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Abstract  

Here, a new optical 8-to-3 encoder based on the photonic crystal 

resonant cavity and graphene-Al2O3 stack is proposed. To control 

the light transmission, a resonant cavity parallel to the waveguide in 

a one-dimensional platform is utilized. Some air holes are assumed 

near the cavity for achieving an interference, and generating a notch 

filter at a resonance wavelength of 1.49 µm. To control the filter's 

quality factor, a graphene-Al2O3 stack is used at the cavity center. 

Dependency of the dielectric constant and the refractive index of 

the stack to the graphene chemical potential makes a possibility to 

modulate the light transmission through the waveguide. The pair of 

the waveguide and the photonic crystal cavity acts as an electro-

optical switch, where its operation depends on the applied voltage 

to the stack. Five electro-optical switches are employed to control 

the light passing from input ports toward three output ports. The 

area and the contrast ratio are 150 µm2 and 11.62 dB, respectively. 

The modulation depth of 97.6% and the crosstalk of -14.63 dB are 

additional advantages of the designed encoder. The tuneability of 

the transmission efficiency for the designed switches as the basis 

block is an interesting feature of the designed encoder. Also, the 

proposed structure can be easily extended to higher orders which is 

highly needed for optical circuits and optical networks.      
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Designing an electro-optical 8-to-3 encoder based on resonant cavity … 

1. INTRODUCTION  

Photonic crystal cavities (PCCs) possess high quality factors due to effective 

interaction between light and matter, covering various modes. These elements 

find applications in quantum information processing, nonlinear optics, optical 

telecommunication, and photonic fluids [1-3]. The diameter of the holes and the 

periodic length of the photonic crystal can be adjusted to achieve high quality 

factors [4-5]. 

Graphene exhibits attractive optical and electrical properties such as very high 

mobility and tunable absorption of light over a wide bandwidth [6-7]. 

Experimental results have shown that the surface conductivity of graphene can 

be effectively tuned via electrical biasing, magnetic fields, or chemical doping. 

This capability enables solving the non-tunability issue of hardware and 

achieving dynamic control of wavelength across the mid-infrared and far-

infrared regions [4,8]. 

Waveguides are used in photonic circuits for transmitting and sharing optical 

signals. This function can also be performed for encoders, which include logical 

gates [9]. Various structures based on photonic crystals have been proposed for 

encoding purposes [4,10-24]. Lee et al. proposed a 4-to-2 encoder based on 

silicon rods arranged in a triangular lattice in an air background [12]. This 

structure utilized Y-shaped waveguides and point defects. Although normalized 

output power levels for logic 0 and 1 were 5% and 98%, respectively, the large 

size of the structure did not seem suitable for integration.  

Moniem proposed an encoder based on photonic crystals using square-lattice 

silicon rods. The encoder's operation was based on NOR logic gates and four 

ring resonators [18]. Unlike previous research, the time response of the structure 

was analyzed. Rise and fall times were approximately 2 ps and 1.3 ps, 

respectively. Hassangholizadeh-Kashtiban et al. presented an encoder using 

elliptical ring resonators and nonlinear rods with rod diameters and minimum 

spacing of 106 nm and 100 nm, respectively [16]. Another 4-to-2 encoder was 

proposed by Ouahab et al. which included cavities and L-shaped waveguides 

[14]. A similar structure was proposed by Mehdizadeh et al. reducing the rise 

time to less than 1 ps but with a structure size of 880 µm2 [13]. Gholamnejad et 

al. proposed a different structure using GaAs rods in a square lattice with two 

ring resonators and biasing ports [19]. Naghizade et al. proposed an encoder 

using OR logic gates and ring resonators claiming correct encoder operation but 

one inactive output port for the state 11 [15]. Seif-Dargahi proposed a 4-to-2 

encoder with four ring resonators and an area of 722 µm2 [17]. Parandin 
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proposed a 4-to-2 encoder using a square arrangement of two-dimensional 

photonic crystals and some defects [21]. 

