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Abstract: Silicon-on insulator (SOI) photonic crystal (PhC) slabs are anticipated to play a critical role in advancing photonic 
devices for telecommunication and optical circuits. However, achieving high quality(Q)-factor and low mode volume remains 
a significant challenge in designing these structures. In this study, we propose a two-dimensional (2D) PhC structure by 
modulating the waveguide width and three different nanocavities formations created by shifting the selected air holes at the 
center of the structure. By using 3D finite-difference time-domain (FDTD) simulations, transmittance spectrum properties we 
analyzed. We have achieved the highest values of 2.07 ×106 at 1.5447 μm for nanocavity shifted distance of 3 nm ,6 nm and 
6 nm without cladding layer added. Furthermore, the challenge lies in minimizing the vertical scattering loss when different 
cladding materials are introduced. Through this simulation, we found that cladding layers impact the transmittance spectrum.  
The highest Q-factor is 1.41 ×106 with mode volume of 0.826 if clad materials with silica (SiO2). These findings demonstrate 
significant potential for integrating high-Q PhC structure into advanced optical devices, enhancing performance in 
telecommunication and photonic circuits.   
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1. INTRODUCTION 
Recent advancement in photonic crystal (PhC) has led to a 
widespread interest across various optical devices [1]. 
While foundational work on the understanding of light can 
be traced back to pioneers like Alhazen and Newton, Lord 
Rayleigh's contributions in the early 20th century 
significantly advanced wave theory and scattering 
phenomena [2]. PhC has grown significantly from 1980s 
and 1990s, leading to the evolution of modern photonic 
applications by Eli Yablonovitch [3] and Sajeev John [4]. 
They have reported that PhC are capable of manipulating 
light based on their periodic dielectric structure by 
forbidden behavior in photonic bandgap (PBG) [5]. 
Among the three dimensions of PhC structure, 2D PhC are 
particularly advantageous due to their simpler, small size, 
easier for fabrication, and flexible design compared to 
three-dimensional (3D). Therefore, 2D PhC structures are 
widely used in optical communications and sensing. Their 
ability to confine and manipulate the light efficiently in a 
planar structure makes them high-performance in photonic 
devices.  

In order to make the 2D PhC structure more functional, 
a cavity is introduced by creating the resonant mode that’s 
allow for trapping and confinement of light at a certain 
wavelength. By introducing these cavities in 2D PhC 
structure, performance and efficiency of optical devices 
can be significantly enhanced. Thus, the Q-factor is one of 

the important parameters to measure this enhancement 
besides the mode volume. The invention for the 
combination of low-loss waveguide and high-Q 
microcavities was one of the technological achievements 
that made it possible to build all-optical switches [6], [7], 
[8] and sensor [9], [10], [11], [12]. However, designing the 
cavity in 2D PhC structures presents several technical 
challenges. These challenges must be addressed to 
maximize the Q-factor and minimize the mode volume. 
The design and fabrication processes also must be highly 
precise to minimize defects and imperfections that can lead 
to energy loss. Furthermore, high-Q nanocavities in PhC 
offer small size and high Q-factor values [13]. Addressing 
these challenges requires innovative approaches in 
material selection and structural design. 

Recent breakthroughs have shown that adding cladding 
is an important part that will protect the 2D PhC structure 
due to its compact and small size. In addition, adding 
cladding also can reduce the scattering losses, which are 
common scenario in small-scale photonic devices. The 
common cladding materials used by previous researchers 
are silica (SiO2) [13]-[15], silicon nitride (Si3N4), polymer-
based and oxides. Each material has its own functionalities 
based on the application photonic devices. Hence, the 
choice of cladding materials must be carefully tailored to 
meet the specific performance requirements of the 2D PhC 
structure, ensuring optimal device functionality. 

In this paper, we demonstrate the process to achieve 
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high Q-factor for 2D PhC structure by designing different 
cavity formations. The process begins by measuring the 
important characteristics such as bandgap and 
transmittance spectrum. By analyzing the resonance 
wavelength, cavities of this structure are introduced by 
shifting outwards the air holes direction from the 
waveguide at three different distances. Next, the Q-factor 
and mode volume are calculated based on the resonance 
wavelength that appears within the mode gap from 
transmittance spectrum simulation result. Lastly, this 2D 
PhC structure incorporates with three different cladding 
materials to observe their effects on the Q-factor and mode 
volume.  

