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A B S T R A C T

In this paper, a novel photonic crystal (PhC) all-optical memory is proposed. It is based on a hexagonal lattice of 
air holes on a GaAs substrate. The structure is numerically simulated using the finite difference time domain 
(FDTD) method. This structure utilizes the nonlinear Kerr effect properties of a photonic crystal cavity to achieve 
high-speed performance with a rise time of <0.21 ps. The high Q factor of the hexagonal cavity, combined with 
the use of Kerr material, results in reduced power consumption for both the data and bias signals, reaching below 
3 μW/μm. Additionally, the reduction in the dimensions of the structure to approximately 30 μm2 is significant 
and noteworthy compared to recent works. Our innovative design highlights significant advancements in speed 
and power efficiency for the designed all-optical memory, suggesting promising applications in photonic inte
grated circuits.

1. Introduction

The rapid technology growth and the exponential increase in data 
volume have created an urgent need for advancements in the accuracy 
and speed of hardware components such as processors, transmission 
channels, and memory systems. Traditional electronic devices are 
fundamentally limited in achieving ultra-fast performance due to the 
inherent characteristics of electrons, which restricts their speed and ef
ficiency when compared to photonic devices [1–3].

Photonic crystal (PhC) based devices have emerged as prime candi
dates for the development of high-speed components due to their ability 
to manipulate light with high precision and minimal energy loss. The 
integration of photonic crystals, particularly with nonlinear Kerr mate
rials, can significantly enhance the functionality and performance of 
optical components. Nonlinear Kerr materials introduce intensity- 
dependent refractive indices, enabling dynamic control over light 
propagation and interaction within the photonic structures. This capa
bility is essential for realizing high-speed, low-power optical devices, 
which are critical for the future of photonic integrated circuits (PIC) 
[4–6].

These devices leverage periodic dielectric structures to control the 
propagation of photons, resulting in enhanced performance character
istics. Among various photonic crystal devices, sensors [7–13], high-Q 
cavities [14–16], add-drop filters [17], power splitters [18–20], 

waveguide intersections [21–23], analog-to-digital converters [24], 
logic gates [25–28], switches [29,30], flip-flops [31], couplers [32,33] 
and memories [34] have shown remarkable potential.

All-optical memory is an essential component in the realization of 
all-optical processing circuits. Recent years have seen several papers 
reporting on all-optical memories using various methods. However, 
based on our knowledge, there have been relatively few efforts to realize 
all-optical memory cells utilizing photonic crystals [35–38].

By leveraging a nonlinear cavity and optical bistability, all-optical 
flip-flop operations can be effectively realized, serving as robust opti
cal memory devices. However, one of the primary challenges in 
designing photonic integrated circuits (PICs) lies in the power con
sumption and physical dimensions of the memory cells. These memory 
structures are typically orders of magnitude larger than other circuit 
components, which adds complexity to the design process [39].

In this paper, we report on all-optical memory cells based on optical 
bistability utilizing a non-linear cavity composed of Kerr material in 
photonic crystal. The organization of this paper is as follows: Section 2
introduces the proposed structure. Section 3 is devoted to the calcula
tions and analysis of the proposed structure. In Section 4, Tolerance 
Analysis in Fabrication, . In Section 5 simulation results will be dis
cussed. Finally, Section 5 concludes the paper.
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2. Design all-optical filter based photonic crystal cavity

In sophisticated photonic structures, such as logic gates, switches, 
and analog-to-digital (A/D) converters, the filtering mechanism plays a 
crucial role in device performance. Therefore, designing and simulating 
a PhC filter is a primary step. A filtering mechanism can be realized 
using a cavity coupled to a waveguide.

Fig. 1(a) demonstrates an optical filter structure, where Port A and 
Port B are considered the input and output ports, respectively. The 
cavity contains inner defects (green rods) and outer defects (blue rods). 
The substrate of the structure is GaAs, which has a refractive index of 
3.49 at the wavelength of 1.555 μm, serving as the high refractive index 
material. The air holes, with a diameter of 0.3a, serve as the low 
refractive index material. The waveguide is created by removing one 
row of holes, with the lattice constant considered as a = 405 nm [39].

