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Abstract: We propose a novel multiplexed ultra-compact high-sensitivity one-dimensional 
(1D) photonic crystal (PC) nanobeam cavity sensor array on a monolithic silicon chip, 
referred to as Parallel Integrated 1D PC Nanobeam Cavity Sensor Array (PI-1DPC-NCSA). 
The performance of the device is investigated numerically with three-dimensional finite-
difference time-domain (3D-FDTD) technique. The PI-1DPC-NCSA consists of multiple 
parallel-connected channels of integrated 1D PC nanobeam cavities/waveguides with gap 
separations. On each channel, by connecting two additional 1D PC nanobeam bandstop filters 
(1DPC-NBFs) to a 1D PC nanobeam cavity sensor (1DPC-NCS) in series, a transmission 
spectrum with a single targeted resonance is achieved for the purpose of multiplexed sensing 
applications. While the other spurious resonances are filtered out by the stop-band of 1DPC-
NBF, multiple 1DPC-NCSs at different resonances can be connected in parallel without 
spectrum overlap. Furthermore, in order for all 1DPC-NCSs to be integrated into microarrays 
and to be interrogated simultaneously with a single input/output port, all channels are then 
connected in parallel by using a 1 × n taper-type equal power splitter and a n × 1 S-type power 
combiner in the input port and output port, respectively (n is the channel number). The 
concept model of PI-1DPC-NCSA is displayed with a 3-parallel-channel 1DPC-NCSs array 
containing series-connected 1DPC-NBFs. The bulk refractive index sensitivities as high as 
112.6nm/RIU, 121.7nm/RIU, and 148.5nm/RIU are obtained (RIU = Refractive Index Unit). 
In particular, the footprint of the 3-parallel-channel PI-1DPC-NCSA is 4.5μm × 50μm (width 
× length), decreased by more than three orders of magnitude compared to 2D PC integrated 
sensor arrays. Thus, this is a promising platform for realizing ultra-compact lab-on-a-chip 
applications with high integration density and high parallel-multiplexing capabilities. 
©2016 Optical Society of America 
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1. Introduction
Lab-on-a-chip ultra-compact and high-sensitivity bio-chemical sensors are very attractive in 
various applications, such as medical diagnosis, drug development, environmental protection, 
medicine security, and food safety [1]. While optical sensing techniques represent one of the 
most popular methods for performing sensitive, real-time and label-free biomolecular 
detection [2,3]. During the past decades, various different photonic structures with a resonant 
mode have been developed as optical sensor devices. The most exploited schemes are based 
on the principles of surface plasmon resonance (SPR) [4–7], whispering-gallery 
microresonator (WGM) [8–13], Mach-Zehnder interferometer (MZI) [14–16], ring resonator 
(RR) [17–23], and photonic crystals (PC) [24–45]. Particularly among these, PC based optical 
sensors show promising advantages in density-integrated sensor array devices for high-
parallel multiplexed sensing detections and lab-on-a-chip applications due to their ultra-
compact size, small footprints, and high integrability with photonic integrated circuits (PICs) 
[46,47]. For example, Mandal et al. demonstrated a nanoscale opto-fluidic sensor array based 
on a silicon (Si) waveguide with a one-dimensional (1D) PC side-coupled microcavity 
resonator that lies adjacent to a silicon bus waveguide [48]. Pal et al. demonstrated an optical 
biosensor array based on several series-connected PC microcavity sensor units [49]. Yang et 
al. displayed a two-dimensional (2D) PC integrated sensor array (PC-ISA) based on series-
connected H0 microcavities side-coupled to 2D PC waveguides [50,51]. Zou et al. 
demonstrated a 16-channel 2D PC-ISA based on series-connected L3 (Ln) microcavities side-
coupled to 2D PC waveguides [52]. However, most of these PC-ISAs are based on 2D PC 
platforms. The footprints of these 2D PC-ISAs are usually too large (for example, the full 
device footprint is ~400μm × 1600μm in [52]), which are not suitable for high density 
integration. Moreover, for the above mentioned multi-channel 2D PC-ISAs, multiple coupling 
optical fibers at the output port are necessary in order to monitor the responses (e.g. binding 
reactions) from all PC cavity sensor units simultaneously. And the design limitation of these 
multi-channel 2D PC-ISAs is that all sensor units cannot be interrogated simultaneously 
between a single input optical fiber and a single output optical fiber, resulting in the devices 
packing and alignment to be fragile and cost-expensive. 

