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Abstract 
 

A novel ultra-compact one dimensional (1D) photonic crystal (PC) nanobeam integrated sensor (1D PC NIS) is 
presented in this work, which is formed by series-connected 1D PC nanobeam bandstop filter (1D PC NBF) and 1D PC 
nanobeam cavity sensor (1D PC NCS). 1D PC NBF is based on an array of the same rectangular grating, with the 
photonics bandgap (PBG) range for 1538nm~1763nm. 1D PC NCS consists of a 1D PC nanobeam cavity, with the circle 
air-hole radius parabolically decreasing. By connecting these two parts above, the resonance within the stop band of 1D 
PC NBF will be filtered out, only the goal resonance used for refractive index sensing is left. Resonance wavelength 
position of the goal resonance remains the same basically. A high Q-factor of above 1.43×103 and a high sensitivity of 
127.07nm/RIU can be obtained simultaneously, which agrees well with the 122.07nm/RIU obtained above without filter. 
Moreover, benefiting from the ultra-compact size (0.7μm×11μm), 1D PC NIS proposed in the paper is promising to be 
used for sensors array and multiplexed sensing. 
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1. Introduction 

 
Over the past decade, nano-scale devices have attracted more extensive application prospect in the military 

aerospace systems, automotive, biochemical detection, medical diagnosis and health field. Especially, optical device of 
photonic crystal (PC) with small mode volume, high sensitivity and high quality factor have prevailed in many different 
field[1], such as 1 nanobeam sensor[1-6], add-drop filters[7], cavity lasers [8][9], electro-optical modulators[10], 
all-optical switch[11-13], diodes[14]. In particular, one dimensional (1D) PC nanobeam cavities showed significant 
advantages in integrated devices owing to the small footprints and high integrability [15-18]. However, it’s difficult for 
them to be used for multiplexed sensing as 1D PC nanobeam cavity sensor (1D PC NCS) has several resonances in the 
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transmission spectrum. So in this work, in order to overcome the above limitations, a novel ultra-compact 1D PC 
nanobeam integrated sensor (1D PC NIS) formed by series-connected nanobeam bandstop filter (NBF) and nanobeam 
cavity sensor (NCS) is presented in this work. By connecting an additional NBF to a NCS in series, only the goal 
resonance used for refractive index (RI) sensing is left in transmission spectrum, while the other unwanted modes are 
filtered out. 
 
 

2. Design of Photonic Crystal Nanobeam Cavity Sensor  
 

In the paper, we proposed a new 1D PC NCS based on an array of circle air-holes lying in a silicon waveguide, of 
which the radius parabolically decrease, as be shown in Fig.1. The thickness and width of the waveguide is H=220nm 
and Wb=700nm respectively. Moreover, the distance between the adjacent center of circle air-holes is fixed as a1=330nm. 
Firstly, nanobeam cavity is designed by a deterministic high-Q cavity design method [17]. The structure is strictly 
symmetric with respect to the dashed line as depicted in Fig.1. In Fig.2 (a), the filling factor of each mirror segments 
from center to end vary with the distance from the center, so the radius of air-holes changes from rcenter=0.1213μm to 
rend=0.8577μm. The radius of each air-hole can be expressed by the following equation: 

          ( ) = + ( − 1) ( — )/( − 1) ( = 1，2… )                      (1) 

imax, the half of the air-holes amount, is setted as 9 in this work. The calculated results is shown in Fig.2(b).The 
Gaussian mirror can be created by reducing the filling factor quadratically, and the Q-factor can be increased by 
increasing the hole number of the Gaussian mirror with the expense of small mode volume. 

 

Fig.1 Schematic of the 1D PC NCS based on a 1D PC nanobeam cavity. The thickness and width of the 
waveguide is 220nm and 700nm respectively, nsi=3.46, nair=1.0.  
 

In Fig.2 (a), the transmission of the sensor can be obtained by the three-dimensional finite-difference time-domain 
(3D-FDTD) method. Fig.2 (b) show the transmission spectrum as the background RI changed from RI=1.0 to RI=1.3. As 
seen, the wavelength position in the transmission shifts towards longer wavelengths (red-shifts) with the increasing RI 
value from 1.0 to 1.3. The red shift is 36.62nm. Moreover, sensitivity can be expressed by the following equation: 

           
RI

S
Δ
Δ

=
λ              

(2) 
The RI sensitivity of the fundamental mode (FM) can be calculated as high as S =122.07nm/RIU.
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Fig.2 (b) the radius of air-holes changes with the increasing the number of air-holes from rcenter =0.1213μm to 
rend=0.8577μm. Fig.2 (c) displays the filling factor of each mirror segments from center to end. fstart =0.2, 
fend=0.1.

 

Fig.3 (a) the transmission of 1D PC NCS can be obtained by the 3D-FDTD method. Fig.3 (b) Composed 
transmission spectrum as the background RI changed from RI=1.0 to RI =1.3. As the RI increases, the 
resonance wavelength shifts towards longer wavelengths. 

 
 

3. Design of Photonic Crystal Nanobeam Bandstop Filter 
 

In this work, a novel 1D PC nanobeam bandstop filter (1D PC NBF) is demonstrated in order to match with 1D PC 
NCS designed in section 2. In addition, compared with the traditional filter, 1D PC NBF, with smaller footprints, is 
suitable for dense integration and multiplexing. As seen in Fig.4, the lattice constant is set as a2=390nm, the waveguide 
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width Wb and thickness H are set as Wb=700nm and H=220nm respectively. The geometry of rectangular grating in NBF 
are exactly identical. 

