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Abstract - In this work, a small size of PC slab high 
sensitivity, and high accuracy sensor for measuring the 
performance of sensor application was realized in variation 
of sensing material such as cryptophane E, sugar-water 
solution and phosphate buffered saline (PBS) infiltrated 
photonic crystal cavity (PhCC) by combining selective 
absorption characteristic of sensing material to gas, liquid 
and protein sensor. The parametric studies has been done by 
increased the refractive index (RI) of the different sensing 
material, increase the number of defected holes of PhCC and 
increase the radii of defected holes of the PhCC. The RI of 
different sensing material that infiltrated in defected holes of 
PhCC will induce a shift of resonant wavelength and 
allowing the precision absorption characteristic in different 
sensor application. In order to demonstrate the parametric 
studies based on 2D silicon PhCC, we used the finite 
difference time domain (FDTD) method to observe the 
performance of PhCC sensors. The simulation results of PhC 
microcavity for gas sensing show the RI sensitivity of 48.2 
nm/RIU, a quality factor of 2551 and transmission of 0.3330. 
Liquid sensing simulation results shows the RI sensitivity of 
46.3 nm/RIU, a quality factor of 1874 and transmission of 
0.5690. In protein sensing results show, the RI sensitivity of 
114.4 nm/RIU, quality factor of 1659 and transmission of 
0.3814. The advantage of high sensitivity and high quality 
factor of the PhC microcavity which is, it can be used in other 
sensing material as well, and protein showed highest RI 
sensitivity value of 114.4 nm/RIU. The design has been 
realized in silicon photonic crystal structure. The whole 
design and simulation process is done by using the 
OptiFDTD software. 

1.0 INTRODUCTION 

Malaysia has stated in one of the lowest polluted city 
environments in Asia. Malaysia goals are to achieve one of 
the industrial countries in the year 2020 and has rapid 
economic growth have started to implement costs to the 
industrial pollution and the degradation of a city 
environment. Recently, the issues of air, water pollution, and 
contamination become more serious in Malaysia. Most of 
these waste has come from the industrial sector. From all 
types of pollutions, air pollution is the biggest issue because 

the effects of this pollution can affect human health, 
agricultural crops, forest species and also ecosystems [1]. In 
order to prevent the harmful of this air pollution, the 
concentration of these dangerous air polluting gases or 
known as haze gaseous such as methane need to be 
monitored. For example, in the medical sector, the Ethanol 
breathe testing in respiratory gas need to be monitored and 
controlled. There are several types of gas detectors in the 
market such as, the gas detector that has been used to 
measures the changes in the conductance or in the 
capacitance brought by the presence of certain gas atoms that 
are absorbed onto the surface or diffuse into the detector 
material. However, most of this method are limited to the 
certain specific gases that influence the physical properties 
of the detector materials. Another type of detectors is optical 
or usually known as spectroscopic gas sensors. This gas 
sensor measured the changes of reflection or transmission in 
the presence of gases. In this method, the characteristic of 
absorption lining arising such as from rotational and 
vibrational excitations of molecules in the mid-infrared 
(MIR) spectral range has been monitored. The principal of 
spectroscopic is generally applicable to a variety of gases and 
it is highly selective due to the specific rotational-vibrational 
states. However, because of the high cost due to the high 
demand on optical component make this optical sensor 
become a major drawback to the industry [2]. 

A spectroscopic gas sensor contains three basic parts 
which are the interaction source, the interaction volume, and 
the radiation detector. For example, the using of laser sources 
and adapted detectors as to build a very sensitive, selective 
and fast instruments [3]. By employing the tunable laser 
spectroscopy, the precisely tune of a monochromatic intense 
laser emission line across gas absorption lines has been 
detected. The combination of collimated laser beams and 
Harriot multi-reflection cells, resulting in the interaction 
lengths of 100 m and above [4]. Therefore, in the example of 
the sensitivities in the parts per trillion range can be achieved 
with the quantum cascade laser (QCLs) in the MIR range [3]. 
The effective interaction lengths of several kilometers have 
been demonstrated and also yield ppt sensitivity is by using 
the cavity ring down or cavity leak out setups [5]. However, 
in most cases, due to the high price of the laser and other 
system components, thus it is prohibit and limits these 
technique to niche applications. The low-cost thermal 



emitters and thermopile or pyroelectric detectors are the 
majority of optical gas sensors that are used as a radiation 
sources in detectors with adapted optical components. 
Therefore, the Photonic crystals cavity (PhCC) can be used 
to obtain compact, strong, and low-cost spectroscopic gas 
sensor and the interaction of volume has been considered to 
replace as a conventional sensor by PhCC. 

