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Abstract

All-optical NOT, OR, and Exclusive OR(XOR) logic gates utilizing silicon slot waveguides are proposed
and numerically analyzed in this work. The structure has a silicon slab with slot regions such as two input
waveguides and square cavity resonators and one output waveguide. The optical spectra of the designed
structures are attained with the method of finite difference time domain. The all-optical logic gate features
of the design are achieved by applying optical signals with 0° or 180° phase differences from the input ports.
Basic parameters such as transmission spectrum (T), modulation depth (MD), and contrast ratio (CR) are
performed to show the optical features and ability of the proposed logic gates. The threshold transmission
limitis 1.7% to define the status of the output ports as ON or OFF. At 689.5 nm, the maximum transmission,
modulation depth, and contrast ratio are 149%, 97%, and 15.36 dB, respectively.

Keywords: Optical logic gates, Silicon slot waveguides, Transmission spectrum.

1. Introduction

All-optical devices have enabled new improvements in
photonic devices to transmit information along the
optical channels with high efficiency [1-4]. To achieve
this, the waveguide-based device is more commonly used
[5-7]. There are main waveguide types like metal-
insulator-metal waveguides [8,9], insulator-metal-
insulator waveguides [10,11], metal slot waveguides
[12], and dielectric slot waveguides [13]. Among these
structures, dielectric waveguides are preferred due to
their low power consumption, low cost, and high
transmission efficiency [14-17]. By using dielectric slot
waveguides, there are many research fields to optimize
performances of optical-based devices in the last decade
such as power splitters [18,19], Mach-Zehnder
interferometers [20], logic gates [21], modulators [22]
and sensors [23]. Dielectric or metal slot waveguide-
based systems are frequently used to carry out the all-
optical logic gates. Silicon slot waveguides are chosen
with their lower propagation losses, and ease of
fabrication features compared to the metal slot
waveguides [24,25]. All-optical devices which are OR,
NOT, and Exclusive OR(XOR) logic gates with silicon
slot waveguides are numerically designed and analyzed
in this work. The spectrum of transmission and magnetic
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fields distributions for the suggested all-optical logic
devices are reached via the method of finite-difference
time-domain (FDTD) with perfectly matched layer
boundary conditions that are performed along the x- and
y axes. Only one structure is utilized during all analyses.
The study includes two basic stages. In the first stage, the
ideal dimensions of the structure have been obtained by
geometric parameter sweep analyses. In the second stage,
numerical analyses of all-optical OR, XOR, and NOT
logic devices are carried out without changing the
dimensions of the structure. To demonstrate the
structure's OR, XOR, and NOT logic gate functionalities,
optical signals with either the 0° phase difference or 180°
phase differences are transmitted through the silicon slot
waveguides. When the OR logic gate is analyzed, the
applied signals have the same phase. On the other hand,
when XOR and NOT logic gates are examined, there are
0° or 180° phase differences for the applied input signals.

2. Materials and Methods

Figure 1 presents the design for all-optical OR, NOT, and
XOR logic devices. This structure includes etched
regions like waveguides and square resonators on the 100
nm-thick silicon plate. The depth of the etched regions is
100 nm. The main purpose of using a resonator in such
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systems is to enhance light at certain wavelengths and to
adjust the resonance wavelengths by varying the
geometric parameters of the resonators. Furthermore,
utilizing resonators enables narrower resonances for
specific ranges [26,27]. In that design, there are two input
ports, one output port, and two identical and symmetrical
square resonators. Palik model is used for the optical
constants of the silicon [28]. The refractive index of the
air is 1. Transverse magnetic polarized Gaussian sources
are applied from the input ports. The logic 0 (OFF) or
logic 1 (ON) states of the output are determined by the
lowest level in the transmission. This is called threshold
transmission. When the value of transmission is bigger
than the limit of threshold transmission, the output is
defined as logic 1 (ON). When the value of transmission
is lower than the threshold transmission, the output is
defined as OFF [29]. Lumerical Solutions solver based
on the method of FDTD is used to attain the optical
spectrum results of the designed structure [30]. The
transmission values are obtained with the formula (1)
[31]. Pout and Pin represent the powers at the output port
and input port, respectively.
T = Pout/Pin ¢Y)

The contrast ratio (CR) is another fundamental parameter
for optical logic gates. It is calculated using the formula

(2) [32].

Py
CR(dB) = 10log (F) (2)
1
In this formula, P, represents the minimum power value
while the state of output is a logic high level (ON). P,
denotes the maximum power value as the state of output
is a logic low level (OFF).

The modulation depth (MD) is the other basic parameter
that is formulated using the expression (3) [29].