These structures utilized various materials such as silicon [25], GaAs [26-27], 

chalcogenide [28], and polystyrene [29], each with specific properties that 

cannot be altered after fabrication [30, 31]. In this research, graphene is used in 

the photonic crystal for designing a 4-to-2 encoder. By altering the applied 

voltage to this material, its chemical potential, dielectric constant, absorption 

coefficient, and refractive index change. A multilayer graphene-Al2O3 is used as 

the rod stack. To control light transmission from a silicon waveguide, a 

waveguide 70 nm away from it with 20 air holes is designed as a cavity 

resonator for the input light wavelength. Placing a multilayer graphene-Al2O3 at 

the center of the cavity enables control of optical signal transmission by 

adjusting the graphene chemical potential. The ability to adjust the chemical 

potential of graphene is the most significant advantage of the proposed structure 

compared to the mentioned structures. The footprint of the device is equal to 

150 µm2. For an input light wavelength of 1.49 µm, the normalized output 

powers for logic 0 and 1 are 3.1% and 45%, respectively. The modulation depth 

of 97.6% and the crosstalk of -14.63 dB are additional advantages of the 

designed encoder. 

Section 2 introduces the designed 8-to-3 encoder based on a fundamental 

electro-optical switch. In this section, the structure is simulated and the 

components of electric and magnetic fields are calculated throughout the device 

for 8 working states. Finally, the conclusion of this study is summarized. 

2. THE PROPOSED 8-TO-3 ENCODER   

To design the proposed 8-to-3 encoder, it needs to create a structure with five 

optical bias ports, two dividers, three combiners and three output ports. The 

connection of waveguides links the optical bias waveguides to the output ports 

by the help of the combiners in a manner that allows the overall structure to 

function as an 8-to-3 encoder. The proposed structure is illustrated in Figure 1. 

As depicted, the waveguides W1 and W6 connect the optical bias to output port 

O0. Waveguides W6 and W7, through the divider, connects waveguide W2 to 

output ports O0 and O1, respectively. Waveguides W3 and W7 guide the 

incoming waves toward the port O1. The divider links waveguide W4 through 

W7 and W8 to output port O1 and O2, respectively. The waveguides W5 and W8 

connect directly the optical signal to the port O2. It is noteworthy five optical 

waveguides W1 to W5 are situated near five cavities with the chemical potentials 

µ1 to µ5, respectively. A set of a waveguide and its near cavity functions as an 
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electro-optical switch described as follow. 

 

Fig. 1. A view of the proposed 8-to-3 electro-optical encoder including 8 waveguides, 2 

dividers, 3 combiners and 5 resonant cavities as electro-optical switches for 

directing optical biases toward ports O0, O1, and O2. 

Figure 2 depicts the structure of an electro-optical switch where the passage of 

light through a waveguide is controlled by altering the chemical potential of 

graphene layers. The structural parameters are provided in Figure 2. The switch 

consists of a silicon waveguide located 70 nm away from a resonant cavity 

photonic crystal. The waveguide and cavity have widths and heights of 500 nm 

and 260 nm, respectively, and are considered on an SiO2 substrate. At the center 

of the photonic crystal cavity, there is a graphene-Al2O3 stack composed of 8 

graphene monolayers, each 1 nm thick, sandwiched between Al2O3 layers. The 

radius of these layers is 100 nm. The proposed structure features air holes in 

sections A, B, and C on both sides of the graphene stack, symmetrically 

arranged around the cavity center (see Figure 2).  

The close proximity of the cavity to the waveguide enables efficient optical 

coupling, while the reflections from the air holes create a resonant cavity that 

controls the amount of light transmitted through the waveguide. By adjusting the 

chemical potential of graphene, we can change its dielectric constant and 

refractive index, thereby influencing the properties of the entire stack. 

Consequently, the interference of forward and backward waves in the cavity 

also changes, affecting the amount of light transmitted through the waveguide. 

The finite-difference time-domain (FDTD) method is a numerical simulation 

tool that solves Maxwell's equations to model electromagnetic wave 

propagation. It's widely used in engineering and physics to simulate how 

electromagnetic fields interact with materials and structures. In this case, the 

FDTD method was used to simulate the propagation of optical waves within the 

proposed structure. The method calculates the electric and magnetic field 
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components in both space and time. The cell dimensions in three dimensions 

(Δx, Δy, and Δz) are set to 0.25 nm smaller than the wavelength [32].  