2.0 LITERATURE REVIEW 

The photonic crystal dimensionality is firstly analysed 
theoretically in early 1887 by Lord Rayleigh which is state 
that the multilayer dielectric stack is the simplest example in 
ID PhC [6]. ID PhC also was known as Bragg mirrors, in 
which its optical structures consists of alternating layers of 
high and low refractive index materials. Besides that, the 
concept of photonic bandgaps also existing in two and three-
dimensional structures which are introduced by 
Yablonovitch et al [7] and John et al [8]. The 2D-PhC 
consists of a dielectric crystal pattern that is periodic 
throughout a two-dimensional plane with the photon 
propagation is confined only to that plane. There are two 
implementations exist in 2D PhC that are PhC fibers and 
slab-PhCs. The PhC fibers are approximate an infinite thick 
projection of 2D PhC pattern and their bandgap properties of 
2D PhC structure are used to guide light along the length of 
the fiber. The used of PhC fibers is for physical and 
biochemical sensing [9] [10]. Another 2D PhC which is slab-
PhCs is more closely approximate the zero-thickness case. 
The thickness of the dielectric materials in the third 
dimension for these devices is naturally on the order of the 
crystal lattice spacing, and light confinement in that direction 
results from the total internal reflection (TIR). 

The 2D slab photonic crystals are essentially a 2D 
periodic array of structural features that was made from an 
otherwise uniform thin layer of dielectric material. The 
propagation of light through a slab-PhC is controlled 
laterally in the plane of the slab by the photonic band 
properties of the PhC. Light propagation is controlled in the 
direction perpendicular to the slab by TIR. Therefore, the 
dielectric layer from which the PhC is made must have 
refractive index (Rl) is higher than the surrounding material. 
Slab-PhCs have been implemented in sensing experiments 
which the dielectric layer material either polymer or 
semiconductor (Rl> -1.45) immersed in either gaseous or 
aqueous environment (Rl < -1.45). There are two common 
structural arrangements that are often used in producing slab-
PhC that are a lattice of high-Rl pillars in a low-Rl cover 
material and a lattice of low-Rl holes in a high-Rl slab. Fig. 1 
below is the schematic example of this two geometries. 

Fig.l: 2D slab PhC geometry schematics representing a square lattice of 
high-Rl pillars (left) and a triangular lattice of low-Rl holes in a high-Rl 
dielectric layer (right). 
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As a typical structure type, the point defect that has been 
introduce in the orderly arranged lattices shows how the PC 
cavity formed. A high quality factor (Q) is the strong 
interaction strength between the optical field and the 
defected region of the material to show the strong spatial of 
light confinement and long photon lifetime [11]. Therefore, 
for sensing application this enhancement gives rise to an 
optical mode of PCC with a resonant wavelength that is 
highly sensitive to the local variations in its surrounding 
medium, and produce PCC as a building block for high-
sensitivity optical sensor [12]. There are several important 
resonant parameters and sensing principle that will affect the 
performance of the PCC. For example, the shoulder-coupled 
cavity that published in Ref. [13]. To begin, the property of 
PC waveguide (PCW) need to be analyse, which is formed 
by removing the central row of air holes from the perfect PC 
along x direction. These parameters is shown in the Fig.3 
where a is the lattice constant, r is the radius of air hole, d is 
the waveguide width, and h is the slab thickness. Its basic 
principle is that light which is located in PBG can only be 
guided in the line waveguide as it is confined horizontally by 
PBG of PC and vertically by total internal reflection due to 
the differences of Rl between different layers. 

In this research, a micro Rl sensor is designed in a 2D 
PhCC with a triangular lattice. The radius of air holes is 
careful to be designed in order to realize high sensitivity and 
appropriate measurement range. The microcavity can be 
formed by varying the radius of center air holes. In the other 
hand, the higher transmission efficiency can be realized by 
optimizing the parameters of the waveguides. The sensor 
also needs to have high transmission efficiency and Q factor, 
which is could make the detection easy and feasible. There 
are three important performances in sensing application: 

i) Rl Sensitivity, Sn 

In order to analyze the Rl sensitivity of the PhC 
microcavity structure, the resonant wavelength shift (AX.) and 
the variation of refractive index (An) need to be observed. Rl 
sensitivity can be expressed as follows: 

S = AA/An (2.1) 

The slope of each curve for each refractive index represents 
the sensitivity of the specified PhC microcavity. In 
theoretically, the largest slope and maximum sensitivity will 
occur for larger radius of defected holes [14]. 

ii) Q factor, Q 

Quality factor can be calculated by dividing the resonant 
wavelength (A) with the full width at half-maximum 
(FWHM) of the drop waveguide output (AA.) or can be 
calculated by using Equation (2.2) [15]. Q factor can be 
expressed as: 



« 

The resonant wavelength and the bandwidth can be measured 
in OptiFDTD by using the power transmission spectrum 
graph. Besides, the FDTD simulation also used in this 
simulation to show the results of resonance wavelength shift. 

Hi) Transmittance, T 

The third parameter needs to consider is transmittance of 
PhC microcavity. It also determines the precision of the 
measurement of the sensing system in practical application 
[15]. Transmittance is calculated by dividing the output 
power (Pout) detected by the input power (Pin) of the source. 
Transmission spectra can be expressed as [15,16]: 

T = Pout/Pin (2-3) 

The value of T will decrease when the coupling losses are 
considered between PhC microcavity and single mode fibers. 

