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Abstract: In this paper, we present a micro-displacement sensor formed by the fixed and movable 
photonic crystal slabs. In this sensor, a waveguide was created by changing the radius of holes rather 
than removing them. At a proper operating wavelength, the structure could be used as the 
micro-displacement sensor. The results revealed that the micro-displacement sensor had a sensitivity 
of 3.6 µm−1, the Q-factor was nearly 180, and the sensing range was 0.0 µm – 0.5 µm. The properties 
of the micro-displacement sensor are also analyzed theoretically and verified using the 
finite-difference time-domain (FDTD) method carried out using the software (Rsoft). 
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1. Introduction 

The micro-displacement sensor is an important 
measurement system in many applications such as 
the micro-electro-mechanical systems (MEMS), 
aerospace, structure health monitoring, and many 
engineering fields [1, 2]. Many efforts are being 
devoted to measure the displacement with the high 
accuracy by using the photonic crystal (PhC) sensors 
and laser interferometers [3–5]. The photonic crystal 
structure is one of the most useful devices for the 
sensing systems [6, 7]. Over the past few decades, 
these devices were considered for sensing 
applications. These devices have very useful 
features such as the small size, high sensitivity, and 
wide range of wavelengths. Various designs of the 
micro-sensor based on the PhCs have been proposed 
recently. A sensor based on the PhC waveguide 

which can provide a sensitivity of 1 
1m−µ , was 

introduced by Levy et al. in 2005 [3]. This sensor 
needs three detectors to be used, which does not 
only complicate the structure of a micro-sensor, but 
also the error in any of the detectors will deteriorate 
the measurement results [2]. Another sensor was 
introduced in 2006 by Xu et al. [1]. This sensor is 
based on the line-defect resonant cavity in the PhC 
which can provide a sensitivity of about 1 1a−  (a is 
the lattice constant) [1]. This sensor needs only one 
detector, the line-defect resonant cavity structure of 
the device is simple, and the Q-factor is only 40 [2]. 
The next sensor was introduced in 2007 by Xu et al. 
[8]. They proposed a micro-displacement sensor 
with a large dynamic range, and its sensing 
technique is based on a PhC co-directional coupler. 
Another displacement sensor was presented in 2011 
by Yang et al. [2]. This sensor can provide a 
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sensitivity of about 1 1a−  with the Q-factor of 6000. 
In this paper, we propose a micro-displacement 

sensor formed by the fixed and movable photonic 
crystal segments. The sensitivity and Q-factor of this 
sensor were 3.6 1a−  and 180, respectively. The 
properties of the micro-displacement sensor are 
analyzed theoretically and verified using the finite- 
difference time-domain (FDTD) method. 

2. Theoretical analysis of the designed 
sensor 

Figure 1 shows the designed sensor layout. This 
sensor includes two coplanar PhC segments; one of 
them is fixed, and the other is movable. These 
segments are aligned along a common axis. The 
light emitted from the light source propagates 
through the waveguide, and the transmission 
intensity is detected by a photodetector. When the 
distance between two PhC segments is changed, the 
transmission intensity will change. In a small range 
of the displacement, the relationship between the 
output intensity and displacement is linear. 
Therefore, at a proper operating frequency, this 
structure can be utilized as a micro-displacement 
sensor with the high sensitivity. The transmission 
coefficients for different frequencies can be 
expressed approximately as the following 
Lorentzian function [2, 9]: 
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where 0ω  is the resonant frequency, and Q is the 
quality factor of the resonant cavity. The resonant 
frequency 0ω  is shifted by changing the cavity 
length. The PhC cavity in this sensor is made by the 
green holes as shown in Fig. 1. When the movable 
segment is shifted along the common axis with a 
certain operating frequency ω , we can then derive 
the variation of the transmission coefficient as 

( ) ( ) ( )T x T x x T x∆ ∆ = + ∆ −          (2) 

where x∆  is the displacement between two 
segments. By using Taylor series, we obtain [2] 
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Fig. 1 Layout of the micro-displacement sensor based on the 

high sensitivity photonic crystal. 
In practical systems, a proper operating 

frequency ω  should be selected to apply the sensor 
in the quasi-linear region [1]. Considering 1ω  
which satisfies 0 1( ) 0T ,ω ω′′ ≈ , then ( )T x∆ ∆  can 
be considered as the linear function as [2]: 
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3. Sensor parameters and simulation 
results 

As shown in Fig. 1, the micro-displacement 
sensor was designed in the 2D PhC with the square 
lattice of air holes in the dielectric. The radius of the 
holes was considered as 0.2a. The dielectric constant 
was 11.56, therefore, the refractive index n can be 
calculated as 

11 56 3 4n . .ε= = = .          (5) 
Each segment of the sensor was formed by 

11×11 holes in the dielectric. In this sensor, the line 
defect was created by shrinking a row rather than 
removing them, as shown in Fig. 1. This 2D PhC had 
a photonic band gap (PBG) only for TE modes [10]. 
Figure 2 shows the PBG for this sensor. As shown in 
Fig. 1, the waveguide created by changing the radius 
of holes was similar to the W1 waveguide, but the 
modes were shifted to the higher frequency inside 
the bandgap, because the refractive index of the 
structure decreased. This structure significantly 
increased the amount of the surface area available 
for sensing in the central high-field regions which 
caused an increase in the sensitivity [11, 12]. 



