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Abstract: In order to solve the problems of low transmis-
sion rate and large device size of electro-optical modulator,
an electro-optic half subtractor based on silicon-based
hybrid surface plasmon polariton waveguide is proposed
in this study. The proposed device utilizes three units
metal-oxide-semiconductor capacitor structure to achieve
the half subtractor logic function of electro-optic control,
improving the transmission rate of the electro-optic half
subtractor while also reducing the device size using sur-
face plasmon polariton technology, with a size of only
32 pm x 4.3 um. At the same time, the use of hybrid silicon
waveguides reduces the sharp Ohmic attenuation caused
by surface plasmon polaritons and reduces optical inser-
tion losses (ILs). The simulation results show that when the
electro-optic half subtractor operates at the wavelength of
1,550 nm, the IL difference is 1.0 dB in each state, the trans-
mission rate of the device is 0.75 Thit/s, and the energy
consumption is 12.69 fj/bit.
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1 Introduction

With the continuous development and widespread applica-
tion of artificial intelligence technology in various fields,
from deep learning to reinforcement learning, from com-
puter vision to natural language processing, a large amount
of computing resources and storage space are needed to
support model training and data processing, including
training and testing data [1-5]. These data need to be stored
in the memory of high-performance computers for quick
access and processing, in order to quickly update model
parameters [6-11]. As a key component of the computing
unit, the performance of optical logic devices directly affects
the ability of optical logic operations. Products that have
been widely used in optical communication are those that
utilize the nonlinear effects of nonlinear media, such as
semiconductor optical amplifiers, optical fibers, electric
absorption modulators (EAMs), optical waveguide devices,
photonic crystals, and other nonlinear media, to achieve all
simple all optical logic operations. These products are tech-
nically mature, reliable, and easy to manufacture [12-15],
but their drawback is that it is difficult to achieve silicon-
based optoelectronic integration due to high power con-
sumption and large volume. Kolli and Talabattula proposed
a novel integrated optical serially coupled micro resonator
based mechanical pressure sensor [16]. The device utilizes
the method of heating the micro ring to achieve a specific
wavelength of optical signal resonator, achieving the gui-
dance of optical signals and realizing logical functions.
Zhang et al. proposed an electro-optic half adder based on
graphene and silicon-based hybrid integrated optical wave-
guides. This half adder exhibits excellent performance [17],
with an extinction ratio greater than 41.05 dB, insertion loss
(IL) less than 0.11 dB, and a data transmission rate of 10Gbit/s.
Rezaei and Zarifkar proposed another electro-optic half adder
and subtractor based on silicon-based hybrid integrated
optical waveguides [18]. The device model structure was
improved, and the performance was further improved. The
sizes of the subtractor and adder were 0.31 and 0.64 um?,
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respectively, thereby achieving miniaturization of the device.
The logic device composed of micro ring resonators has poor
thermal stability, low transmission rate, and large device
volume due to the need to heat the device [19-23]. Although
the electro-optic half adder based on a mixture of graphene
and silicon-based materials has excellent performance and
small device volume, the production process of graphene mate-
rials is complex and difficult to produce [23-25]. The all optical
logic devices made using nonlinear effects, although achieve all
optical logic operations, require higher pump light source
signals to cause nonlinear phenomena in nonlinear media
[26-33], resulting in high power consumption. Therefore,
this study proposes an electro-optic half subtractor from a
silicon-based hybrid surface plasmon polariton waveguide.
The device size is compact, and each size in the model
structure exceeds 10 nm, manufacturability. 3D-FDTD soft-
ware is adopted for simulation, various size parameters in
the device model were optimized, and the performance
of each parameter of the device was finally solved. The
detailed process of device principle, model design, and simu-
lation verification are given further in this work.

2 The proposed model of half
subtractor

The proposed model, as shown in Figure 1, has one optical
input port and two output ports, Di and Bo, respectively.
Silicon dioxide is the substrate, and silicon waveguides are
etched on it. Three logic control units are set on top of the
silicon waveguides. The optical signal is input from wave-
guide ¢, and two optical path control units are installed on
waveguide b. The other end of waveguide a is connected to
a Y-splitter, and one end of the Y-splitter is the Di output of
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Table 1: Parameters of the device model

Parameter Values (nm)
Hiro 15

Hgio, 14

Gap 140

Hpy 500

Height of Si waveguide 340

Width of middle Si waveguide 275

Width of side Si waveguide 400

the electro-optic half subtractor. One end of the Y-splitter
and two waveguides form a logic control unit that controls
the output of Bo. The optical signal is transmitted within
the silicon waveguide, and the logic function of the electro-
optic half subtractor is completed by applying voltage to
control the three logic control units.