3.0 METHODOLOGY 

In this work, we will using the ultra-compact and high 
sensitivity PCC as a technique to study the physical 
parametric of PhCC affecting the performance of sensor 
applications. Based on literature review, a micro RI gas 
sensor is designed in a 2D PhCC with triangular lattice. The 
radius of air holes is carefully to be designed in order to 
realize high sensitivity and appropriate measurement range. 
The microcavity can be formed by varying the radius of 
center air holes. In the other hand, the higher transmission 
efficiency can be realized by optimizing the parameters of 
the waveguides. The sensor also needs to have high 
transmission effiency and Q factor, which is could make the 
detection easy and feasible. The Q factor is defined 
as w0/Ao), where Aw is full width at half-maximum 
(FWHM) of the resonator's Lorentzian response, and o)0 is 
TE resonance frequency. The FDTD simulation also used to 
show the results of the resonance wavelength shift. 

3.1 Design Layout and Simulation in OptiFDTD 

OptiFDTD is a software that has be used in designing 
PhCC and run all the simulations. The OptiFDTD software 
is based on the finite-difference time-domain (FDTD) 
method. The FDTD method is used for integrated and 
diffractive optic device simulations. The abilities of 
OptiFDTD is to model the propagation of light, scattering 
and diffraction, and reflection and polarization effects. Fig.2 
below shows the flow chart for FDTD simulation in 
OptiFDTD software. This flow chart also explain in details 
the work flow in OptiFDTD. 

( Start ~) 

Define Simulation Domain 

Define Material and Profiles 

Create PhCC Structure 

No 

1 ' 

Define Simulation Parameters 
and Start Simulation 

1 
Run the Simulation 

* 
DFT Analysis 

^ Time steps"~-^~ 
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Analyze the Data 

Fig.2: FDTD simulation flow chart in OptiFDTD 

Fig.3 showing the PhC microcavity slab structure 
designed for various sensing material such as gas, liquid and 
protein sensor. It is constructed using silicon slab with 
refractive index silicon, nsi=3A8. In this design the lattice 
constant is a=351nm, the radius of bulk air hole is 
r=0.3a=105.3nm and the thickness of PhCC slab 
/i=0.6a=210.6nm. In this design, by increasing the radii of 
defected holes, rt, PhC microcavity will be achieved and will 
be transformed to form a ring microcavity structure. Some 
air holes in the central of the row are symmetrically removed 
in order to enhance the coupling strength between the ridge 
waveguide and the length of waveguide is defined as L. This 
PhC microcavity is designed and analyzed by using 
OptiFDTD software [16]. All the calculations are using TE-
polarization state and the time step is set to be 10000 with 
resolution 100. All the structures and simulation parameters, 
exclude for the parameters of defected holes are using the 
same setting which is number of defected holes, N=6, radii 
of defected holes, ra=0.45a and length of waveguide, L=\ la. 

In this paper, the output transmission spectra of PhC 
microcavity for the different refractive index of defected 
holes has been calculated to show a better demonstration of 
RI sensing property. In the simulations, the vertical input 
plane is placed at the front of the observation point 1 and the 
observation point 2 is located at the output waveguide as 
shown Fig.3. Transmission spectra are calculated by dividing 



the output power detected by the observation point 2 by the 
input power of the observation point 1 [17]. This simulation 
is done for 3 sensing material which is for gas, liquid, and 
protein. 

3.2 Physical Parametric Studies ofPhCC 

In this project, there are three physical parametric studies 
of photonic crystal cavity that has been investigated in gas, 
liquid and protein sensing application. The purpose of these 
physical parametric studies is to analyze the performances of 
photonic crystal cavity for sensor application. 

i) Increase the Refractive Index of Sensing Material, RI 

The first physical parametric study is increased the 
refractive index of sensing material. The type of sensing 
material will be different according to its sensor application. 
Cryptophane E usually used to detect the concentration of 
methane gas. Therefore for gas sensor, we choose 
cryptophane E infiltrated to the defected holes of the PhCC. 
Sugar-water solution has been choose to infiltrate the 
defected holes of PhCC in order to perform the liquid sensor 
and the phosphate buffered saline (PBS) has been choose for 
protein sensor. The refractive index of the sensing material 
is determine its concentration. 

ii) Increase the Radii of Defected Holes, ri 

Fig.4: Specific layout radii of defected holes when r : = 0.39a, 0.41a, 0.43a, 
0.45a, 0.47a and 0.49a. 

Second physical parametric study is increased the radii or 
the radius of the defected holes. Fig.4 above shows the 
specific layout when we increased the radii of defected hole 
from 0.39a until 0.49a. In this condition, the refractive index 
of the sensing materials will used the standard refractive 
index of its sensing material and for the number of defected 
holes we will used N=6 as the reference for this simulations. 

Hi) Increase the Number of Defected Holes, N 

a, 
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Fig.5: Specific layout the number of defected holes when N=6, 12, 18, 28, 
and 36. 