T|0Nmax - T|0FFmin
TIONmax

MD = ( )x 100% 3)

In this expression, T|ON,,,, represents the maximum
transmission for logic level 1, while T|OFF,,;,, denotes
the minimum transmission for logic level 0. Table 1
shows the lengths of the proposed structure. To attain the
optimal values of the structures, parameter sweep
analyses have been performed in the first stage. To do
this, the optical signal is sent from only input 1. Figure
2 presents the transmission spectrum for the refractive
index change of the transmission medium. When the
refractive index of the medium is increased from 1 (air)
to 1.9 with a 0.3 step size, the transmission values
decrease from 55% to 45%. During this analysis, the
lengths given in Table 1 are used. Figure 3(a) presents
the transmission spectrum for the parameter sweep of wi.
wa is the critical parameter for transmitted signals due to
the thickness of the waveguides. w; is changed from 20
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nm to 50 nm. When the w; increases, the transmission
values increase from 26% to 55%. Figure 3(b) presents
the transmission spectrum obtained by the w, parameter
sweep. The transmission values show different levels
when w; is increased from 75 nm to 90 nm.

Figure 1. The illustration of the designed structure.

Table 1. The lengths of the proposed structure.

Parameter Length (nm)
Lx=Ly 400
Li=L> 280

X2 200
di 100
X1 80
W2 80
W1 50

Transmission

750 850 950 1050 1150
Wavelength (nm)
Figure 2. The transmission spectrum of the structure for

different mediums.

0 n
550 650

The square design is obtained when w5 is 80 nm, resulting
in the highest transmission. Figure 3(c) visualizes the
transmission spectrum from the variation of the x;
parameter. x; is the important parameter for the
transmitted signals due to the couplings between the
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waveguides and resonators. X; is changed from 20 nm to
80 nm. When the x; is increased, the transmission values
increase from 36% to 55% at 689.5 nm. Figure 3(d)
illustrates the transmission spectrum obtained from
varying the parameter of x,. When X is increased from
140 nm to 200 nm, the transmission values increase from
30% to 55% at 689.5 nm. During the parameter sweeps,
the lengths are constant except for the changed
parameter. According to these analyses, the optimal
lengths for wi, wy, X1, and x; are defined as 50 nm, 80 nm,
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80 nm, and 200 nm, respectively. Due to the structure
limit of 400 nm x 400 nm, maximum length increments
are reached in the parameter analyses in Figure 3. The
structure remains consistent for all-optical logic gates
during analyses. By adjusting the phases of the applied
signal, three different logic gates can be achieved. To
obtain higher transmission values, the refractive index of
the medium for etched regions is 1 for the suggested all-
optical logic gates.
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Figure 3. The transmission spectrum of the suggested structure for the sweep of (a) w1, (b) wo, (c) X1, and (d) Xz.

3. Results and Discussion

3.1 Analysis of all-optical logic gates
3.1.1 Optical NOT gate

In the second stage, the first optical logic gate is a NOT
gate. For that purpose, input 2 is used as a control port.
During this analysis, logic 1 is applied from this port.
When the signals are applied from the two ports, there are
180° phase differences between them. When the input 1
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is logic 0 (OFF), the state of the output port is logic 1
(ON). As the input 1 is logic 1 (ON), the state of the
output port is logic 0 (OFF) with a destructive
interference effect. While all-optical logic gates are
analyzed, constructive interference takes place if the
signals are sent from the two ports in the same phase. The
destructive interference occurs if the signals are applied
in different phases [33,38]. Figure 4 visualizes the
transmission spectrum of all-optical NOT gates. As given
in Table 2, the values of transmission are 55% and 1.6%
when input 1 is logic 0 and logic 1, respectively. Since



/

)

Celal Bayar University Journal of Science
Volume 20, Issue 3, 2024, p 84-90
Doi: 10.18466/chayarfbe.1498313

S. Korkmaz

1.7% is threshold transmission, 55% and 1.6% present
the status of the output ports as ON and OFF,
respectively. According to the results obtained in this
study, the threshold transmission value has been
determined to be 1.7%, which is very low compared to
values in the literature [34-38]. Transmission values
higher than this threshold are considered logic 1, while

values lower than it are considered logic 0. Figure 4 also
presents the magnetic fields distributions at 689.5 nm
when input 1 is logic 0 (blue line) and logic 1 (red dashed
line). At 689.5 nm, the optical NOT gate demonstrates
CR and MD values of 15.36 dB and 97%, respectively.

Table 2. The states of input 1 and input 2, the phase differences of the applied input signals, the transmission values,

and the output states of all-optical NOT logic gate.

Input 1 Input 2 (Control port) Phase Differences  Transmission (at 689.5 nm)  Output
Logic 0 Logic 1 Qo 55% ON
Logic 1 Logic 1 180° 1.6% OFF
0.6 - with the constructive interference effect. In this analysis,
—input 1=logic 0 all transmission values are higher than the threshold
05! == -input 1=logic 1 | transmission value, resulting in ON output states. Figure

0.4+

03¢

Transmission

0.2+

0.1+

Wavelength (nm)
Figure 4. The spectrum of transmission and the magnetic
fields distributions of suggested all-optical NOT gates for
input 1=logic 0 and input 1=logic 1 at 689.5 nm.

