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Design of all-optical logic gate based on

two-dimensional photonic crystal

WU Rong, ZHANG Hao-chen’, YANG Jian-ye
(School of Electronic and Information Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China)
* Corresponding author, E-mail: 2651809834@gqq.com

Abstract: By embedding a line defect in a two-dimensional photonic crystal and using linear interference ef-
fect and waveguide coupling, an XNOR gate and NAND gate structure based on a two-dimensional photonic
crystal is designed. The band structure of the two-dimensional photonic crystal is analyzed by using the plane
wave expansion method. The time-domain finite-difference method and the linear interference effect are used
to simulate the stable electric field diagram and the normalized power of the XNOR gate and NAND gates
on the Rsoft platform. The simulation results demonstrate that the designed XNOR gate has a contrast of
29.5 dB, a response time of 0.073 ps, and a data transmission rate of 13.7 Tbit/s. On the other hand, the de-
signed NAND gate has a contrast of up to 24.15 dB, a response time of 0.08 ps, and a data transmission rate
of 12.5 Tbit/s. It can be seen that the designed structure has a high contrast, short response time, and fast data

transmission rate.
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1 Introduction

Photons have faster propagation speed and
greater information-carrying capacity, making them
increasingly favored over electricity as a form of
light and with promising future applications. As a
key component in optical information storage and
processing, the all-optical switch has become a new
device for optical communication and computing!'..
Although photonic devices are gradually replacing
electronic devices in many areas, electronic devices
still dominate the market™. One of the main reasons
is the lack of practical all-optical switches and logic
gatesPl. Since all-optical logic gates can enable op-
tical devices to achieve different output results un-
der different input conditions, they can also achieve
specific logic operation functions through the inter-
action between light waves™.

Photonic crystals are synthetic artificial materi-
als formed by periodic arrangement of media with
different refractive indexes. According to the di-
mension, photonic crystals can be divided into one-
dimensional, two-dimensional, and three-dimen-
sional photonic crystals. Compared to one-dimen-
sional photonic crystals, two-dimensional photonic
crystals have smaller limitations and a wider applic-
ation range. Compared to three-dimensional photon-
ic crystals, two-dimensional photonic crystals have
a simpler structure, require a more skilled prepara-
tion process, exhibit a higher fault tolerance rate,
and the finial product performance is better. Photon-
ic crystals have two unique properties: photonic
band gap and photonic localization. Photonic band
gaps can make sure the light waves within a specif-
ic wavelength range transmit. Numerous optical
devices with significant practical value have
emerged due to the two characteristics of photonic
crystals, including optical switches?® ), optical wave-
length division multiplexers!, optical sensors®™?,
with the advantages of simple structures, low manu-

facturing complexity, and easy integration.

In the process of optical communication and
optical computing, in order to solve the problem of
low conversion efficiency and large loss of light and
electricity, the all-optical network has become one
of the research hotspots. All-optical logic gates, as
the basis of the all-optical network, have received
extensive attention from researchers!'®. In 2017, Wu
R et al.'™ proposed WOR' and 'NOT"' all-optical lo-
gic gates. The all-optical logic gate is mainly com-
posed of four photonic crystal waveguides ports.
Its compact size and quick response speed make
it a highly efficient component. In 2019, Sun X W
et al.'" used linear interference principle and self-
collimation effect to design all-optical logic gates
such as 'XNOR', 'NOT', which possess simple struc-
ture, small size and high contrast. In 2022, Zhang
et al' through introducing defects in the perfect
lattice and designed an all-optical half-adder struc-
ture composed of '"AND' and 'XOR'. The contrast of
'CARRY" and 'SUM' reached 8.36 dB and 15.34 dB,
respectively, and the response time was 3.63 ps.

On the basis of previous work, we mainly ad-
opt waveguide coupling and linear interference ef-
fects to design all-optical structures for 'XNOR' and
'NAND' operations based on two-dimensional pho-
tonic crystals. This expands the range of all-optical
logic gates based on two-dimensional photonic crys-
tals. The designed structure is simulated and ana-
lyzed using the Rsoft simulation platform, com-
bined with the plane wave expansion method and
the finite difference time domain method. It is found
that the device size of the structure is small, the con-
trast is high, the response time is short, and the sta-

bility is good.
2 Theory

In this study, a photonic crystal with square lat-
tice is used. The background material is air, and the
circular dielectric column material is silicon. The re-
fractive index of the dielectric column is 3.46, the

lattice constant a is 0.506 um, and the radius of the
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dielectric column R is 0.2 a.