The third physical parametric study is increase the 
number of defected holes. Fig.5 above shows the specific 
layout when we increased the number of defected holes from 
6 until 36. In this condition, the refractive index material and 
the radii of the defected holes will used from the previous 
simulation. 

3.3 Performance of PhCC 

As stated in the objectives earlier, the purposed of this 
work are to study the changes of the physical parametric of 
PhCC structure will affecting the performances of the PhCC. 
In each physical parametric studies we will perform all these 
three performance in order to get the final structure of each 
sensor applications. There are three types of performances of 
PhCC that has been investigated in this work which are: 

i) Refractive Index, RI Sensitivity 

Refractive index sensitivity is the first performance that 
has been calculated. The data for time domain that has been 
collected from the simulation to calculate this performance. 
In order to analyze the RI sensitivity of the PhC microcavity 
structure, the resonant wavelength shift (AX) and the 
variation of refractive index (An) need to be observed. There 
are two ways to calculate this performance which is by using 
Equation (2.1) or using Microsoft Excel program to calculate 
slope for each curve of each refractive index. The slope of 
each curve for each refractive index represents the sensitivity 
of the specified PhC microcavity. In theoretically, the largest 
slope and maximum sensitivity will occur for larger radius 
of defected holes. 

ii) Quality Factors, Q 

The second performance is the quality factor. The Q 
factor can be calculated by using the Equation (2.2) which 
by dividing the resonant wavelength (A) with the full width 
at half-maximum (FWHM) of the drop waveguide output 
{AX). The resonant wavelength and the bandwidth can be 
measured in OptiFDTD by using the power transmission 
spectrum graph and then the Q factor value can be calculated 
as shown in Fig.6. 
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Fig.6: Calculate the Q factor 

By referring Y plane coordinate for A, B, and C in Fig.6, we 
can then applying the Equation (2.2) to calculate the Q factor 
value. Besides, in this simulation to show the results of 
resonance wavelength shift we also can use the FDTD 
simulation. 

Hi) Transmittance, T 

The third performance is the transmittance. 
Transmittance is calculated by using Equation (2.3) which is 
dividing the output power (Pout) detected with the input 
power (Pin) of the source. In theoretically, the value of T 
will be decrease when the coupling losses are considered 
between PhC microcavity and single mode fibers. 

4.0 RESULTS AND DISCUSSION 

4.I Gas sensor 

In gas sensor application, the cryptophane E is infiltrated 
at the central defected holes and the radii of defected holes 
will be altered to enhance the resonant property of PhC 
microcavity. We used refractive index of air to obtain the gas 
sensing, nair = 1 to each bulk air holes. There are three 
physical parametric conditions has been investigated in order 
to see the performance of PhCC which are when we 
increased the refractive index, RI of sensing material, 
increased the radii of defected holes and lastly increased the 
number of defected holes. 

i) Increase the refractive index (RI) of cryptophane E, S„ 

1.47 1.48 

Refractive Index - n 

Fig.7(a): Resonant wavelength of PhC microcavity (r!=0.45a, N=6) when 
the RI ranged from 1 45 to 1.50 with an increment of An=0.01. 

1.47 1.48 

Refractive Index - n 

Fig.7(b): Q factor of PhC microcavity (r]=0.45a, N=6) when the RI ranged 
from 1.45 to 1.50 with an increment of An=0.01. 

Refractive Index - n 

Fig.7(c): RI Sensitivity results when the RI of cryptophane E ranged from 
1.45 to 1.50. 

Fig.7(a),(b) and (c) shows the resonant wavelength, Q 
factor and RI sensitivity of PhC microcavity when RI is 
ranged from 1.45 to 1.50 with increment of An = 0.01. By 
increased the RI of the defected holes, the resonant curve 
shows shifted to the highest wavelength. This is shows that 
by varying the RI of defected holes will affecting the 
effective RI of membrane waveguide and photonic band 
structure because of the change of RI between Si substrate 
and air holes. For Fig.7(b), the Q factor values does not 
decreased greatly. As seen in Table 1 below, in this condition 
the RI sensitivity, S„ is about -102.54 nm/RIU, and the Q 
factor of the PhC microcavity is calculated around 2912. The 
RI sensitivity also represent as a slope of a curve. Therefore, 
from Fig.7(c) in order to get the RI sensitivity results we take 
the value of the slope for each curve of each RI of 
cryptophane E. In this results, it is shows the ability of 
cryptophane E infiltrated PhC microcavity as a gas sensor. 

Table 1 
Results of the performances when increased the RI of cryptophane E. 