3.1.2 Optical OR gate

The second logic gate is the all-optical OR gate. In this
part, input 1 and input 2 are utilized to apply the input
signals. During this analysis, the applied signals have the
same phase. 01, 10, and 11 input signals are applied
orderly from input 1 and input 2 as given in Table 3.
Figure 5 visualizes the spectrum of transmission for the
all-optical OR gate. When 01 and 10 are applied, the
transmission value is 55%. When 11 is applied, the
transmission value reaches its highest value of 149%

5 also illustrates the magnetic fields distributions for
input 1=logic 0 and input 2=logic 1 (blue line), input
1=logic 1 and input 2=logic 0 (red dashed line), and input
1=logic 1 and input 2=logic 1 (brown dashed line) at
689.5 nm. When the transmission value increases,
stronger modes are localized on the structure.

2 .
—Input 1=logic 0, input 2=logic 1

- = =Input 1=logic 1, input 2=logic 0

Transmission

750 850 950 1050 1150
Wavelength (nm)

Figure 5. The spectrum of transmission and the magnetic

fields distributions of suggested all-optical OR gates for

input 1=logic 0 and input 2=logic 1, input 1=logic 1 and

input 2=logic 0, and input 1=logic 1 and input 2=logic 1

at 689.5 nm.

650

0
550

Table 3. The states of input 1 and input 2, the phase differences of the applied input signals, the transmission values,

and the output states of all-optical OR logic gate.

Input 1 Input 2 Phase Differences Transmission (at 689.5 nm) Output
Logic 0 Logic 1 Q0 55% ON
Logic 1 Logic 0 Qo 55% ON
Logic 1 Logic 1 Q° 149% ON

87



J Celal Bayar University Journal of Science

Volume 20, Issue 3, 2024, p 84-90
Doi: 10.18466/chayarfbe.1498313

S. Korkmaz

3.1.3 Optical XOR gate

The third logic gate is the all-optical XOR gate. In this
part, the input signals are applied from input 1 and
input 2 as seen in Table 4. The signals have similar
phases while the 01 and 10 input signals are sent. As
the signals of 11 are applied, there is a 180° phase
difference between the two input ports. Figure 6
illustrates the spectrum of transmission for the all-
optical XOR gate. The values of transmission reach
55% when 01 and 10 are injected from the two input
ports. The value of transmission is at the lowest level
of 1.6% when 11 is applied with the effect of
destructive interference. Since 1.7% is the threshold
transmission value, output ports with 55% and 1.6%
transmission represent the ON and OFF states,
respectively. Figure 6 also visualizes the distributions
of magnetic fields at 689.5 nm for input 1=logic 0 and
input 2=logic 1 (blue line), input 1=logic 1 and input
2=logic 0 (red dashed line), and input 1=logic 1 and
input 2=logic 1 (brown dashed line). When the
transmission value is 55%, stronger modes are
localized on the structure. Similar to the XOR gate, the
optical NOT gate supports CR and MD values of 15.36
dB and 97%, respectively. This study generally

demonstrates better results than previous studies in
terms of the threshold transmission limit and
transmission value, as shown in Table 5.

0.6 - - —
——Input 1=logic 0, input 2=logic 1
= =Input 1=logic 1, input 2=logic 0

05~ [\ e Input 1=logic 1, input 2=logic 1 |

Max

04+

03¢

Transmission

02

0.1

550 650 750 850 950 1050 1150
Wavelength (nm)

Figure 6. The spectrum of transmission and the
magnetic fields distributions of all-optical XOR gates
for input 1=logic 0 and input 2=logic 1, input 1=logic
1 and input 2=logic 0, and input 1=logic 1 and input
2=logic 1 at 689.5 nm.

Table 4. The states of input 1 and input 2, the phase differences of the applied input signals, the transmission values,

and the output states of all-optical XOR logic gate.

Input 1 Input 2 Phase Differences Transmission (at 689.5 nm) Output
Logic 0 Logic 1 Qo 55% ON
Logic 1 Logic 0 Qo 55% ON
Logic 1 Logic 1 180° 1.6% OFF

Table 5. Comparison of the study with previously reported studies.

Reference Number of Transmission The highest The highest contrast
designed optical logic  threshold value transmission ratio (dB)
gates
[34] 1 50% 73% 3.16
[35] 2 30% 69% 24.76
[36] 3 30% 78% 20.66
[37] 3 - 80% 25.86
[38] 4 20% 143% 28.75
This study 3 1.7% 149% 15.36

4. Conclusion

This work presents the results of all-optical OR, XOR,
and NOT logic devices with silicon slot waveguides.
The FDTD method is used to determine the spectra of
transmission and distributions of magnetic fields for
the structures. To reach the ideal geometrical lengths
of the structure, parameter sweep analyses have been
performed. The highest transmission value is 149%
for optical OR logic gates. The maximum modulation
depth and contrast ratio are 97% and 15.36 dB for

optical NOT and XOR logic gates. The study presents
valuable results in designing dielectric waveguide-
based optical devices.
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