                                                                                             Photonic Sensors 

 

222 

As shown in Fig. 2, this structure had two PBG  

ranges, 0.325 a
λ
 
  

 – 0.445 a
λ
 
  

 and 0.625 a
λ
 
  

 – 

0.675 a
λ
 
  

. 

 
Fig. 2 Photonic band gap of the designed sensor. 
We chose 2.7 µm as the operating wavelength, 

because this wavelength was coincident with the 
cavity resonator wavelength. The frequency 
response of the structure is shown in Fig. 3. 
Therefore, the Q-factor can be calculated as 
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Fig. 3 Frequency response. 
The wave propagation in the structure and the 

output intensity as a linear function of the 
displacement are shown in Figs. 4 and  5, 
respectively. According to Fig. 5, the variation of the 
transmission coefficient decreases from 3.2 to 1.4 
when the displacement between two segments 
increases from 0.0 µm to 0.5 µm. In other regions, 
the relationship between the output intensity and 
displacement is not linear. 

The sensitivity can be calculated by using data 
from Fig. 5 as 
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.
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Fig. 4 Wave propagation in the designed sensor. 
According to Fig. 5 for the displacement between 

0 and 0.5 µm, the regression coefficient is 0.981137, 
which implies that the sensor is working in a linear 
region. Table 1 shows the relationship between the 
displacement, sensitivity and regression. For the 
displacement between −0.5 µm and 0.0 µm, the 
regression coefficient is lower than 0.5, therefore 
there is a nonlinear relation between the output 
intensity and displacement. 

 
Fig. 5 Relationship between the output intensity and 

displacement. 

If the radius of holes increases, the value of the 
relative refractive index of structure decreases, the 
photonic band gap shifts to the higher frequencies, 
and consequently the sensitivity increases [11]. But 
with an increase in the radius, the waveguide band 
gap can be overlapped with the structure band gap, 
and the sensor does not work in a linear mode. 
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Table 1 Sensitivity and regression for displacement regions. 

Displacement (µm) Sensitivity (µm−1) Regression 

﹣0.5 – ﹣0.4 4 0.5073377 
﹣0.4 – ﹣0.3 7.5 0.451036 
﹣0.3 – ﹣0.2 10.5 0.236934 

﹣0.2 – ﹣0.1 9 0.307377 

﹣0.1 – 0.0 5.5 0.190320 

0.0 –0.1 3.5 0.982480 

0.1 – 0.2 3.5 0.909492 

0.2 – 0.3 3.6 0.945725 

0.3 – 0.4 3.6 0.986207 

0.4 – 0.5 3.7 0.921880 

As shown in Fig. 6(a) by increasing the radius of 
holes, the sensitivity increases, but as shown in Fig. 

6(b), the regression has a maximum value in the 
radius of holes equal to 0.50 µm. By selecting the 
radius of holes between 0.49 µm and 0.51 µm, the 
sensitivity and regression are optimum. 

 
(a) 

 
(b) 

Fig. 6 Effect of increasing the radius of holes on the      
(a) sensitivity and (b) regression. 

Table 2 describes a brief comparison between the 
results obtained from the similar structures reported 
in [1–3, 8] and presented sensor in this paper. As 
shown in this table, the designed sensor has a higher 
sensitivity in a wide measurement range. 

Table 2 Brief comparison between the results of the 
presented sensor and reported sensors in [1–3, 8]. 

Displacement sensor Q-factor Sensitivity 
(µm−1) 

Displacement 
(µm) 

Displacement sensing using 
photonic crystal 
waveguides [3] 

 1 0.0 – 0.2 

Sensor based on line-defect 
resonant cavity in photonic 

crystal [1] 
40 1.25 0.0 – 0.2 

Micro-displacement sensor 
with large dynamic range 
based on photonic crystal 
co-directional coupler [8] 

 1 
Limited by the 
length of the 

sensor 

Micro-displacement sensor 
based on high-Q nanocavity 
in slot photonic crystal [2] 

6000 1 0.0 – 0.2 

Presented sensor 180 3.8 0.0 – 0.5 

 

4. Conclusions 

In this paper, we introduce a micro- 
displacement sensor based on the 2D photonic 
crystal. The 2D PhC consisted of air holes in the 
dielectric with the square lattice structure. In this 
sensor, by selecting the appropriate operating 
frequency, the sensitivity was obtained as 3.6 µm−1 – 
3.8 µm−1 depending on the different radii of holes, 
and the Q-factor of the resonant cavity was 
calculated nearly 180. The linear region of the 
sensitivity was obtained in the range of 0.0 µm –  
0.5 µm. Therefore, at a proper operating frequency, 
this structure can be used as a micro-displacement 
sensor with the high sensitivity and large 
measurement range. Compared to the similar 
structures reported in [1–3, 8], the designed sensor 
has a higher sensitivity and a wider measurement 
range. 
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