In order to overcome the above mentioned design drawback and limitation of the 2D PC-
ISA platforms, ultra-high Q/Vm (Q = cavity quality factors, and Vm = cavity mode volumes) 
1D PC nanobeam cavities (1DPC-NCs) [53–60] have been recently demonstrated as a 
competitive candidate for nanoscale high-density ISA with ultra-high sensitivity, due to their 
ultra-compact footprints and high integrability with optical waveguides and circuits. So far, a 
variety of nanoscale optical cavity sensors based on 1DPC-NCs with ultra-high sensitivities 
(S) and ultra-high Q-factors (Q) have been demonstrated [61–69]. However, from the 
practical application perspective, the design limitation of these 1D PC nanobeam cavity 
sensors (1DPC-NCSs) is that they only typically operate as point or single sensor. And the 
number of targets which can be screened for at one time is relatively small. Moreover, the 
long-strip shape 1DPC-NCSs have several resonant wavelengths in the transmission spectrum 
as shown in previous work [61–69], which makes them difficult to realize highly-parallel and 
multiplexed sensing on a monolithic silicon chip. Ideally one would like an architecture that 
combines a high figure of merit (FOM) with the ability to multiplex multiple detection sites 
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between a single input and output on monolithic substrates, enabling the packing and 
alignment to be robust and cost-effective. 

Herein, towards this direction, a novel method for the dense integration of ultra-compact 
and high sensitivity 1D PC nanobeam cavity based sensors is proposed on a monolithic 
silicon chip, which we refer to as Parallel Integrated 1D Photonic Crystal Nanobeam Cavity 
Sensor Array (PI-1DPC-NCSA). The performance of the device is investigated theoretically 
by using three-dimensional finite-difference time-domain (3D-FDTD) simulation. The 
proposed PI-1DPC-NCSA device consists of multiple parallel channels of integrated 1D PC 
nanobeam cavities/waveguides with gap separations. By connecting two additional 1DPC-
NBFs to a 1DPC-NCS in series on each channel, a transmission with a single targeted 
resonance for sensing purposes is created, while the other spurious resonance modes are 
filtered out by the stop-band of the series-connected filters. Thus, multiple 1DPC-NCSs at 
different resonances can be connected in parallel without spectrum overlap. 

Furthermore, in order to restrain crosstalk between the channels and to enable all 
nanobeam sensing units to be interrogated simultaneously by using a single input fiber lens 
and a single output fiber lens, all channels are then connected in parallel by placing a 1 × n 
equal power splitter and a n × 1 S-type power combiner in the input and output ports, 
respectively. When n sensing channels are connected in parallel, the output transmission 
spectrum will exhibit n resonant peaks. In this work, the conceptual model of the proposed PI-
1DPC-NCSA is displayed with a 3-parallel-channel multiplexed 1DPC nanobeam cavity 
sensor array containing series-connected 1DPC nanobeam bandstop filters. By using 3D-
FDTD method, as expected, the composed output transmission only containing three resonant 
peaks for multiplexed sensing is observed. Moreover, the numerical results show that, as the 
RI in the region surrounding each sensing channel changed, all the three resonant peak shifts 
are independent of each other, namely, a shift in one of them does not perturb the others. The 
numerical calculated RI sensitivities for each sensor unit of the proposed 3-parallel-channel 
PI-1DPC-NCSA as large as 112.6nm/RIU, 121.7nm/RIU, and 148.5nm/RIU can be achieved. 
In addition, it is worth mentioning that the total footprint of the proposed 3-parallel-channel 
multiplexed PI-1DPC-NCSA is ultra-compact of 4.5μm × 50μm (width by length), which 
decreased by three orders of magnitude compared to the sensor arrays based on 2D PC side-
coupled cavities [50–52,70], without sacrificing Q-factors and RI sensitivities. 