Bandgaps play a crucial role in defining the operational wavelengths 
and enhancing the performance of the photonic crystal filter. Fig. 1(b)
illustrates the photonic band diagram of the proposed structure, which 
reveals two distinct band gaps. As shown in the figure, the wide band 
gap for the TE mode is observed in the normalized frequency range of 
0.21–0.28 (ωa/2πc = a/λ), which corresponds to a wavelength range 
from 1.928 μm to 1.448 μm. In contrast, the narrow band gap is located 
at a normalized frequency of 0.6, corresponding to a wavelength of 
0.660 μm.

The resonant frequency of this cavity is primarily determined by the 
radius and refractive index of the defects. To systematically explore the 
influence of these parameters on the resonance wavelength of the cavity, 
a series of simulations were conducted. In each simulation, one 

parameter was varied while the others were held constant.
In the first step, the radius of the inner defects r1 was varied from 

0.1a to 0.4a, while the radius of the outer defects r2 was fixed at 0.37a. 
The refractive index for r1 was set to 2.6, and for r2, it was set to 1. The 
transmission of the filter and the quality factor of the cavity were 
investigated using finite difference time domain (FDTD) simulations to 
obtain the filter transmission. The results of these simulation settings are 
shown in Fig. 2. As depicted, an increase in the outer defect radius causes 
a blue shift in the transmission spectrum. This shift indicates a 

Fig. 1. (a and b) Proposed photonic crystal filter structure: 3D and 2D perspective views. (c) Photonic band diagram of the filter structure.

Fig. 2. Transmission spectrum of the resonator vs. inner defects r1 as varied 
from 0.1a to 0.4a.
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movement towards shorter wavelengths in the transmission spectrum 
due to changes in the effective refractive index of the cavity, which af
fects the resonant frequency. By precisely controlling the defect sizes, we 
can fine-tune the operational wavelengths of the photonic crystal filter 
to achieve optimal performance for specific applications.

The Q-factor, plays a pivotal role in defining the performance of 
photonic crystal-based all-optical memory devices. It directly governs 
energy confinement, spectral selectivity, and photon lifetime within the 
resonator, influencing both data storage stability and response speed.

A high Q-factor signifies strong energy confinement and minimal 
optical losses, which enhances memory retention and resonance sharp
ness. In all-optical memory structures, this leads to prolonged photon 
lifetimes, ensuring that stored optical states maintain coherence over 
extended periods. However, this comes at the expense of switching 
speed, as the longer cavity lifetime inherently slows down the rate at 
which the system transitions between memory states.

Conversely, a lower Q-factor facilitates faster decay of stored pho
tons, leading to rapid response times and improved dynamic switching. 
This is critical for high-speed photonic logic operations where memory 
updating and signal processing need to occur within femtosecond or 
picosecond timescales. However, excessive reduction in Q-factor can 
degrade storage fidelity, as weaker resonance limits the efficiency of 
state preservation.

Optimizing the Q-factor for photonic crystal memory structures re
quires balancing stability and speed. Consequently, we analyze the Q- 
factor of the proposed structure by extracting it from the slope of the 
decaying envelope in the time-domain signal obtained via FDTD simu
lation. In this approach, the Q-factor is computed using the following 
formula 

Q =
− ωRlog10(e)

2m 

In this eqution ωR = 2πfr is the angular frequency, fr resonant fre
quency, and m is the slope of the logarithmic decay envelope obtained 
from the FDTD simulation.

Fig. 3 demonstrates the Q-factor of the cavity as a function of the 
outer inner radius. The results show how variations in the outer defect 
radius impact the Q-factor across different wavelengths. As shown in the 
figure, by altering the outer defect radius, the Q-factor reaches up to 
4000.