Performance Results 

RI Sensitivity, S„ -102.54 nm/RIU 

Quality factor, Q 2912 

Future simulation is shows the property of gas sensor which 
is RI sensitivity (S„), quality factor (Q), and normalized 
transmittance (T) by changed the radii of defected holes (rt) 
and increased the number of defected holes (N). All the 
future simulations will used n = 1.48 which is RI of 
cryptophane E in non-methane environment. 

ii) Increase the radii of defected holes, ri 
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Fig.8(a): RI sensitivity of PhC microcavity (N=6) when radii of defected 
hole fj is ranged from 0.39a to 0.49a. 
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Fig.8(b): Q factor of PhC microcavity (N=6) when radii of defected hole rx 

is ranged from 0.39a to 0.49a. 
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Fig. 8(c): Normalized transmittance of PhC microcavity (N=6) when radii of 
defected hole rx is ranged from 0.39a to 0.49a. 

Fig.8(a),(b) and (c) shows the simulation of 5n , Q, and T 
with changed of defected hole radius r t . The rx is increased 
from 0.39a to 0.49a with an interval of 0.02a and all 
structure has been simulated to obtain the variation rules of 
their optical characteristics. From the simulation, it is shows 
all the three parameter is firstly increased then decreased 
with the increase of rt. Table 2 shows the result of this 
performances which radii of defect holes are obtained the 
optimal value. 

Table 2 
Result of the performances which of the radii of defect holes are obtained 
the optimal value. 

Performances 

RI Sensitivity. Sn 

Quality factor, Q 

Transmittance, T 

Radii of defect holes, ri 

0.45a 

0.45a 

0.47a 

As seen in Table 2, 5„ and Q obtain largest value when 
rx= 0.45a with Sn = 29.9 nm/RIU and Q = 2804. While T 
obtained the largest value when rx= 0.47a with T = 0.8806. 
Therefore, in the following simulations, the radius of 
defected holes rj will be set to rt= 0.45a as the optimal 
cavity structure. Next, the relationship between the 
properties of PhC microcavity and the number of defected 

holes N is investigated when the radius of defected 
holes rt = 0.45a. 

Hi) Increase the number of defected holes, N 

Number of defected holes - N 

Fig.9(a): RI sensitivity of PhC microcavity (r t= 0.45a) when N=6, 12, 18, 
28, and 36. 
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Fig.9(b): Q factor of PhC microcavity (r t= 0.45a) when N=6, 12, 18, 28, 
and 36. 
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Fig.9(c): Normalized transmittance of PhC microcavity (r,= 0.45a) when 
N=6, 12, 18, 28, and 36. 

The graphs in Fig.9(a),(b) and (c) shows the 
calculated 5n , Q, and T when the value of defected holes 
N=6, 12, 18, 28, and 36. As shown in Fig.9(a) and (c), the 
changed of N will changed the RI sensitivity and T of 
resonant mode and N = 36 is the optimal design with Sn = 
28.79 nm/RIU and T = 0.9312. The Rl sensitivity shows 
that 5nis larger for the biggest number of defected holes N. 
By refer to Fig.9 (a) the Sn is increases rapidly at N = 36 
compared to other defected holes. Therefore in this PhC 
microcavity design, N = 36 is acts as marking point. 

Table 3 
Result of the performances which of the number of defected holes are 
obtained optimal value. 

Performances 

RI Sensitivity, S„ 

Quality factor, Q 

Transmittance, T 

Number of defected holes, N 

36 

28 

36 



iv) Final PhCC structure for gas sensor 

In this final PhC microcavity structure, we takes all the 
optimal value of the previous performance results of each 
conditions. Therefore as a conclusion, the final PhC 
microcavity structure for gas sensor that has been employed 
is when cavity with r t= 0.45a and N = 36. By using this 
parameters, the designed PhC microcavity has RI sensitivity 
of 48.2 nm/RIU, quality factor of 2551 and transmission of 
0.3330. 

Table 4 
Final results of the performances 

Performances 

Rl Sensitivity, S„ 

Quality factor, Q 

Transmittance, T 

for final PhC structure of gas sensor. 

Final result 

48.2 nm/RIU 

2551 

0.3330 

4.2 Liquid sensor 

In liquid sensing application, we used sugar-water 
solution as a receptor infiltrated at the center of defected 
holes. The concentration of sugar-water solution is determine 
by the refractive index. 

i) Increase the RI of sugar-water solution, Sn 

1.49 

Refractive Index - n 

Fig. 10(c): RI Sensitivity of PhC microcavity (r,=0.4Sa, N=6) when the RI 
ranged from 1.39 to 1.49. 

Fig.l0(a),(b) and (c) shows the resonant wavelength, Q 
factor and RI sensitivity of PhC microcavity when RI is 
ranged from 1.39 to 1.49 with increment of An = 0.02. For 
Fig.lO(b), the Q factor values decreased greatly at n = 1.41 
to n = 1.43 then it increase slowly. In this condition, the RI 
sensitivity, S„ is about 79.6 nm/RIU, and the Q factor of the 
PhC microcavity is calculated around 1892. This shows the 
ability of sugar-water solution infiltrated PhC microcavity as 
a liquid sensor. 