2. DESIGN  
The design of 2D PhC involves precise selection material 
and geometrical structure to achieve an optimum 
performance. Therefore, Fig. 1 shows the proposed design 
with parameters of lattice constant, a, air holes radius, r, 
slab thickness, t, and waveguide width, W. For PhC slab 
material, Silicon (Si) was selected in this study due to its 
high refractive index contrast. In addition, this material 
also compatibility with complementary metal-oxide 
semiconductor (CMOS) process [13]-[19] for further 
fabrication process. This high refractive index contrast 
between Si and the air-clad results in a well-defined PBG 
which allows for a wide range of frequencies where light 
propagation is effectively suppressed. In addition, a 
hexagonal lattice is designed for the structure where can 
provide a significantly larger PBG for both transverse 
electric (TE) and transverse magnetic (TM) polarization 
[23]. The array of air holes is formed with a lattice 
constant, a of 420 nm and size of air holes radius, r is 
128 nm. Then, the size of slab thickness, t is half the size 
of lattice constant which is 210 nm. 

 

 
Figure 1. Schematic illustration of 2D PhC structure 

In order to make sure light can propagate along the PhC 
structure, one array of air holes is removed in horizontal 
position to form a waveguide called as line defect. The size 
of this waveguide width is approximately to √3𝑎𝑎. 
Therefore, by analyzing the band structure, the waveguide 
width modulated is applied at the input and output port that 
required about 3%, increase which is 1.03W of the actual 
size waveguide width. Then, to make light propagation 
thinner and narrower, the waveguide width at center of the 
waveguide will be reduced by about 4% (0.96W). By 
reducing it, the frequency shifts along waveguide and 
creating a mode gap appear at the cavity area. 

The cavity is designed at the center of the waveguide by 
identifying the positions of the air holes surrounding the 
desired cavity location as shown in Fig. 2. These air holes 
are symmetrically shifted outwards from their initial 

location to form a resonant cavity. Fig. 3 shows three 
different distances of air holes shift. We shift air holes at 
the center of the PhC structure by 3 nm distance in 
outwards direction for the first, second and third air holes. 
This configuration is called as (3,3,3) nm air holes shift as 
illustrated in Fig. 3(a). Then, to analyze other cavity 
formation, the shifting air holes distance for second and 
third air holes are increased to 6 nm which is known as 
(3,6,6) nm air holes shift as illustrated in Fig. 3(b).  

 

 
Figure 2. Location for first, second and third air holes for 

shifting outwards 

 

Figure 3. Type of shifting air holes to create the cavity in 
PhC structure (a) (3,3,3) nm, (b) (3,6,6) nm, and (c) 

(3,6,9) nm 

Lastly, we increase the third air holes to 9 nm while 
maintaining the first and second air holes distance to 3 nm 
and 6 nm, respectively. We observed the effects on the 
resonance properties and the Q-factor of the cavity for the 
three different distance configurations of cavities.  

3. RESULT AND DISCUSSION 
The simulation results were obtained in MIT Photonic 
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Bands (MPB) open-source for bandgap and Lumerical 
software for transmittance spectrum properties. 3D finite-
difference time-domain (FDTD) was used to employ the 
characteristics of the proposed design. We measured the 
bandgap, performance of Q-factor and mode volume based 
on 3 different shifting cavities of the structure. Then, we 
clad the structure with 3 different cladding materials to 
analyze the effect on the value of Q-factor.  

3.1. Photonic Bandgap (PBG)  
PBG is a range of frequencies in which light cannot 
propagate through a PhC structure due to the crystal’s 
periodic structure by creating a forbidden zone [18], [20]. 
PBG is a useful characteristic in 2D planar structures as it 
is extremely sensitive to variations in critical structural 
parameters [24] such as the air holes radius, slab thickness, 
lattice constants, and refractive index of PhC slabs, 
waveguide width, and cladding.  