In the second step, the outer defect radius r2 is varied from 0.1a to 
0.4a μm, while fixing the radius of the inner defects r1 at 0.37a . The 
refractive index for r1 is set to 2.6, and for r2, it is set to 1. The 

transmission of the cavity is investigated again using these settings.
Fig. 4 shows the transmission spectrum of the structure. The 

behavior of the outer radius in the transmission spectrum is similar to 
that of the inner radius. It is clear that as the outer radius increases, a 
blue shift occurs in the transmission spectrum, indicating a move to
wards shorter wavelengths. This behavior highlights the significant 
impact of the outer defect radius on the operational characteristics of the 
photonic crystal filter.

To improve the optimization of the structure, a contour plot was 
introduced to provide a global view of the transmission behavior as a 
function of both inner and outer defect radii. In this representation, the 
X- and Y-axes correspond to r1 and r2, respectively, with the color bar 
indicating the wavelength of maximum transmission. The results of this 
analysis are presented in Fig. 5.

In this study, the outer defect radius was varied from 0.1a to 0.42a 
μm, while the inner defect radius was adjusted from 0.1a to 0.4a, 
keeping all other parameters constant. The resulting transmission in
tensity was recorded. As observed in the figure, the transmission in
tensity remains very low for radii below approximately 0.32a. However, 
for radii exceeding 0.32a μm, there is a sudden increase in transmission 
intensity, followed by a gradual decrease as the radii continue to in
crease. This trend highlights the significant influence of defect radii on 
the transmission characteristics of the photonic crystal filter, allowing 
for precise control of the transmission by tuning these parameters.

To ensure the accuracy of the simulation parameters and validate its 

Fig. 3. The Q-factor of the cavity vs. inner defects r1 as varied from 0.1a 
to 0.4a.

Fig. 4. Transmission spectrum of the resonator vs. outer defect radius r2 as 
varied from 0.1a to 0.4a.

Fig. 5. Transmission spectrum of the transmission vs. outer defect radius r2 as 
varied from 0.1a to 0.42a and inner defect radius r1 as varied from 0.1a to 0.4a.
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convergence, the following analyses were conducted. Fig. 6(a) illus
trates the effect of mesh resolution on the transmitted wavelength. The 
mesh size was varied from 50 nm down to 5 nm, and the corresponding 
transmission wavelength was recorded. As shown in the figure, As the 
mesh resolution decreases from 50 nm to 20 nm, the transmission 
wavelength undergoes a shift from 1570 nm to 1555 nm. However, 
when the mesh size is further decreased below 20 nm, down to 5 nm, the 
transmission wavelength stabilizes and remains around 1555 nm. This 

result indicates that a mesh resolution of 20 nm or finer ensures 
convergence in the wavelength of maximum transmission.

Fig. 6(b) presents the time-domain response of the simulated struc
ture. In this case, a Gaussian pulse with a duration of 0.5 ps and a 
spectral range spanning 400–1800 nm was introduced into the structure. 
The temporal output was recorded up to 4 ps. As shown in the figure, the 
transmitted signal decays completely by 3 ps, demonstrating that the 
simulation has achieved convergence.

Fig. 6. (a) Effect of mesh resolution from 50 to 5 nm on the transmission wavelength. (b) Time-domain response for an input Gaussian pulse with a duration of 0.5 ps.

Fig. 7. proposed photonic crystal all-optical memory cell structure with the addition of Port C and five defects with radii r3, r4, and r5.
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3. Design of all-optical memory cell

The proposed all-optical memory cell is demonstrated in Fig. 7. The 
key difference between this structure and the filter structure is the 
addition of Port C. Ports A and B are considered as the input and output 
ports, respectively. To add Port C to the structure, five defects with radii 
r3, r4, and r5 were incorporated. The addition of these defects is intended 
to facilitate the transmission of light with minimal losses at the opera
tional wavelength of the structure. The parameters for the proposed 
memory cell are detailed in Table 1.

