the input ports is excited by a continuous
wave (CW) with the wavelength of 445.5 nm, the transmission at the
output port C is 0.92 and port C is ON. However, when two input ports
A and B are excited simultaneously, the transmission of the output port
C becomes 0.03 which would be logic 0. The magnetic field (H,)
distributions of the NAND gate are shown in Fig. 12. The contrast ratio
between the ON and OFF states is 24 dB.

3.3. The comparison of the current paper and the previous papers

The proposed logic gates are compared to the previous structures as
depicted in Table 1. In addition to the information of the Table 1, in our

212

proposed structure not only one substrate is needed but also the
transmission is more than 90%.

The field caused by nanoparticle is generated by input laser and
other nanoparticle field interactions. Nanoparticle polarization de-
pends on the direction of the input laser. Also, the generated fields
are destructive or constructive according to the nanoparticle layout.

4. Conclusion

In this paper, effects of nanoparticle distance and periodicity of gold
disk-shaped nanoparticles on the localized surface plasmon resonances
(LSPRs) have been studied. Then, XOR and NAND logic gates based on
a non-periodic array of gold disk-shaped nanoparticles that are placed
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on SiO, substrate have been proposed and investigated. The operational
principles of these gates are based on the constructive and destructive
interferences caused by the difference in path length and the direction of
the input signals. The high contrast ratio of about 26 dB and 24 dB has
been attained for the XOR and NAND logic gates, respectively.
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