Fig. 4 shows the bandgap that exists in the proposed 
PhC structure that allowed light at some frequency to be 
transmitted through the modulated waveguide of 1.03W. 
The bandgap for TE mode is polarised between normalized 
frequencies from 0.216 to 0.287 (ωa/2πc).  Hence, this 
shows that the proposed design structure allows light to 
propagate from 1.5 um to 1.7 um in the waveguide. By 
modulating the waveguide width at the input and output 
port to 1.03W, the mode gap can be shifted towards the 
lower normalized frequency.  

 

 
Figure 4. Bandgap structure for width modulated 

waveguide of 1.03W (a) PBG graph and (b) Location of 
1.03W in 2D PhC structure 

On the other hand, Fig. 5 shows the bandgap range 
appearing from 0.213 to 0.296 (ωa/2πc) for the 0.96W 
waveguide. The odd and even modes are located at a higher 
frequency compared to the 1.03W waveguide. This is due 
to the changes of waveguide width that are from wider to 

narrower that have influenced the light modes frequency 
range. Note that, in this simulation, TE mode is used due 
to a larger bandgap compared to TM mode [25], [26]. 
Based on the electromagnetic spectrum, the range of 
wavelengths that are able to be transmitted in the 
waveguide is suitable to be operated for S-band, C-band, 
and L-band devices.   

 

 
Figure 5. Bandgap structure for width modulated 

waveguide of 0.96W (a) PBG graph and (b) Location of 
0.96W in 2D PhC structure 

3.2. Transmittance Spectrum 
Next, the transmittance spectrum of the proposed 2D PhC 
structure is analyzed. The performance of each cavity can 
be measured by calculating the value of Q-factor. From the 
transmittance spectrum, we analysed the resonance peak 
that appears within the mode gap. Q-factor is used to 
measure the efficiency of proposed cavity design in the 
PhC structure to confine light by quantifying the energy 
loss for a certain duration [27][28]. Q-factor is also used to 
measure the spectral width of a cavity’s resonant peak. 
This relationship is crucial as it connects the temporal and 
spectral properties of the cavity. 

 

𝑄𝑄 =
𝜆𝜆0

∆𝜆𝜆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
 𝑜𝑜𝑜𝑜 

𝑓𝑓0
∆𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

 (1) 

 
Equation (1) describes the formula used to measure the 

Q-factor, where 𝜆𝜆0 and 𝑓𝑓0 are the resonance wavelength 
and resonance frequency of the peak, respectively. Besides 
that, ∆𝜆𝜆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 and  ∆𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 are interrelated to full width at 
half maximum (FWHM). The FWHM represents the width 
of the resonance peak at half of its maximum intensity, 
which is directly linked to energy loss within the cavity. 
By minimizing the FWHM, the Q-factor can be increased, 
indicating a more efficient PhC cavity.  
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The performance of the PhC cavity also can be 
measured by calculating the mode volume where there is a 
measurement of spatial confinement of the 
electromagnetic field within the cavity. Equation (2) 
describes the formula used to measure the mode volume 
where E (x, y, z) is the electric field of optical cavity and 𝜀𝜀 
is the permittivity of PhC material. A smaller mode volume 
signifies tighter confinement, which is beneficial for 
enhancing light-matter interactions.  

 

𝑉𝑉 =
∫∫∫ 𝜀𝜀|𝐸𝐸(𝑥𝑥,𝑦𝑦, 𝑧𝑧)|2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑚𝑚𝑚𝑚𝑚𝑚[𝜀𝜀|𝐸𝐸(𝑥𝑥,𝑦𝑦, 𝑧𝑧)|2]  (2) 

 
Based on equation (3), reducing the mode volume can 

lead to an increase in the interactivity strength between 
light and the material within the cavity. This enhancement 
is crucial for applications such as sensors and lasers, where 
strong light-matter interaction is desired. High Q-factor 
and small mode volume together contribute to the overall 
efficiency and performance of the PhC cavity.  
 