By incorporating Kerr nonlinear material in the inner defects, the 
refractive index increases with the increase in light intensity. This 
nonlinear property is crucial for the operation of the memory cell, 
enabling it to switch states based on the intensity of the incoming light.

Fig. 8 demonstrates the mode profile of the cavity. It is evident that 
light is well-confined within the cavity, resulting in a high light 
confinement factor. Consequently, as the light intensity inside the cavity 
increases, the refractive index also increases due to the Kerr nonlinear 
effect. This property is essential for the efficient operation of the mem
ory cell, as it allows for the modulation of the refractive index based on 

Table 1 
Simulation setting and structure parameters.

Parames value Description

a 0.405 (μm) Lattice constant
Grid size 0.02 (μm) Discretization resolution in simulations
Boudray 

conditions
PML Perfectly matched layers used for absorption

PML layer 
width

0.5 (μm) Thickness of the absorbing boundary region

N 3.4 Refractive index of the GaAs substrate Material 
[39,40]

n0 2.6 Linear refractive index of the Inner defect Kerr 
defects [41]

n2 2.7e-9 
(m2/w2)

Nonlinear refractive index of the Inner defect Kerr 
InAs QD Material [41] defects

r2 0.387a Radius of the Inner defect
r1 0.407a Outer defect radius
r3 0.25a Radius of the waveguid defect
r4 0.21a Radius of the waveguid defect
r5 0.07a Radius of the waveguid defect

Fig. 8. Poynting vector (P) distributions of the proposed cavity structure.

Fig. 9. Time domain simulation of the structure: (a) Gaussian pulse with duration 150 ps launched to Port A. (b) Time domain signal obtained from Port B.

Fig. 10. Optical bistable hysteresis loop of the structure during the increase 
and decrease of the applied optical power.
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the intensity of the light, enabling effective light control and manipu
lation within the photonic structure.

4. Results and discussions

Fig. 9a shows a Gaussian pulse with a duration of 150 ps launched 
into Port A, leading to the observation of optical bistability at the output 
port, as depicted in Fig. 8b Initially, there is no signal at the output. 
When the input power reaches 6 μW/μm at 60 ps, the output signal 
suddenly appears, completing the first half of the bistability loop. The 
output follows the input signal until the input light intensity decreases to 
2 μW/μm at 100 ps, at which point the output signal intensity drops to 
zero, completing the second half of the bistability loop.

The optical bistable hysteresis loop of the structure can be obtained 
from the time-varying output power versus input power, as shown in 
Fig. 10. In the first half of the loop, the output signal power remains in 
the low state when the input signal power is between 3 and 6 μW/μm. In 
the second half of the loop, an increase in the input signal power beyond 
6 μW/μm causes the output to jump to the high state. This behavior 
demonstrates the hysteresis effect, where the output state depends not 

only on the current input power but also on the history of the input 
signal.

Next, four Gaussian pulses with wavelengths of 1.555, 1.556, 1.557, 
and 1.558 μm are applied to Port A. The detuning between these pulses 
and the cavity resonance wavelength modifies the bistable hysteresis 
loop profile of the memory cell. The results of this investigation are 
illustrated in Fig. 11. The diagram reveals that increasing the detuning 
between the input pulses and the cavity resonance wavelength enlarges 
the loop area, thereby enhancing the performance of the memory cell. 
This increase in loop area indicates improved stability and reliability in 
the memory cell’s operation, highlighting the importance of precise 
wavelength control in optimizing device performance.

By applying a trigger signal from Port C of the structure, the output 
state can be effectively manipulated, functioning similarly to a memory 
cell. When the input signal power is maintained between 2 and 6 μW/ 
μm, the operating point of the memory cell is positioned on the optical 
bistable hysteresis loop. For example, if the device is initially in a low 
state, the application of a trigger signal to Port C transitions the device to 
a high state. This behavior is illustrated in Fig. 12a and b, demonstrating 
the capability to control the memory cell’s state through the trigger 
signal.