Referring to our previous research [21], the waveguide
size and gap of the half subtractor, as well as the Indium-
Tin—Oxide (ITO) film size settings in the control area, are
shown in Table 1(a), with the Hiro, Hsio,, gap, and Hay
values in the table are the thickness of ITO film, thickness
of SiO, insulation layer, coupling distance between the
waveguides, and thickness of the AU electrode, which are
15, 14, 140, and 500 nm, respectively. The height of the
middle silicon waveguide and the sideways silicon wave-
guide are the same, but the width is different, which are
275 and 400 nm, respectively.

3 Methods

The Y-splitter and logic control unit have a high IL and
extinction ratio on the entire half subtractor, so the logic

(b)

Figure 1: Model of the half subtractor: (a) top view of the half subtractor model and (b) 3D view of the half subtractor model.
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control unit and Y-splitter are key components of the half
subtractor. The theoretical minimum IL of a Y-splitter is
3dB, but in reality, in a structure with a size of a few
micrometers, the theoretical IL of a Y-splitter will exceed
3dB. Therefore, the study of Y-splitters in the half sub-
tractor needs to be focused on.

The half subtractor consists of three basic logic control
units, which are composed of three waveguides, as shown in
Figure 2. A control area is set on the middle waveguide, and
metal-oxide-semiconductor (MOS) structure capacitance is
achieved through ITO film sandwiched between SiO, insula-
tion interlayer. The voltage is applied between the silicon
waveguide and ITO thin film, and an appropriate voltage is
applied to obtain the near zero state of the dielectric con-
stant of the TCO material, thereby achieving EAM. Its dielec-
tric constant conforms to the Drude model [26]:
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where the &, is the high frequency dielectric constant
(% = 3.9), Niro is the electron concentration of ITO mate-
rials, w is the angular frequency, y is the carrier scattering
rate (y = 1.8 x 10" rad/s), m* is the effective mass of charge
carriers (m* = 0.35mg, mg is the electronic quality, my =
9.31 x 10731 kg), q is an electronic charge @ = 1.6 x 10™° C), and
g is the free space dielectric constant (gy = 8.85 x 1072 F/m).

In order to calculate the variation in ITO carrier
concentration by the voltage controlled, according to
Kocakulah [27], this work used the following simple model
for calculation:

€0°Ksio, Vg

Niro = No + .
q‘HSiOZ‘Hacc

@)

According to Wang et al. [28], Ny = 1 x 10 cm™3 is the
carrier concentration of ITO. Hyjo, is the thickness of the
insulating layer SiO, in the model structure, and the Hy is
the thickness of free charge carriers accumulated by SiO,
below the ITO surface. According to the previous studies
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Figure 2: Logic control unit of the half subtractor. (a) Top view of logic control unit with added electrodes, (b) 3D view of logic control unit with
electrodes, (c) electromagnetic field distribution of logic control unit without voltage applied, and (d) electromagnetic field distribution of logic control

unit with voltage applied.
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[27,28], Haec = 7 nm, this thickness can also be obtained
from the simulation study below. In this work, numerical
device software was used to simulate and solve the varia-
tion in ITO carrier concentration under applied voltage.
The applied voltage was from 0 to 4V, with a step size of
0.01V. The variation in carrier concentration is shown in
Figure 3(d), while the variation in complex dielectric con-
stant with voltage is shown in Figure 3(e). When the vol-
tage is 2.35V, the carrier concentration of the ITO activated
material thin film is 6.57 x 10°* cm™, the real part of its
composite dielectric constant is close to zero, the ima-
ginary part is 0.671, and the corresponding refractive index
is 0.54 + 10.43. When the voltage is 0V, the carrier concen-
tration of the ITO activated material thin film is 0.967 x
10" cm™3, the imaginary part of its composite dielectric
constant is close to zero, the real part is 3.9, and the corre-
sponding refractive index is 1.98 + i0.36. Next in FDTD soft-
ware simulation, the refractive index of ITO material was
simulated using the aforementioned refractive index.