𝐻𝐻𝐻𝐻𝐻𝐻ℎ 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑄𝑄
𝑉𝑉

 (3) 

 
Fig. 6 shows the simulated transmittance spectrum 

graph for different cavity configuration distances. By 
referring to Fig. 6(a), the resonance wavelength appears 
once the air holes shift outwards to (3,3,3) nm at the mode 
gap area that is from 1.53 μm to 1.56 μm. It shows that the 
resonance for (3,3,3) nm cavity configuration exhibits a 
wider width of FWHM, which is indicative of lower 
confinement efficiency and a broader width resonance. 
Hence, the value of Q-factor is 5.90 × 103 with a mode 
volume of 0.6471. Then, the position of the cavity is 
changed to the (3,6,6) nm cavity configuration as described 
in Fig. 3(b). By employing this cavity configuration, we 
observed a significant improvement in the Q-factor, which 
increased to 2.07×106 as shown in Fig. 6(b). Furthermore, 
the mode volume is slightly reduced to 0.6425. This 
reduction in mode volume implies a more effective 
confinement of the optical mode within the cavity as 
described in Equation 3.  

Then, the cavity configuration is changed to (3,6,9) nm. 
Result in Fig. 6(c) shows the resonance wavelength 
appears at 1.546 μm with a value of Q-factor of 7.67 × 105 
and a mode volume of 0.6420. Compared to the previous 
configurations in Fig.6 (a) and (b), this new arrangement 
shows that the resonance wavelength has slightly shifted to 
redshift wavelength. This configuration shows a promising 
result with improved light confinement and optimized 
optical properties. These results demonstrate that by 
precisely adjusting the positions of the air holes, we can 
achieve significant improvements in the Q-factor and 
enhance the overall performance of the photonic crystal 
cavity. This analysis emphasizes the importance of 
optimizing the cavity design to achieve higher Q-factors, 
which is crucial for applications requiring efficient light 
confinement and minimal energy loss. 

 
Figure 6. Transmittance spectrum graph with resonance 
wavelength for three different cavity configurations. (a) 

Transmittance spectrum for (3,3,3) nm cavity 
configuration obtained 5.90 × 103 value of Q-factor, (b) 

Transmittance spectrum for (3,6,6) nm cavity 
configuration obtained 2.70 × 106 value of Q-factor, and 

(c) Transmittance spectrum for (3,6,9) nm cavity 
configuration obtained 7.67 × 105 value of Q-factor 

3.3. Cladding Materials 
The 2D PhC slab has been explored by introducing the 
cladding materials in order to fabricate and protect the 
structure for photonic devices. There are few studies that 
thoroughly investigate the effects of different cladding on 
the Q-factor and mode volume.  

Fig. 7 shows the illustration of a cladded 2D PhC slab 
with slab thickness, ts and cladding thickness, tc. Although 
generally, there is no specific cladding thickness to meet 
the application requirement, we set the tc value to be 
400 nm, which is 2 times thicker compared to the slab 
thickness to prevent vertical scattering leakage. We 
observed the three different clad materials that are SiO2, 
Si3N4 and Al2O3 with their refractive indices of 1.44, 1.76, 
and 2.00, respectively. All these clad materials are 
compatible with the CMOS fabrication process. 

 

 
Figure 7. Schematic illustration of 2D PhC structure by 
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adding cladding materials 

Fig. 8 shows the PBG for each clad material. The light 
line for each material represents the dispersion relation of 
light in the PhC waveguide, indicating their ability to 
propagate light effectively. Fig. 8 shows that all the clad 
material that is used in the proposed design structure 
appear at the mode gap range. This demonstrates that each 
cladding material can facilitate light propagation within 
the mode gap for 1.03W and 0.96W of waveguide width in 
the PhC structure. Therefore, this shows that the proposed 
design structure offers a versatility of cladding materials 
depending on applications and suitability.  
 

 
Figure 8. Bandgap graph for cladding materials if 

modulated waveguide width to (a) 1.03W and (b) 0.96W 

Next, the effect for each cladding material is analyzed 
by measuring the Q-factor and mode volume. This analysis 
is conducted by comparing the differences between PhC 
cavity design configuration for different cladded materials 
with non-cladded structure. 

When silica (SiO2) cladding is added to the 2D PhC slab 
design for the cavity formation of (3,3,3) nm, the Q-factor 
decreases from 5.9 × 103 to 4.7 × 103 as shown in Fig. 9(a). 
The value of Q-factor keeps decreasing when the clad 
material is changed to aluminum oxide (Al2O3) and silicon 
nitride (Si3N4). The same patterns of results were obtained 
for different configurations of cavity structure, as shown in 
Fig. 9 (b) and (c).  Therefore, these results prove that by 

cladded PhC slab, reduce the value of cavity’s Q-factor 
[29]. However, in order to integrate the structure with other 
photonic devices in one circuit, SiO2 has proven to be the 
best material compared to Al2O3 and Si3N4.  