 
Fig. 2. The fundamental electro-optical switch for light transmission through the 

waveguide. The resonant cavity includes a graphene-Al2O3 stack at the center along with 

air holes positioned at two sides symmetrically. 

The Courant condition which is a critical parameter in numerical simulations, 

particularly those involving partial differential equations such as the FDTD 

method, the time step (Δt) should satisfy the following equation [32]: 

 

(1) 

where the light velocity in vacuum is denoted by c. Therefore, a time step of 

29.2 as is assumed to the simulation. The perfectly matched layer (PML) is 

applied as the crucial condition due to the proximity of the resonant cavity and 

the optical waveguide. The layer is designed to absorb electromagnetic waves 

efficiently across a wide range of frequencies. This prevents unwanted 

reflections that can interfere with the simulated results. A layer of material with 

gradually increasing conductivity is placed around the simulation domain. As 

electromagnetic waves propagate towards the PML, they are absorbed by the 

conductive material, minimizing reflections. The PML is designed to have an 

impedance that matches the impedance of the surrounding medium, ensuring 

minimal reflections. The transfer matrix model is used in many engineering and 

scientific applications, particularly in optics and electronics, for its ability to 

describe the transmission and reflection properties of complex systems. The 

transfer matrix model described in [33] can be utilized for analysis. 
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Additionally, a theory of coupling is employed to determine the transmission 

efficiency (T) for resonance frequency (ω0) [33]. 

 
(2) 

where 𝜏1, 𝜏2, 𝜏𝑟 and 𝜏𝑎 are the coupling rate to the input port, output port, the 

radiation loss rate and absorption rate of the PC-based cavity, respectively. The 

absorption coefficient (A) for resonance state can be calculated as follows [33]: 

 
(3) 

In an ideal scenario, radiation loss would be minimal and negligible. 

Therefore, assuming the operating frequency (ω) remains constant (ω=ω0), it can 

analyze the transmission and absorption properties for different values of τ1/τa 

and τ2/τa (relaxation times). Figure 3 illustrates that both transmission and 

absorption increase as τ1/τa and τ2/τa rise. However, there's a limit to this effect. 

At the resonance frequency of the incoming light wave, τ1 and τ2 become 

relatively small. In simpler terms, if τ1 is equal to τa and τa is much larger than τ2 

(as shown in Figure 3), absorption surpasses 25%. This condition is known as 

critical coupling [34]. The key takeaway is that this structure offers electrical 

tuning by manipulating the absorption within the photonic crystal section. For 

efficient tunability, prior research suggests using a graphene-Al2O3 stack with 

more than three graphene layers [33]. Therefore, this paper assumes that the 

stack has eight graphene layers. 

 
Fig. 3. Rate ratio τ1/τa and τ2/τa for two states; µc=0.8 eV and µc=0.2 eV versus 

wavelength. 

When an electric field is applied to the graphene-Al2O3 stack, it changes the 

chemical potential of the graphene layer. Additionally, the number of graphene 

layers in the stack affects how light waves interact within the structure. This 
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effect is due to the variations in the overall permittivity of the stack, which can 

be calculated using effective medium theory, as described in reference [35]: 

 
(4a) 

 (4b) 

where ε0, ε||, and ε⏊ denote the free space permittivity, the parallel and normal 

parts of permittivity in the xz-plane, respectively. In this design, the graphene 

monolayers are separated by thin insulating spacer layers made of Al2O3 with a 

thickness of 28 nm (hd=28 nm) and a relative permittivity of 3.05 (εd = 3.05). 

From an electrical standpoint, a single layer of graphene behaves like a 2d 

material with a characteristic surface conductivity denoted by σ [36]. This 

surface conductivity can be calculated using Kubo's formula and comprises two 

main parts: σinter, which arises from transitions between different electron energy 

bands, and σintra, which originates from transitions within the same band [37]. 

 
(5a) 

 
(5b) 

 
(5c) 

where 𝜏, μc, q, ħ, T, and kB denote the relaxation time, the graphene chemical 

potential, the electron charge, the reduced plank constant, the temperature in 

Kelvin, and Boltzmann constant. The thickness of graphene is assumed to be 

0.35 nm in this study. 