To investigate the operational frequency range
of the device, the plane wave expansion method is
used to obtain the energy band diagram shown in
Fig.1. The symbols 7, X and M in the figure repres-
ent the coordinates of the reciprocal space in the
Brillouin zone. It can be seen from Fig. 1 that there
are two photonic band gaps in photonic crystals only
in the TE mode, and the high frequency region dis-
plays a narrow band gap. The normalized frequency
is 1.336—1.3780 (w,/2nc), with a center frequency
of 1.357 (w./2mc). The band gap in the low fre-
quency region is narrow, the normalized frequency
is 0.549-0.800 (w./2nc) and the center frequency is
0.6745 (w./2nc). To enhance the output perform-
ance, a wavelength of 1.36—1.38 um has been selec-
ted.

ald)

Frequency (w,/2nc

oL ' '
r X M r

Fig. 1 Energy band diagram of TE mode of photonic crys-
tal

According to the waveguide theory, it is sug-
gested that two optical signals transmitted in the
same path experience phase-length and phase-can-
cellation interference!). When the transmission
phase difference between two beams of optical sig-
nals is 2mn (m =0, 1, 2, ---), the two optical signals
are superimposed on each other, resulting in phase-
length interference occurs between the optical sig-
nals. This enhances the signal strength at the output
end, making it stronger than any individual beam of
optical signals. When the phase difference between
the two optical signals equals (2m + 1) m, the two
optical signals are partially cancelled, resulting in
destructive interference occurs between the optical

signals. Consequently, the signal strength at the out-

put end is weaker than that of any other optical sig-
nal.

Contrast Cy and response time are two crucial
indicators to measure all-optical switches. Contrast
Cr = 101g(T,/Tp)"*"%), where T, represents the trans-
mittance when the output port is logically 'l', and T
represents the transmittance when the output port is
logically '0'. The higher the contrast of the all-optic-
al logic gate, the more sensitive and more stable its
performance. The response time, also known as the
adjustment time, is the duration required from the
beginning of the output to stable output. Upon
reaching the stable output, there will be a certain er-
ror, known as the error band, with a value of +5% of

the stable output value!',

3 Design and simulation

3.1 NOR

All complex logic can be expressed in the form
of simple and, or, not. This principle is fully reflec-
ted in the design process of all-optical logic gates.
AOB= AB+AB=A+B+A+B=(A+B)®1+(A+
B)® 1. By transforming XOR logic using the inver-

sion theorem, it is obtained that the NOR gate can
be formed through cascading existing logic gates.
According to NOR gate logic, when the two input
ports are different the output port is '0', and when
the two input ports are the same, the output port is
'l'. The XOR function of the device can be con-
sidered as the XOR of the power, and this function
is realized just through the expression (A+B)®1.
The NOR gate structure, developed based on XOR
gate, is shown in Figure 2. The structure is filled
with 33x21 circular silicon dielectric columns in the
air. Two input ports /; and /, represent a symmetric-
al structure, and Ref represents the reference signal.
The reference signal Ref shares the same input
structure as the input port, so both the reference sig-
nal and input signal have the same light wave in-
tensity when they arrived at the output port. When
the input signal is logic '00', (A+B)®1 =1; when
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the input signal is logic '10" or '01', (A+B)®1=0;
when the input signal is logic '11', and the input
power is A+B =2, we can obtain an output of
(A+B)® 1 =1. Figure 2 illustrates the optical path
difference between the input signal and the refer-
ence signal to the output port OUT as 2a, causing
input signals /; and /, interfering with the reference
signal Ref under different conditions. The light
source signal is set to a continuous Gaussian light
wave with a wavelength of 1.36 um. The simulation
results obtained by using the Rsoft simulation plat-
form and the finite-difference time-domain method
are shown in Fig. 3—4. In this structure, when the in-
put signal is either logical '01' or '10', the input sig-
nal and the reference signal destructively interfere in
the output waveguide, and the intensity is the same
so the output power is only 3x10™* P;,. Conversely,
when the input signal is logical '00', only the refer-

ence signal Ref is output from the output wave-

guide, yielding an output power of 0.26 P;,. When
the input signal is logic '11', the two input signals
will interfere with each other due to the same optic-
al path difference to the output waveguide, and the
intensity is half of the input power, thus, the output
power is 0.27 P;,. The contrast of the output port of
the NOR gate stucture is as high as 29.5 dB, the re-
sponse time is 0.073 ps, and the data transmission
rate is 13.7 Tbit/s.
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Fig. 3 The steady-state electric field diagrams when the input is logic (a) '00', (b) '01', (c) '10" and (d) '11' respectively
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Fig. 4 The normalized power output curves when the input is logic (a) '00', (b) '01', (c) '10' and (d) '11' respectively

It can be seen from Fig. 4 that the output power
P, changes over time until it reaches 90% of the
stable power P,, at time #;. Moreover, the Fig.4 in-
dicates that ct; = 88 um, the transmission speed in
photon air is 3x10* m/s, and #, = 0.1468 ps. When
the output power P, reaches 10% of the stable
power P,, from 0, it is denoted as time #,;. Likewise,

when the output power P, reaches 90% of the

stable power P,, from 10% of the stable power P,,,
it is denoted as time ¢,,. Therefore, #, = #,;+ ;5. Ac-
cording to Fig. 4, t;; = 0.105 ps, and ¢, = 0.041 8 ps.
Likewise, when the output power P, reaches 90%
of the stable power P,, from 10% of the stable
power P,,, it is denoted as time #,. Due to the linear
material used in this design, #, = 2 #;, = 0.083 6 ps.
Therefore, the response period of the designed XOR
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gate is T=2¢t;, + 21, = 0.167 2 ps.
3.2 NAND