Fig. 13(a–c) demonstrates the time-domain Poynting vector (P) dis
tributions of the memory cell in its low state, during triggering, and in its 
high state. This figure illustrates how the energy flux density changes as 
the memory cell transitions between these states, providing a clear 
visualization of the dynamic behavior of the device.

The performance of all-optical photonic crystal memory devices is 
highly dependent on input power levels, particularly regarding switch
ing dynamics and contrast ratio. In the proposed structure, a continuous- 
wave input signal with power varying between 2.4 and 3 μW/μm was 
applied to Port A, followed by a trigger pulse similar to previous con
figurations. The experimental and simulation results are presented in 
Fig. 14, illustrating key trade-offs in system performance.Fig. 14a ex
amines the relationship between input power and rise time, showing 
that as the input power increases, the rise time for the SET operation 
decreases from 0.7 ps to 0.2 ps, indicating improved switching speed. 
Meanwhile, Fig. 14b presents the effect of input power on contrast ratio, 
revealing a decline from 10 dB to 6 dB as power increases, a reduction 
attributed to enhanced nonlinear interactions that alter signal integrity. 
These observations highlight the inherent trade-offs in optimizing input 
power for performance stability in photonic crystal memory structures.

Fig. 11. Effects of wavelengths 1.555, 1.556, 1.557, and 1.560 μm on the 
bistability loop width of the proposed memory structure.

Fig. 12. Changing state of memory cell by applying a trigger signal over time: (a) Input normalized Gaussian signal applied to Port C. (b) Output at Port B and input 
at Port A signals over time.
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5. Tolerance analysis in fabrication

To evaluate the impact of fabrication tolerances, we conducted 
simulations considering variations of ±4 % in the air rod radii. As 
depicted in Fig. 15, a 4 % deviation in air rod size results in a 30 nm shift 
in the transmission resonance of the structure. This shift highlights the 
sensitivity of the design to minor fabrication errors, which can influence 
operational wavelength alignment.

However, in practical fabrication processes, the achievable precision 
is typically significantly better than the simulated worst-case scenario, 
ensuring that such errors remain minimal. In cases where minor fabri
cation imperfections do occur, the input wavelength can be adjusted 
within the resonance window of the structure to maintain optimal 
operation. This adaptive approach allows the device to function reliably 
even with small variations in structural parameters.

This analysis confirms the robustness of the design against fabrica
tion uncertainties, ensuring consistent performance under realistic 
manufacturing conditions.

One of the critical parameters influencing the performance of pho
tonic crystal-based structures is optical coupling efficiency. In hexagonal 
photonic crystal designs on a GaAs substrate, coupling efficiency is 
determined by several factors including fabrication precision, mode 
matching, and waveguide alignment. Typically, for wavelengths around 
1550 nm, the coupling loss in air-clad photonic crystal systems falls 
within the range of 1.36 to 2.7 dB [43,44], depending on structural 
optimization. Through design refinements—such as optimizing the ge
ometry, defect positioning, and excitation conditions—these losses can 
be minimized, thereby enhancing overall device performance.

In addition to coupling efficiency, temperature variations are 
another crucial factor affecting device performance through their in
fluence on the material’s nonlinearity. Based on experimental reports 
from various studies, an increase of 10 ◦C around room temperature 
(~300 K) typically leads to an approximate 5–6 % decrease in the Kerr 
nonlinear coefficient (n₂) [37]. These thermal variations can signifi
cantly modulate the effective refractive index of the material, thus 
impacting the resonant behavior of the photonic device. To mitigate 
such temperature-induced effects, active temperature stabilization 
methods—such as thermoelectric cooling—or dynamic input wave
length tuning can be employed to compensate for resonance shifts and 
ensure that the device maintains its optimal performance over a wide 
range of operating temperatures.