2. 1DPC-NBFs serially-integrated with 1DPC-NCS to obtain a single targeted 
resonance 
In order to obtain a transmission spectrum of multi-resonance 1DPC-NCS only containing a 
single targeted resonance, while the other spurious resonances are filtered out at the same 
time, a novel method for the dense-integration of ultra-compact and high-sensitivity 1DPC 
waveguide/cavity sensors is presented. Figure 1(a) displays the schematic of the integrated 1D 
PC nanobeam waveguide/cavity device, which consists of one 1DPC-NCS and two additional 
serially-connected 1DPC-NBFs. 
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Fig. 1. (a) Schematic of integrated silicon 1D PC nanobeam waveguide/cavity device, which 
consists of one 1DPC-NCS and two additional serially-connected 1DPC-NBFs. (b) 3D-FDTD 
simulation of the major field distribution profile (|Ey|) of the specific targeted resonant mode 
(~1520nm) for sensing purpose in the integrated 1D PC nanobeam device formed by two 
additional series-connected 1DPC-NBFs and a 1DPC-NCS. The unit of the x/y axis is 
micrometers. Here, for both 1DPC-NBF1 and 1DPC-NBF2, the periodicity a1 = 392nm and a2 
= 304nm, the radius of air-hole gratings are kept the same as r1 = 90nm and r2 = 90nm, 
respectively. For 1DPC-NCS, the periodicity a = 330nm. To create a Gaussian mirror, the air-
hole gratings radius are parabolically tapered from rcenter = 121nm in the center to rend = 85nm 
on both sides, which is symmetric with respect to its center. The thickness and width of the 
silicon nanobeam waveguide is h = 220nm and wnb = 700nm. nsi = 3.46, nair = 1.0. 

Firstly, for both additional serially-connected 1DPC-NBF1 and 1DPC-NBF2 shown in 
Fig. 1(a), which consists of a 1D PC nanobeam waveguide providing a wide transmission 
stop-band, the periodicity a1 = 392nm and a2 = 304nm, respectively; and the radius of air-hole 
gratings are kept the same as r1 = r2 = 90nm. The thickness and width of the silicon nanobeam 
waveguide are h = 220nm and wnb = 700nm, respectively. The RI of air-holes and silicon 
waveguide are nair = 1.0 and nsi = 3.46, respectively. By using 3D-FDTD method, Figs. 2(a) 
and 2(b) show a typical TE band diagram and transmission spectrum of 1DPC-NBF, 
respectively, with periodicity a1 = 392nm and air-hole grating radius r1 = 90nm. As seen from 
the transmission spectrum of 1DPC-NBF shown in Fig. 2(b), a wide stop-band over 250nm, 
ranging from 1533.56nm to 1786.26nm, is observed, which agrees well with the photonic 
band gap (PBG) ranging from 167.97THz to 195.57THz obtained from band diagram 
calculation shown in Fig. 2(a). The light with wavelengths in the band-stop region of 1DPC-
NBF is not guided. As known in [71], by adjusting the effective refractive index (neff) of 
1DPC-NBF, an arbitrary stop-band can be obtained. Thus, the displayed 1DPC-NBF can be 
used as an effective bandstop filter to filter out the spurious resonances whose resonant 
wavelengths lie in the band-stop region. 

 

Fig. 2. (a) 3D-FDTD calculated TE band diagram for the 1DPC-NBF1 of Fig. 1(a), a three 
dimensional dielectric strip, suspended in air, with a period-a1 sequence of cylindrical air-
holes. Only the irreducible Brillouin-zone is shown. The discrete guided modes are labeled by 
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orange solid line with triangle marks. The light-cone is shaded blue, bounded by the light line 
in black dashed line. The inset is the unit cell of 1D PC nanobeam waveguide used in the band 
structure calculation, in which a1 = 392nm, r1 = 90nm, wnb = 700nm, and h = 220nm. (b) 3D-
FDTD calculated transmission spectrum of the displayed 1DPC-NBF device, in which a wide 
stop-band ranging from 1533.56nm to 1786.26nm is observed. 