 
Fig.4 Schematic of the 1D PC NCS in which rectangular grating lie keep the same geometry. The lattice 
constant is a2=390nm, the waveguide width and thickness is Wb=700nm and H=220nm respectively.  
 
In order to match with 1D PC NCS and obtain a sharp edge in the photonics bandgap (PBG) simultaneously, we 

investigate the transmission characteristics of the bandstop filter by using 3D-FDTD. From the numerical simulations, 
we find that the filtering performance is highly influenced by the filling factor (f) of the grating and the number of 
rectangular air-holes in grating. 

The transmission spectrum can be obtained by 3D-FDTD with the filling factor of the rectangle grating changing 
from 0.059 to 0.099, while the length of the rectangular air-holes in grating keep at Ls=0.17μm. The result is shown in 
Fig.5 (a).The image demonstrated that as the effective RI increased (by reducing air-hole area), the PBG of the structure 
moves to lower frequency. As you know, only the FM is used for RI sensing, therefore, we need to filter higher order 
mode resonances, leaving only the goal resonance in the transmission spectra, so it is a natural good choice to set the 
filling factor of the rectangle grating as f= 0.079, at this time, the width of the rectangular hole is Ws=126.5 nm. 

In order to achieve a wide low-pass band with a sharp edge, it is necessary for us to discuss how the number of 
air-holes affects the PBG in transmission spectrum. Fig.5 (b) depicts the width of the PBG changes as the number of slot 
(N) increasing, the edge of the PBG become sharper. Thus, the number of rectangular grating is fixed as 12 to achieve a 
high transmission but low Q-factor structure. Eventually, twelve air-holes in grating are decided to be 170nm length and 
126.5nm width. The mode at wavelengths lower than 1538nm and higher than 1763 nm are the bandedge modes. The 
width of the PBG is over 220nm. 
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Fig.5 (a) the transmission spectrum with the change of the filling factor of the rectangle slot, while 
Ls=0.17.The PBG of the structure shifts towards longer wavelengths as f increased. Fig.5 (b) the changes of the 
PBG as the number of slot (N) increasing. The edge of PBG become sharper in the transmission of NBF by 
using 3D-FDTD when more grating are etched into the waveguide. 

 
 

4. Design of Photonic Crystal Integrated Sensor  
 
   However, it’s difficult for them to be used for multiplexed sensing as 1D PC NCS we proposed in the section 3 has 
several resonances in the transmission spectrum. So in this work, in order to overcome the above limitations, we propose 
an ultra-compact 1D PC NIS. The schematic of the proposal integrated sensor is shown in Fig.6 (a), which consist of two 
sections. The first section is 1D PC NBF, which has been design in the section 3. The second one is 1D PC NCS, which 
has been designed in the section 2.The waveguide width Wb and thickness H are set as Wb =700nm and H=220nm 
respectively. By connecting an additional 1D PC NBF to a 1D PC NCS in series, a transmission spectra containing the 
goal resonance of the 1D PC nanobeam cavity for sensing is created, and the resonance within the stop band of NBF will 
be filtered out. The distance between the 1D PC NBF and 1D PC NCS has no effect on the transmission spectra.  

 
Fig.6 1D PC NIS device comprised of 1D PD NBF and 1D PD NCS. 1D PC NCS has been design in the 
section 2. 1D PC NBF has been design in the section 3. The lattice constant a1=330nm and a2=390nm. 
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Fig.7 (a) the 3D-FDTD transmission spectrum of 1D PC NIS. The FM is left alone in the transmission 
spectrum, other order mode resonances are filtered out. Fig.7 (b) the transmission spectrum as the background 
RI changed from RI=1.0 to RI=1.3. Fig.7(c) fitting image of the resonant wavelength changing with the 
variation of RI. 
 
By using 3D-FDTD, the transmission spectrum of the proposal integrated sensor can be obtained. As shown in Fig.7 

(a), only the goal resonance used for RI sensing is left in transmission spectrum with the resonant wavelength of 1521nm. 
Resonance wavelength position of the goal resonance remains the same basically. The Q-factor can be calculated as high 
as 1.43×103. According to Fig.7 (b), the resonant wavelength shifts towards longer wavelength as the background RI 
changed from 1.0 to 1.3, the red shift is 38.3nm. Fig.7(c) shows fitting image of the resonant wavelength changing with 
the variation of RI, the slope in physical indicates the RI sensitivity(S), according to the formula (2), sensitivity can be 
calculated as high as S =127.07nm/RIU, which agrees well with the 122.07nm/RIU obtained above without filter. In 
particular, 1D PC NIS possesses the ultra-compact footprint of 0.7μm×11μm. Thus, the features mentioned above make 
1D PC NIS more relevant in sensors array, accurate detections and multiplexed sensing. 
 
 

5. Conclusion 
 
In summary, we propose a novel 1D PC NIS formed by series-connected 1D PC NBF and 1D PC NCS. High Q-factor of 
above 1.43×103 and a high sensitivity of 127.07nm/RIU can be obtained simultaneously. Besides, we study the design 
method and the transmission performances of 1D PC NBF and 1D PC NCS in this paper, including the influence of the 
filling factor and the number of rectangular air-holes in grating on PBG in 1D PC NBF. In addition, the proposed 
integrated sensor possesses the ultra-compact footprint and can be fabricated easily. The features mentioned above 
guarantee that the integrated device presented in this work is promising to build sensors array, detect precisely and be 
used for multiplexed sensing. 
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