Figure 4a shows the real and imaginary parts of the permittivity for various 

graphene chemical potential values. As observed, the real part of ε|| (permittivity 

parallel to the layers) initially rises with increasing chemical potential, followed 

by a decrease. This behavior aligns with the typical characteristics of graphene, 

as detailed in reference [38]. The imaginary component of ε|| exhibits a 

significant decrease within the narrow range of chemical potential between 0.4 

eV and 0.6 eV. In contrast, for other chemical potential values, this change is 

more gradual. This behavior is linked to the Pauli exclusion principle, which 

comes into play for μc exceeding 0.4 eV (chemical potential greater than 0.4 

eV). Electrons in graphene transition from the valence band to the conduction 

band as the chemical potential rises. However, due to the Pauli exclusion 

principle, this transition is limited, causing the absorption coefficient to 

decrease. This reduction in absorption leads to graphene becoming more 

transparent to incoming light, as observed in [38]. 



 

 

 

 

Designing an electro-optical 8-to-3 encoder based on resonant cavity … 

28                   Journal of Optoelectronical Nanostructures. 2024; 9 (4): 21-38 

With the variation of the chemical potential of graphene, the wave 

transmission efficiency changes, as depicted in Figure 4b. For µc>0.4 eV, 

amplification in the photonic crystal cavity leads to severe destruction of the 

transmitted light through the waveguide, creating a stop band. Conversely, for 

chemical potentials less than 0.4 eV, the imaginary part of the refractive index in 

the graphene-Al2O3 stack increases exponentially, enhancing the absorption 

coefficient and reducing its destructive effect. Therefore, the output light range 

from the waveguide increases along the resonant wavelength. This concept is 

utilized as an idea to achieve switching functionality. In addition to changes in 

light transmission due to refractive index variations, changes in the resonance 

wavelength are observed.  

 
(a) 

 
(b) 

Fig. 4. (a) The real and imaginary parts of the stack permittivity for the chemical 

potential (b) The resonance wavelength along with transmission in terms of the 

graphene chemical potential ranges from 0.1 eV to 0.9 eV. 

Figure 5 shows the electric field distribution of the optical waves in the xz-

plane at a wavelength of 1.49 µm. It can be observed that for a chemical 

potential of 0.2 eV, the majority of the input signals are transmitted through the 

waveguide. However, at a chemical potential of 0.8 eV, a significant portion of 

the light is concentrated in the center of the photonic crystal. The graphene-

Al2O3 stack along with the air holes create a stop band due to destructive 

interference in the resonance wavelength. As a result, the incoming bias does 
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not reach the end of the waveguide.  

  
(a) (b) 

Fig. 5. The electric field components of the optical bias in the x and the z directions at a 

wavelength of 1.49 µm for (a) µc=0.2 eV and (a) µc=0.8 eV. 

Based on the findings for the designed electro-optical switch, it seems feasible 

to design an 8-to-3 encoder using the resonance phenomenon in PCC. Therefore, 

by adjusting µc, the transmission of light through the waveguide can be 

significantly controlled. This concept shows a new way for achieving encoding 

functionality. Figure 6 illustrates how the propagation of optical waves varies 

with different chemical potential states for an encoder. The operation of an 

encoder works such that at any given moment, only one of its inputs can be 

logical, and correspondingly, its binary code is generated at the output ports. For 

this reason, eight operational states have been simulated for the given structure 

in Figure 1 as described below. 

    

(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

Fig. 6. A presentation of the electric field distribution for achieving the encoding 

operation for 8 states (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 7, and (h) 8. 

State 1: in this state, all stacks have a chemical potential of 0.8 eV. All optical 

waves experience a destructive interference. So, all waveguides do not transmit 

waves (as shown in Figure 6a). All output ports O0, O1, and O2 remain at logic 0 

with O2O1O0=000 representing the working state. 

State 2: Assuming µ1=0.2 eV for the stack near W1 and 0.8 eV for other 



 

 

 

 

Designing an electro-optical 8-to-3 encoder based on resonant cavity … 

30                   Journal of Optoelectronical Nanostructures. 2024; 9 (4): 21-38 

stacks, optical waves pass through W1 and W6 towards port O0 (see Figure 6b). 

Here, port O0 is activated while others remain inactive, generating code 001 at 

ports O2, O1, and O0, respectively. 