The transmission rate is a key parameter indicator for
measuring the performance of a half subtractor. The vol-
tage control method in Figure 2(a) can be equivalent to the
circuit shown in Figure 2(b), and finally can be simplified
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to the simplified circuit shown in Figure 2(c). According to
Zhao et al. [26], the transmission rate of the half subtractor
designed in this study can be calculated according to
the MOS structure junction transmission rate, which is
expressed by Eq. (3).

1

—_— 3
2nRC’ @

fmax =
In the above equation, according to the definition of
capacitor C, it can be represented as
£0ES
C=—,

d
where, g5 = 8.85 x 1072 F/m, d is the thickness of SiO,, S is
the capacitance junction area, and S = Leoupling Wig, based
on previous research [34], the Lcoypling Should be set to
8,900 nm, and W, is the waveguide width, ITO film width
is consistent with waveguide width. R is the connection of
the equivalent resistance of ITO. According to Zhao et al. [26],
the equivalent resistance of silicon electrodes is assumed to
be 500 Q. In addition, the equivalent resistance of ITO acti-
vated material films can be expressed as
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Figure 3: Characteristics of ITO film when applying voltage to the model. (a) Applied voltage model, (b) model equivalent circuit, (c) model equivalent
circuit simplification, (d) changes in carrier concentration on applying voltage of 0-4V, and (e) the composite dielectric constant of ITO varies with

voltage.
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Figure 4: (a) Electromagnetic field intensity of ports 1-3 when the logic control unit operates in bar state and (b) electromagnetic field intensity of

ports 1-3 when the logic control unit operates in the cross state.

where L is half of the thickness of the ITO film, L = %HITO, S
is the area of the device’s ITO thin film, § = Leoupling W, 0 18
the conductivity of ITO film, o = nqu,, as stated in the study
by Alok and Sarang [29], carrier mobility of ITO thin film
materials y, = 20 cm?/V s, and n is the carrier concentra-
tion of ITO film. In this design, n is set as the carrier con-
centration when the voltage is 0V, with a value of 0.967 x
10" cm 3, in fact, after applying a certain voltage to extrinsic
semiconductor, the carrier concentration will be greater than
the initial concentration [29]. Therefore, the equivalent resis-
tance of the activated material thin film is actually smaller
than the theoretical calculation value.

According to Zhao et al. [26], the power consumption
required to transmit 1bit can be calculated based on the
charging energy of the capacitor (discharge does not require
energy consumption), which can be expressed as

E= 1CVZ, (6)
2
where C is the capacity of the modulation region junction
capacitance, and V is the operating voltage, and can be set
at 2.35V as stated by Alok and Sarang [29], Therefore, using
Egs. ()—(6), the transmission rate of the device is calculated
to be 0.75 Thit/S, and the energy consumed is 12.69 fj/bit.
In addition, according to the definition of IL, the fol-
lowing equation can be used to represent the IL:

P
IL = -10log 2, )
P in
where B is the intensity of the optical signal output from
the waveguide by the device, and P, is the intensity of the
optical signal input to the waveguide by the device.

4 Simulation and analysis

FDTD software is used to simulate and study the logic con-
trol unit as shown in Figure 2. In Figure 2(a), the optical
signal of TM mode is input from port 1. According to the
electrodes of the logic control unit in Figure 2(b), under the
condition of applying 2.35V voltage or not applying vol-
tage, the logic control unit operates in both bar and cross
states, and the electromagnetic field strength of the optical
signals of port 2 and port 3 is detected.