Through the inversion theorem transformation
and NOT-logical expression, AB = A + B can be ob-
tained. The NAND gate structure shown in Fig. 5
can be designed through the existing cascade of
NOT gates and OR gates. The depicted structure
comprises 29 x 21 circular silicon dielectric colu-
mns in the air. The light source signal is set to Gaus-
sian continuous light wave with a wavelength of
1.38 um. Since the designed AND gate uses only
linear interference effect, no power requirement ex-
ists for the light source, thus the power of the light
source defaults to 1. In Fig. 5, the input signals are
I, and 1,, the reference signal is labeled Ref, and the
output signal labeled OUT. The NOT logic of the
input signals /;, I, and the reference signal Ref can
achieve by XOR. Since both the left and right parts
of the structure have the same optical path differ-
ence, phase interference occurs in the output wave-
guide, functioning as an OR logic. As a result, the
structure enables a cascade of NOT and OR logic.
Fig. 6 (color online) presents the simulation results.
When both the input logic of 7, and I, are set to '00',
constructive interference occurs when the two refer-

ence signals Ref are transmitted to the output wave-

guide, and the output power reaches 1.085 P;,. Since
the designed NAND gate has symmetrical structure,
the output results for input logic '01' and '10' are
same, only the input logic '10' is simulated. The in-
put signal /; and the left reference signal Ref have
destructive interference in the output waveguide.
Moreover, the output power of the right reference
signal Ref in the output waveguide is 0.26 P;,. When
the input logic is '11', the input signals /;, [, and the
reference signal Ref undergo destructive interfer-
ence at the output waveguide port. Consequen-
tly, the output power is only 0.001 P;,. The output
port of the NAND gate structure demonstrates a
high contrast of 24.15 dB, a fast response time of
0.08 ps, and a data transmission rate of 12.5 Tbit/s.
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Fig. 6 The stable electric field diagram and normalized power curve when the input logic is '00', '10" and '11', respectively. (a)-

(c) are electric field diagrams when input logic is (a) '00', (b) '10', and (c) '11'; (d)-(f) are normalized curves when input

logic is (d) '00', (e) '10', and (f) '00'



250 RED2E (RgEs)

17 %

It can be seen from Fig. 6 that the output po-
wer P, changes over time. The time when the out-
put power P, reaches 90% of the stable power P,,
from O is denoted by #. Further analysis of the
figure represents that ct; = 80 um, and #, = 0.267 ps
can be calculated. The time when the output po-
wer P, reaches 10% of the stable power P,, from 0
is denoted as #;, and the time when the output
power P, reaches 90% of the stable power P,
from 10% of the stable power P,, is denoted as ¢;,.
Therefore, ¢, = t;; + t;,. According to Fig. 6, it can
be seen that #;; = 0.13 ps, and ¢, = 0.137 ps. The
time for the output power P, to reach 10% of the
stable power P,, from 90% of the stable power P,,
is denoted as #,. As the design uses linear materials,
t, = 2t;, = 0.274 ps. As a result, the response period
of the designed NAND gate is 7 = 2t, + 28, =
0.548 ps.

Tab. 1 Summarized features of proposed struc-

ture and previous works.

Tab.1 Summarized features of proposed structure and

previous works

Contrast ratio (dB)

Works/years
NAND NOR
Ref. [17]/2020 19.4 4.6
Ref. [18]/2022 5.7 5.9
Ref. [19]/2023 5.9 7.7
This work 24.15 29.5
References:

As can be seen from the table, the contrast of
the output ports, both for the NOR gate and the
NAND gate, have been improved considerably com-
pared to the previous ones, which has a significant

improvement in the performance of the logic device.

4  Conclusion

In a complete two-dimensional square lattice
silicon photonic crystal, XOR gate and the NAND
gate structures are designed by introducing line de-
fects. The energy band structure of the photonic
crystal was analyzed through plane wave expansion
method. The Rsoft simulation platform was utilized
to analyze the stable electric field and normalized
power of the designed structure, employing the lin-
ear interference effect and the finite difference time
domain method. The simulation results show that
the designed same-or gate exhibits a high contrast of
29.5 dB, a response time of 0.073 ps, a response
period of 0.1672 ps, and a data transmission rate of
13.7 Tbit/s. In contrast, the designed NAND gate
shows a contrast of up to 24.15 dB, a response time
of 0.08 ps, a response period of 0.548 ps, and a data
transmission rate of 12.5 Tbit/s. These parameters
show that the designed structure exhibits high con-
trast, a short response time and a fast data transmis-
sion rate, with potential applications in the field of

integrated optics.
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