State 3: As illustrated in Figure 6c, with µ3=0.2 eV and µ1=µ2=µ4=µ5=0.8 eV, 

SPPs through W3, W7 are transmitted toward O1, generating code 010 at ports 

O2, O1, and O0, respectively. 

State 4: If only µ2 equals 0.2 eV, both ports O1 and O0 are activated. In this 

circumstance, W2 transmits optical waves toward O0 and O1 through W6 and W7, 

respectively, resulting in O2O1O0=011 (as depicted in Figure 6d) 

State 5: With µ5=0.2 eV and µ1=µ2=µ3=µ4=0.8 eV, bias signals through W5 

and W8 are guided toward O2, and generate code 100 at a form of O2O1O0 (see 

Figure 6e). 

State 6: For µ1=µ5=0.2 eV and µ2=µ3=µ4=0.8 eV, optical waves transmit 

through W1 and W5, and reach port O0 and O2 through W6 and W8, generating 

code 101 for O2O1O0 (as shown in Figure 6f). 

State 7: If only µ4 equals 0.2 eV, both ports O2 and O1 are activated. In this 

state, W4 transmits incoming waves toward O1 and O2 through W7 and W8, 

respectively, resulting in code 110 (as illustrated in Figure 6g). 

State 8: With µ2=µ4=0.2 eV and µ1=µ3=µ5=0.8 eV, waves transfer through W2 

and W4 and are guided toward O0, O1, and O2 through W6, W7, and W8, 

generating a binary code of O2O1O0=111 as shown in Figure 6h. 

Table I provides further details on states 1 to 8 as mentioned, including 

normalized power details at the output ports. In each state, based on the 

graphene's chemical potential, some waveguides transfer the optical signals to 

the outputs. As illustrated in Figure 5, selecting a graphene chemical potential of 

0.2 eV enables input light to propagate through the waveguide, whereas a 

chemical potential of 0.8 eV blocks input waves with a wavelength of 1.49 µm. 

As shown in Figures 3 and 6, controlling the graphene's chemical potential 

within the stack allows us to regulate light transmission through the waveguide. 

Our findings demonstrate that a maximum of 3.1% of the normalized power 

reaches one output port, establishing a threshold for logic 0 (M0 = 3.1%). 

Conversely, the minimum normalized transmission value is 45%, which sets the 

threshold for logic 1 (M1 = 45%). Based on this on/off ratio, the structure 

achieves a contrast ratio (CR) of 11.62 dB, calculated using the formula 

10×log(M1/M0).  
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TABLE I 

The obtained results of the designed 8-to-3 electro-optical encoder. 

State 

Chemical potential (eV) 

Guiding through 

waveguides 

Output port 

µ1 µ2 µ3 µ4 µ5 
Logic 

Normalized 

transmission 

(%) 

O2 O1 O0 O2 O1 O0 

1 0.8 0.8 0.8 0.8 0.8 - 0 0 0 2.2 3.1 2.2 

2 0.2 0.8 0.8 0.8 0.8 W1, W6 0 0 1 2.2 3.1 90 

3 0.8 0.8 0.2 0.8 0.8 W3, W7 0 1 0 2.2 90 2.2 

4 0.8 0.2 0.8 0.8 0.8 W2, W6, W7 0 1 1 2.3 45.8 45 

5 0.8 0.8 0.8 0.8 0.2 W5, W8 1 0 0 90 3.1 2.2 

6 0.2 0.8 0.8 0.8 0.2 W1, W5 1 0 1 90 3.1 90 

7 0.8 0.8 0.8 0.2 0.8 W4, W7, W8 1 1 0 45 45.8 2.2 

8 0.8 0.2 0.8 0.2 0.8 
W2, W4, W6, W7, 

W8 
1 1 1 45 91.6 45 

Modulation depth is a critical parameter in graphene-based waveguides used 

for binary recognition in encoders. It directly influences the accuracy and 

reliability of the encoding process. A higher modulation depth results in a more 

pronounced difference between the "on" and "off" states of the optical signal. 

This clarity is essential for accurate binary recognition. A well-modulated signal 

is easier to decode correctly by the encoder's receiver, reducing the likelihood of 

errors in the binary data. 