Table 5 
Results of the performances when increased the RI of sugar-water solution 

Performance 

RI Sensitivity, S„ 

Quality factor, Q 

Results 

79.6 nm/RIU 

1892 

1540 

1.39 1 41 1.43 1.45 

Refractive Index - n 

1.47 1.49 

Future simulation is shows the property of liquid sensor 
which is RI sensitivity (S„), quality factor (Q), and 
normalized transmittance (T) by change the radii of defected 
holes (rj) and increased the number of defected holes (N). 
All the future simulations will used n = 1.47 which is RI of 
sugar-water solution. 

ii) Increase the radii of defected holes, n 

Fig. 10(a): Resonant wavelength of PhC microcavity (ra=0.45a, N=6) when 
the RI ranged from 1 39 to 1.49. 
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Fig.ii(a): RI sensitivity of PhC microcavity (N=6) when radii 
of defected holes rx. 

Fig 10(b): Q factor of PhC microcavity (r:=0.45a, N=6) when the RI 
ranged from 1.39 to 1.49. 
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Fig. 11(b): Q factor of PhC microcavity (N=6) when radii of defected holes 
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Fig,12(b): Q factor of PhC microcavity (ry= 0.45a) when N=6, 12, 18, 28, 
and 36. 
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Fig. 11 (c): Normalized transmittance of PhC microcavity (N=6) when radii 
of defected holes rv 
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Fig. 12(c): Normalized transmittance of PhC microcavity (rt= 0.45a) when 
N=6, 12, 18, 28, and 36. 

Fig.l l(a),(b) and (c) shows the simulation ofSn , Q, and T 
with changed of defected hole radius rx. The radius of 
defected holes rx is increased from 0.39a to 0.49a with an 
interval of 0.02a and all structures has been simulated to 
obtain the variation rules of their optical characteristics. 

Table 6 
Result of the performances which of the radii of defect holes are obtained 
the optimal value. 

Performances 

Rl Sensitivity, S„ 

Quality factor, Q 

Transmittance, T 

Radi of defect holes, ri 

0.39a 

0.45a 

0.45a 

From the simulation, Q and T obtain the higher increment 
value for the radius of defected holes is when rj= 0.45a with 
Q = 1942 and T = 0.5825. While Sn obtain the largest 
value when rx= 0.39a with Sn = 1816. Therefore, in the 
following simulations, the radius of defected holes rt will be 
set to rt= 0.45a as the optimal cavity structure. 

Hi) Increase the number of defected holes, N 

Number of defected holes - N 

Fig. 12(a): RI sensitivity of PhC microcavity (r t= 0.45a) when N=6, 12, 18 
28, and 36. 

The relationship between the properties of PhC 
microcavity and the number of defected holes N is 
investigated when the radius of defected holes rx = 0.45a. 
Graphs in Fig.l2(a),(b) and (c) shows the calculated Sn, Q, 
and T when the value of defected holes N=6, 12, 18, 28, and 
36. As shown in Fig. 12(a) and (c), the changed of JV will 
changed the Sn and T of resonant mode and N = 12 is the 
optimal design with Sn = 46.3 nm/RIU and T = 0.5690. 
The RI sensitivity shows that 5nis larger for the small 
number of defected holes N. By refers to Fig. 12(a) the Sn 

value is high at N = 12 compared to other defected holes. 
Therefore in this PhC microcavity design, N = 12 is acts as 
marking point. 

Table 7 
Result of the performances which of the number of defected holes are 
obtained optimal value. 

Performances 

RI Sensitivity, S„ 

Quality factor, Q 

Transmittance, T 

Number of defected holes, N 

12 

6 

12 

iv) Final PhC structure for liquid sensor 

In this final PhC microcavity structure, we takes all the 
optimal value of the previous performance results of each 
conditions. Therefore as a conclusion, the final PhC 
microcavity structure for liquid sensor that has been 
employed is when cavity with rx= 0.45a and N = 12. By 
using this parameters, the designed PhC microcavity has RI 
sensitivity of 46.3 nm/RIU, quality factor of 1874 and 
transmission of 0.5690. 



Table 8 
Final results of the performances 

Performances 

Rl Sensitivity, S„ 

Quality factor, Q 

Transmittance, T 

for fii tal PhC structure of liquid sensor. 

Final result 

46.3 nm/RIU 

1874 

0.5690 

4.3 Protein sensor 

In protein sensing application, we used phosphate 
buffered saline (PBS) infiltrated the defected holes of PhC 
microcavity to observe protein. The concentration of PBS is 
determine by the refractive index. 

i) Increase the RI of phosphate buffered saline (PBS), S„ 

1550 

1.37 1.39 

Refractive Index - n 

1.43 

Fig.13(a): Resonant wavelength of PhC microcavity (ri=0.45a, N=6) when 
the RI ranged from 1.33 to 1.43. 

7000 

1.37 1.39 

Refractive Index - n 

1.43 

Fig 13(b): Q factor of PhC microcavity (ri=0.45a, N=6) when the RI ranged 
from 1.33 to 1.43. 

Table 9 
Results of the performances when increased the Rl of PBS solution. 