Figure 5 shows that the logic control unit operates in a
bar state under applied voltage, and a TM mode wave with
a wavelength of 1,400-1,600 nm and a gain of 1 is injected
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Figure 5: IL in cross and bar states.
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from the port 1. The electromagnetic field strengths of port 2
and port 3 are observed from the transmittance in Figure 4.
The average normalized electromagnetic field strength of
port 1 is 0.36, and the average normalized electromagnetic
field strength of port 2 is 0.22. The light transmittance is the
best at the wavelength of 1,425 nm, exceeding 0.7. Due to the
dispersion characteristics of optical materials, the transmit-
tance varies periodically with wavelength. From the perspec-
tive of transmittance alone, at a wavelength of 1,550 nm, the
average normalized electromagnetic field intensity of port
11is 0.27, port 2 is 0.16, and port 3 is close to 0. Similarly,
Figure 5 shows that the logic control unit operates in a cross
state without applying voltage. A TM mode wave with a
wavelength of 1,400-1,600 nm and a gain of 1 is injected
from the port 1, and the optical signal electromagnetic
field strengths of ports 2 and 3 are detected. At a wavelength
of 1,550 nm, the average normalized electromagnetic field
strength of port 1is 0.59, the normalized electromagnetic field
strength of port 2 is 0.05, and the normalized electromagnetic
field strength of port 3 is 0.33.
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The above is a study and analysis of the performance
of a half subtractor from the perspective of transmittance.
In order to further analyze the performance of a half sub-
tractor, it is necessary to analyze the IL of optical devices.
According to Eq. (7), the transmittance data of the cross and
bar operating states can be calculated, and the ILs of the two
states can be obtained separately. The results are plotted in
Figure 5. From the figure, it can be seen that when the half
subtractor operates in the cross state, the IL of the half sub-
tractor decreases with the increase in wavelength. When the
half subtractor operates in a bar state, the IL of the half sub-
tractor increases with the increase in wavelength. Therefore,
the IL of the device needs to balance the IL of the two states,
and the average value can be taken to obtain the optimal IL.
When the operating wavelength is about 1,580 nm, the
minimum average IL is 1.3dB. When the working wave-
length is the common optical communication wavelength
of 1,550 nm, the average IL is 1.7dB. Among them, when
the half attenuator operates in the cross and bar states,
the IL is 1.0 and 2.3 dB, respectively.

(b)
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Figure 6: Performance analysis of Y-splitter with half subtractor. (a) Top view of Y-splitter, (b) 3D diagram of Y-splitter, (c) performance analysis of IL
with x-span variation, and (d) electromagnetic field distribution diagram of Y-splitter in working state.
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Figure 7: Electromagnetic field distribution during the operation of the half subtractor. (a)-(d) The electromagnetic field distribution of the half

subtractor operating at 00, 01, 10, and 11 state, respectively.

In order to match the size of the entire device, we kept the
silicon waveguide size of the Y-splitter consistent with the
silicon waveguide size next to the logic control unit. At the
same time, we fixed the y-span size of the Y-splitter to
4,000 nm, and the x-span size varied from 1,000 to 3,000 nm.
We simulated the optical performance of the Y-splitter, and
the results are plotted in Figure 6. From Figure 6(c), it can be
seen that the x-span size should not be set too large or too
small, and the curvature of the bent waveguide should be set
within a reasonable range to minimize IL. From Figure 6(c), it
can be seen that when the y-span size of the Y-splitter is fixed
at 4,000 nm, it is advisable to set the x-span size to around
2,000 nm, and the IL of the Y-splitter is 3.11 dB.

FDTD software was used to simulate the entire half sub-
tractor. The voltages were applied to the logic control unit in
four states: 00, 01, 10, and 11. The detector was used to observe
the distribution of electromagnetic fields in the Z direction.
The simulation experiment results are shown in Figure 7.
Figure 7(a)—(d), respectively, show the corresponding voltages
applied to the logic control unit in four states: 00, 01, 10, and 11,
The output ports of the half reducer BO and Di obtained four

results: 00, 11, 01, and 00, respectively, verifying the correct
logic of the half subtractor.

The above studies were conducted on a single logic control
unit and a Y-splitter, respectively, to obtain the IL during the
operation of the logic control unit and Y-type splitter. By calcu-
lation, when the half attenuator operates at a wavelength of
1,550 nm, the IL of BO and Di at the output port of the half
device are 7.41 and 6.41 dB, respectively, when it operates at 01
state. When it operates at 10 state, the IL of Di at the output port
is 6.41dB, and the difference in IL is 1.0 dB.

5 Conclusion

In this study, based on the hybrid waveguide surface
plasmon polariton technology, we Proposed an electro-
optic hybrid half attenuator, with a size of only 32 pm x
4.3 um, featuring ultra-compact dimensions. After we mod-
eling, calculation, and analysis, we find that the transmis-
sion rate of the device is high. By modeling and analyzing
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the logic control unit and Y-splitter, the principles for
optical IL and Y-splitter size setting were obtained. The
optical IL of the device differs by 1.0 dB, but the overall
IL of the device is still relatively large, which is a problem
that we need to solve in our future research work.
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