The performance of the encoder was assessed by comparing its area, contrast 

ratio, modulation depth (MD), and crosstalk (CT) to those reported in other 

studies [4,10-21]. The results are summarized in table II. Previous studies [10-

19] on two-dimensional photonic crystals utilized all-optical (AO) mechanisms, 

requiring additional optical ports to enhance the contrast ratio. These structures 

operated in nonlinear regimes, exhibiting the optical Kerr effect. In contrast, the 

proposed electro-optical (EO) device does not involve nonlinear effects and 

achieves a smaller area compared to the prior works. References [10,12-21] are 

related to 4-to-2 encoders while the introduced device is 8-to-3. As far as we 

know, the presented structure is the first optical PC-based encoder that show a 

way to researchers to extend their structures. Really, the designed structure can 

be also extended while some above-mentioned references have not this feature 

because of the limitation in cross-connections for two-dimensional PC 

structures. The excellent feature of the introduced structure for encoding 

operation is the tunability of graphene. Controlling the passing of the optical 

bias by changing the graphene chemical potential may help to compensate a part 
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of errors in fabrication of the device. It is noteworthy that the modulation depth 

in the designed encoder is larger than that of references [4,15,17]. 

The comparison of the obtained crosstalk with that of references [4,11,13,16-

17] reveals that lower crosstalk has been achieved in a smaller area. This is a 

significant advantage of the proposed encoder. Regarding device integration, the 

crosstalk challenge is a major issue in design, so the presented idea offers a 

promising solution to reduce the crosstalk problem. 

TABLE II 

Comparison of the proposed structure with other structures. 

Work Encoding form Area (µm2) CR (dB) MD (%) CT (dB) 

[4] 

4-to-2 

127 7.6 91 -10.36 

[10] 612 16.33 98.04 -17.08 

[12] 880 7.32 - - 

[13] 880 12.92 99.9 -10.41 

[14] 757 9.54 - - 

[15] 723 11.76 96.84 -15.01 

[16] 200 9.03 - -9.91 

[17] 792 9.2 93.33 -11.76 

[18] 1225 - - - 

[19] 744 17.78 - - 

[20] 150 13.76 97.78 -16.53 

[21] 132.7 16.53 97.8 -16.53 

[11] 
8-to-3 

510 5.74 98 -11.76 

This work 150 11.62 97.6 -14.63 

The structure controls light transmission through the designed waveguides by 

adjusting µc. The feasibility of building such a structure is supported by previous 

research. Zain et al., for example, successfully created one-dimensional photonic 

crystal cavities in silicon-on-insulator using a single-step electron-beam 

lithography (EBL) process [39]. Their technique involved defining the 

waveguide pattern with a negative resist layer and etching cavities with varying 

air hole sizes. Yan et al. analyzed insulator-graphene layers for use as notch 

filters, demonstrating an extinction of 9.5 dB [40]. Their process involved 

depositing graphene, doping it, and patterning the multilayer structure. For 

fabricating a graphene-Al2O3 stack, alternating layers can be deposited 

sequentially, followed by patterning using EBL and inductive coupling plasma 

as described in [40-41]. These successful demonstrations provide strong 

optimism for the feasibility of creating the proposed modulator. 
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3. CONCLUSION 

In this study, a photonic crystal-based 8-to-3 encoder comprising 5 electro-

optical switches has been designed. Each switch consists of a photonic crystal 

resonant cavity placed near the waveguide. The resonant cavity includes one 

graphene-Al2O3 stack at the center of the cavity and 20 air holes. The height of 

the graphene layers is equal to 1 nm and their radii equals 0.1 µm. Bragg 

reflections from holes and stack make an interference pattern in the cavity. The 

findings demonstrate a graphene chemical potential 0.2 eV allows 90% of the 

incoming power to be traveled toward the output at the resonance wavelength. 

Moreover, the structure results in a contrast ratio of 11.62 dB in a small area of 

150 µm2. The modulation depth of 97.6% and the crosstalk of -14.63 dB are the 

other advantages of the designed encoder. The presented device is more 

compact than the previous structures, and supports 8 working states in a form of 

8-to-3 encoder while other works support just 4 states in a larger area. The 

proposed design demonstrates promising performance as an 8-to-3 electro-

optical encoder. 
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