 
Figure 9. Q-factor vs wavelength for different cladding 
materials based on cavity (a) shifting air holes to 3nm, 

3nm, 3nm, (b) shifting air holes 3nm, 6nm, 6nm, and (c) 
shifting air holes to 3nm, 6nm, 9nm 
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Figure 10. Mode volume vs wavelength for each cladding 

material based on 3 cavity formation 

Fig. 10 focuses on the mode volume, denoted in units of 
(𝜆𝜆/𝑛𝑛)3, which describes the spatial extent of the optical 
mode within the cavity. Based on Eq. 3, there is an inverse 
relationship between the mode volume and Q-factor in this 
case. A higher mode volume in PhC required a larger 
region that led to a decrease in photon confinement within 
the cavity. As a result, the Q-factor which measures the 
performance of the cavity intends to decrease as shown in 
Fig. 10. 

Hence, Table 1 provides a comparative analysis of 
different cladding types on the performance metrics of Q-
factor and mode volume in various PhC cavity 
configurations. The table highlights significant variations 
in Q-factor values across different cavity designs, 
emphasizing the influence of cladding materials and 
thicknesses on light confinement and efficiency within the 
photonic structures. The previous study [14] has shown 
that by cladding silica to a silicon slab, a higher Q-factor, 
1.7 × 106 can be obtained. The cavity of H0 is used by 
shifting the 5 air holes away to form resonant. The normal 
range for cladding thickness used is from 200nm to 400nm. 
Each cladding thickness will give a different result, 
especially on the resonance wavelength, which will 
redshift. Then, another research also has reported [15] that 
if using cladding thickness in ratio of 0.9, the Q-factor will 
gain to a higher value. Cladding is a very important aspect 
that needs to be considered once fabrication which is to 
protect the PhC structure. Hence, the choice of cladding 
thickness and materials is a very significant process to 
consider. Lastly, this work has obtained that adding the 
cladding cannot enhance the Q-factor even though it uses 
different materials that are compatible with CMOS 
process. The highest Q-factor has achieved is using cavity 
formation of (3,6,6)nm without any cladding, Q-factor of 
2.07 × 106. Based on the result, we have successfully 
simulated this 2D PhC structure with different shifting air 
holes, including the materials for cladding.

 

Table 1. Comparison between the type of cladding towards the performance of Q-factor and mode volume 

Ref. Type of Cavities Structure 
Materials Cladding Material Q-Factor Mode Volume 

(λ/n)3 

[14] Modify of H0 cavity by 
shifting away 5 crystals away Si SiO2 1.7×106 1.34 

[15] L3 cavity  Si SiO2 2.5×103 - 
[16] Nanobeam cavity AIN  SiO2 1.1×106 - 
[30] L4/3 cavity Si SiO2 20.9×106 0.32 

[22] Line defect with different 
lattice constant Si SiO2 5.9×105 - 

[31] Combination of point defect 
and 2 waveguides Si No clad 5.3×104 - 

This 
Work 

Shifting air holes outwards to  
(3,6,6) nm  Si  

No Clad 
SiO2 

Al2O3 
Si3N4 

2.07×106 

1.41×106 
9.7×105 

7.66×105 

0.6425 
0.8260 
1.0135 
1.1343 

4. CONCLUSION 
In conclusion, research on 2D PhC has shown significant 
progress and potential in the field of photonics. Through 
meticulous design processes, light can propagate through 
the modulated waveguide width due to the presence of odd 
and even modes in the PBG. Among the three different 
cavity configurations, the (3,6,6) nm cavity configuration 
exhibits the highest Q-factor and lowest mode volume. The 
study has proven that SiO2 is the best material for cladding 
the structure as it will not degrade the value of Q-factor 
1.41×106,which indicates strong light confinement in the 
proposed structure. Therefore, this has proven that the 

proposed design structure has potential to be fabricated and 
applied as optical switching devices. 
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