Table 2 provides a comparison between this work and those reported 
in the literature. As seen, this work demonstrates a significant 
advancement in photonic crystal design, achieving a compact footprint 
of only 30 µm² for a hexagonal photonic crystal with air holes in GaAs 
operating at 1550 nm. This represents a substantial reduction in size 
compared to previous designs [40–44,37], improving integration den
sity for future photonic integrated circuits. Furthermore, the response 
time of 0.21 psec surpasses many existing structures [40–43,37], high
lighting the potential for high-speed applications. While the contrast 
ratio (6.98 dB) is competitive with the literature, further optimization 
may be explored to enhance this parameter. The utilization of estab
lished GaAs fabrication techniques suggests excellent manufacturability 
and scalability. This work therefore presents a compelling combination 
of miniaturization, speed, and practicality in photonic crystal 
technology.

6. Conclusion

In this paper, a new structure for an all-optical memory cell was 
proposed. A hexagonal photonic crystal with air rods on GaAs was used 
as the main platform for this structure. By utilizing FDTD simulations 
due to the nonlinear Kerr material properties in the photonic crystal 
cavity, we achieved high-speed performance with a rise time of <0.21 
picosecond for state switching. The high confinement of light inside the 
hexagonal cavity and the use of Kerr material in this structure result in 

Fig. 13. Poynting vector (P) distributions of the proposed all-optical memory: 
(a) Low state. (b) Triggering time. (c) High state.
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low power consumption, with both signal and bias power being <3 μW/ 
μm. Additionally, the reduction in the dimensions of the structure to 
approximately 30 μm² is notable compared to recent works. Further
more, one of the notable features of the proposed structure is its oper
ation at the telecommunication wavelength of 1.550 μm. The Contrast 

Ratio (dB) for this structure was calculated to be 6.98, and it can be 
increased by adjusting the design parameters of the proposed structure. 
Additionally, a comparison table between the proposed structure and 
recently presented structures is provided. As shown in the table, the 
proposed structure has significantly improved in terms of dimensions 
and speed. Beyond functioning as a single-unit memory cell, the pro
posed structure provides a foundation for designing various memory 
types, such as D, SR, and T-type memories. Due to its compact di
mensions and low power consumption, this structure can be scaled for 
integration into larger memory arrays. By adjusting its design parame
ters for different wavelengths, multiple memory units can be configured 
accordingly. Furthermore, utilizing a wavelength division multiplexer 
allows for independent optical power distribution across multiple 
memory cells, enabling the simultaneous storage of multiple optical 
wavelengths without interference.
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Fig. 14. Influence of input power on memory cell performance: (a) The effect of increasing input power on rise time, showing a reduction from 0.7 ps to 0.2 ps (b) 
The impact of input power on contrast ratio, illustrating a decrease from 10 dB to 6 dB.

Fig. 15. Analysis of the impact of ±4 % fabrication error on the transmitted 
field intensity across wavelengths ranging from 1.4 to 1.7 µm.

Table 2 
Comparisom between the obtained results and the results reported in the literature.

Ref Type of Structure Mechanisms and Effects Operating 
Wavelength (nm)

Footprint 
(µm2)

Response Time 
(psec)

Contrast Ratio 
(dB)

Year

[45] Linear hexagonal lattice Si rods 
in air

Ring resonators and Y-splitters 1550 784 1.2 8.7 2022

[46] Air holes in GaAs PhC 
configuration

MMI, scattering rods 1650 78.75 0.27 8.65 2021

[47] Non-linear square lattice 
dielectric rods in air

cross-connected resonant cavities 1586 and 1620 361 3.1 9.68 2021

[48] hexagonal photonic crystal nonlinear Kerr effect 1550 28×28 1.6 8.7 2020
[49] photonic crystal square air holes Kerr effect and slow light phenomenon 1550 and 1604 15×15 1.35 – 2022
[50] Si rods in SiO2 Ring resonator, OR and NOT logic 

gates, and T-splitter
1550 252 0.66 4.77 2024

This 
work

hexagonal photonic crystal Air 
holes in GaAs

Ring resonators 1550 30 0.21 6.98 2025
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