Performance 

RI Sensitivity, S„ 

Quality factor, Q 

Results 

189.5 nm/RIU 

6062 

Future simulation is shows the property of protein sensor 
which is RI sensitivity (S„), quality factor (Q), and 
normalized transmittance (T) by change the radii of defected 
holes (r^) and increased the number of defected holes (N). 
All the future simulations will used n = 1.35 which is RI of 
PBS solution. 

ii) Increase the radii of defected holes, ri 

0.39 0.41 0.43 0.45 0.47 

Radii of Defect Holes - rl (a) 

0.49 

Fig. 14(a): RI sensitivity of PhC microcavity (N=6) when radii of defected 
holes r,. 

4000 

0.39 0.41 0.43 0.45 0.47 

Radii of Defect Holes - rl (a) 

0.49 

Fig.14(b): Q factor of PhC microcavity (N=6) when radii of defected holes 
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1.35 1.37 1.39 

Refractive Index - n 

Fig. 13(c): RI sensitivity of PhC microcavity (r]=0.45a, N=6) when the RI 
ranged from 1.33 to 1.43. 

Fig. 13(a),(b) and (c) shows the resonant wavelength, Q 
factor and RI sensitivity of PhC microcavity when RI is 
ranged from 1.33 to 1.43 with increment of An = 0.02. For 
Fig. 13(b), the Q factor values decreased greatly from n = 
1.33 to n = 1.37 then it increase slowly. In this case, the RI 
sensitivity, Sn is about 189.5 nm/RIU, and the Q factor of the 
PhC microcavity is calculated around 6062. This shows the 
ability of phosphate buffered saline (PBS) solution infiltrated 
PhC microcavity as a protein sensor. 

0.39 0.41 0.43 0.45 0.47 

Radii of Defect Holes - rl (a) 

0.49 

Fig. 14(c): Normalized transmittance of PhC microcavity (N=6) when radii 
of defected holes rx. 

Fig.l4(a),(b) and (c) shows the simulation of Sn, Q, and 
T with changed of defected hole radii rx. The radius of 
defected holes rx is increased from 0.39a to 0.49a with an 
interval of 0.02a and all structures has been simulated to 
obtain the variation rules of their optical characteristics. 



Table 10 
Result of the performances which of the radii of defect holes are obtained 
the optimal value. 

Performances 

Rl Sensitivity, Sn 

Quality factor, Q 

Transmittance, T 

Radi of defect holes, ri 

0.47a 

0.43a 

0.45a 

From the simulation, T obtain the higher increment value 
for the radius of defected holes is when rx= 0.45a while Q 
obtain the largest value when ^=0.430 while Sn = 0.47a. 
Due to the results shows the different values of the 
performance therefore we choose the highest increment 
value and in the following simulations, the radius of defected 
holes rx will be set to r t= 0.45a as the optimal cavity 
structure. 

Hi) Increase the number of defected holes, N 

12 18 24 30 

Number of defected holes - N 

Fig. 15(a): RI sensitivity, Q factor and normalized transmittance of PhC 
microcavity (r,= 0.45a) when N=6, 12, 18, 28, and 36 

12 18 24 30 

Number of defected holes - N 

Fig. 15(b): Q factor of PhC microcavity (r,= 0.45a) when N=6, 12, 18, 28, 
and 36. 

and T when the value of defected holes N=6, 12, 18, 28, and 
36. As shown in Fig. 15(a) and (c), the changed of N will 
changed the Sn and T of resonant mode and N = 12 is the 
optimal design with Sn = 114.4 nm/RIU and T = 0.3814. 
The RI sensitivity shows that 5nis larger for the small 
number of defected holes N. By refer to Fig. 15(a), the Sn is 
increased at N = 12 compared to other defected holes. 
Therefore in this PhC microcavity design, N = 12 is acts as 
a setting point. 

Table 11 
Result of the performances which of the number of defected holes are 
obtained optima] value. 

Performances 

Rl Sensitivity, Sn 

Quality factor, Q 

Transmittance, T 

Number of defected holes, N 

12 

6 

12 

iv) Final PhC structure for protein sensor 

In this final PhC microcavity structure, we takes all the 
optimal value of the previous performance results of each 
conditions. Therefore as a conclusion, the final PhC 
microcavity structure for protein sensor that has been 
employed is when cavity with rx= 0.45a and N = 12. By 
using this parameters, the designed PhC microcavity has RI 
sensitivity of 114.4 nm/RIU, quality factor of 1659 and 
transmission of 0.3814. 

Table 12 
Final results of the performances 

Performances 

Rl Sensitivity, S„ 

Quality factor, Q 

Transmittance, T 

fot final PhC structure of protein sensor. 

Final result 

114.4 nm/RIU 

1659 

0.3814 

4.4 Comparison result for each sensing applications 

12 18 24 30 36 

Number of defected holes - N 

Fig.15(c): Normalized transmittance of PhC microcavity (ri= 0.45a) when 
N=6, 12, 18, 28, and 36. 

Then the relationship between the properties of PhC 
microcavity and the number of defected holes N is 
investigated when the radius of defected holes rx = 0.45a. 
Graphs in Fig. 15(a),(b) and (c) shows the calculated 5„, Q, 

Table 13 
Comparison results from our optimized PhC microcavity for various sensing 
material. 

Sensing 
material 

Gas 
Liquid 
Protein 

RI sensitivity 
(nm/RIU) 

48.2 
46.3 
114.4 

Quality factor 

2551 
1874 
1659 

Normalized 
transmission 

0.3330 
0.5690 
0.3814 

Based on the theoretical, this structure of PhC 
microcavity is designed for gas sensing application using 
cryptophane E to detect the methane gas [18]. Zhang et al. 
state that heterostructure cavity has the highest Qmd highest 
RI sensitivity among all of these PhC cavity structure 
[18,19,20,21,22,23]. This structure has been choose to 



investigate other sensing material such as other gases, liquid 
and protein. Table 13 above shows the comparison of the 
results from various sensing material of PhC microcavity. 
From the table as can seen, this structure can be used in other 
sensing application. Q factor of gas sensor showing the 
highest value compare to other sensor. It prove that this 
structure is designed for gas sensing application [8]. From 
Table 13 it shows the comparison results from all simulations 
for different sensing material of PhC microcavity. As can 
seen, gas sensor shows the highest value for quality factor 
which is 2551 compare to other sensor. In the other hand, 
liquid sensor shows the highest normalized transmission 
value which is 0.5690 and protein sensor shows highest in RI 
sensitivity which is 114.4 nm/RIU. 

Table 14 
Comparison of resonant properties among the published PhC microcavities 
and our optimized PhC microcavity. 

Structure 

LI 1 Ring 
Microcavity 
Heterostructure 
cavity 
Slotted 
Heterostructure 
cavity 
Modified L7 
cavity 
L3 cavity 
HI cavity 

Our optimized 
cavity 

RI 
sensitivity 
(nm/RIU) 

363.8 

80 

510 

460 

98 
165.45 
48.2 
46.3 
114.4 

Quality 
factor 

1.3 xlO4 

3.8xl0 5 

2.6 xW 

2.6 x 103 

6.5 X 103 

4X103 

2.6 x 103 

1.9 XlO3 

1.7 XlO3 

Sensing' 
material 

Gas 

Gas 

Gas 

Liquid 

Liquid 
Liquid 

Gas 
Liquid 
Protein 

Publish 
year 

2015 

2008 

2010 

2012 

2010 
2013 

-
-
-

Ref 

[18] 

[19] 

[20] 

[21] 

[22] 
[23] 

-
-
-

In this paper, we observe this resonator possesses a larger 
Q-factor which is at 2551 and a full width at half maxima 
less than a nanometer. This is due to the theoretical state that 
the higher Q-factor make it easier to detect very small shifts 
in the resonances [20]. In Table 14, we list the Sn and Q of 
some PhC microcavities that already stated in introduction, 
where our optimized PhC microcavity is also include in the 
comparison. As can seen, from the table it shows 
heterostructure cavity has the highest Q and highest RI 
sensitivity compare to other PhC cavity structure. Even 
though our optimize cavity does not shows the highest Qand 
highest RI sensitivity, but we proved that this sensing 
structure beside good as a gas sensing application it also 
good for protein sensor as well. 

5.0 CONCLUSION 

In this work, a few number of photonic crystal cavity 
structure have been designed and analysed and identified the 
physical parametric studies of the performances of this 
photonic crystal cavity. The main objective of this work was 
to design twp dimensional heterostructure ring microcavity 
of photonic crystal cavity and to optimize the design by 
introducing a defected holes of the photonic crystal cavity 

structure. Optimization has been justified by the calculation 
of refractive index sensitivity, quality factor and 
transmission. This work has been compared with the 
previously published work from other researchers on 
photonic crystal cavity especially for heterostructure 
structures of photonic crystal cavity. The design and analysis 
for all performance of photonic crystal cavity has been 
performed by using OptiFDTD software. In this work, we are 
studied about the application of analyte receptor that was 
infiltered in PhC microcavity for different sensing material. 
The RI sensitivity, quality factor and transmittance of the 
proposed cavity can be determine by using finite difference 
time domain (FDTD) method. Beside as a gas sensor of PhC 
microcavity application, this structure also can be used as a 
protein sensor. From the results it is shows for protein 
sensing, the RI sensitivity of 114.4 nm/RIU has been 
observed. 

5.1 Recommendation for Future Project 

Suggestion for future project is to design in structure by 
using RSOFT software and fabricate this design to compare 
the theoretical result and practical results. In this work, the 
material used is silicon (Si) as the background methods. 
Recently, more advanced material system such as photonic 
crystal made of air spheres in titania (Ti02) [24], liquid-
crystal photonic band gap [25], and many others can be 
added in PhC analysis. Besides, in future work is to include 
these modern material systems in the design and analysis. 
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