Secondly, for the displayed 1DPC-NCS in Fig. 1(a), which consists of a typical 1D PC 
nanobeam cavity with ultra-high Q-factor (Q >109) [72], the periodicity a = 330nm, and the 
air-hole gratings radius are parabolically tapered from rcenter = 0.36a nm in the center to rend = 
0.26a on both sides of 1D PC nanobeam cavity, which is symmetric with respect to its center. 
The thickness and width of the silicon nanobeam waveguide are kept fixed. Based on 3D-
FDTD calculations, a typical transmission spectrum of the 1DPC-NCS is shown in Fig. 3(a). 
As seen, several resonant modes are observed simultaneously in the transmission spectrum. 
Moreover, these modes are close to each other, which makes them difficult to multiplex 
because of the overlap/crosstalk among these resonant modes. In order to solve this problem, 
the resonance filter is created by connecting the 1DPC-NBFs and 1DPC-NCS in series (Fig. 
1(a)). Figure 3(b) shows a typical transmission spectrum of the integrated device formed by 
1DPC-NCS and one serially-connected 1DPC-NBF1 with a stop-band ranging from 1533nm 
to 1786nm. As seen, compared to the transmission spectrum of 1DPC-NCS without filters 
[Fig. 3(a)], a transmission with a single targeted resonant mode for sensing is obtained. As 
expected, the other spurious resonant modes within the stop-band are filtered out. However, 
we find that the noise around 1380nm lower than −15dB (noise to signal ratio, NSR) is also 
introduced due to the additional 1DPC-BNF1. In order to further eliminate the noise around 
1380nm, another serially-connected 1DPC-BNF2 with a stop-band ranging from 1300nm to 
1500nm is added. The schematic of the whole integrated structure, which consists of one 
1DPC-NCS and two serially-connected 1DPC-NBFs, is displayed in Fig. 1(a). With 3D-
FDTD method, the corresponding transmission spectrum of the proposed integrated 1D PC 
nanobeam sensor device is shown in Fig. 3(c). As shown, for wavelengths ranging from 
1300nm to 1790nm (bandwidth ~500nm), only the selected targeted mode (~1520nm) is 
observed in the transmission spectrum. Moreover, the series-connected additional 1DPC-
NBFs have no effect on the resonant wavelength position of the targeted resonance, which 
indicates that the method presented here is suitable for multi-resonance 1D PC nanobeam 
cavity sensor array design. In addition, it should be noted that the series-connected additional 
1DPC-NBFs may increase the noise due to the overlapping of oscillations near the cutoff-
wavelength edge in the transmission spectra of filters. This problem can be eliminated by 
optimizing the Q-factors of 1DPC-NCS and optimizing the 1DPC-NBFs design to achieve the 
transmission spectrum of filters with sharper band edge [73]. Figure 1(b) and Figs. 3(d)-3(f) 
show the major field distribution profile (|Ey|) in x-y plane of the targeted mode in the sensing 
site of 1DPC-NCS. As shown, a significant amount of electric field is strongly localized 
within the center of 1DPC-NCS, which makes the sensor very sensitive to RI changes due to 
the enhancement of light-matter interactions. In addition, the footprint of the integrated sensor 
device based on 1DPC-NCS and serially-connected 1DPC-BNFs is ultra-compact as ~0.7μm 
× 15μm (width by length) (Fig. 1), and thus is potentially an ideal platform for parallel 
multiplexed sensing with high-density integration. 
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Fig. 3. 3D-FDTD composed transmission spectra and major field distribution profiles (|Ey|) in 
x-y plane of the device formed by (a) and (d) 1DPC-NCS without filter, (b) and (e) series-
connected 1DPC-NCS and one 1DPC-NBF1, and (c) and (f) series-connected 1DPC-NCS and 
two 1DPC-NBFs, respectively. As seen, the additional series-connected 1DPC-NBFs have no 
effect on the resonant wavelength position of the targeted mode for sensing purpose. 

3. Parallel Integrated 1D PC Nanobeam Cavity Sensor Array (PI-1DPC-NCSA) 
Design 
Herein, based on the simulation results shown in Sec. 2 above, with proper engineering of the 
stop-band of 1DPC-NBF, the displayed method in this work enable to multiplex multiple 
different resonance 1DPC-NCSs for parallel integrated sensor array design on a monolithic 
substrate, which is referred to as Parallel Integrated 1D PC Nanobeam Cavity Sensor Array 
(PI-1DPC-NCSA). The PI-1DPC-NCSA consists of multiple parallel channels. The adjacent 
channels are separated with air-gap separations. For each channel, three cascaded 1D PC 
nanobeam sections are employed. One 1DPC-NCS functions as sensing site. And the other 
two series-connected 1DPC-NBFs function as bandstop filters with different stop-bands. The 
filters stop-bands are carefully design to avoid any overlap with each other. At the same time, 
with proper design of the specific targeted resonance of 1DPC-NCS, multi-channel ultra-
compact 1D PC nanobeam sensors with different targeted resonances can be multiplexed into 
a microarray system. Furthermore, in order to restrain crosstalk between channels and to 
enable all sensing units to be interrogated simultaneously via a single input and output optical 
fiber lens, all channels are then connected in parallel by using a 1 × n taper-type equal power 
splitter and a n × 1 S-type power combiner in the input and output port, respectively (here, n is 
the number of channels). Here, in practical implementations, the beam combiner at the light 
output could induce non-negligible back reflections and add significant noise into the 
spectrum. This issue can be partially solved by using a camera or detector array at the output, 
collecting signals from each channel individually. 

Then, to verify the feasibility and suitability of the proposed PI-1DPC-NCSA platform for 
parallel multiplexed sensing, a 3-channel multiplexed 1DPC-NCSs array containing series-
connected 1DPC-NBFs is presented, as shown in Fig. 4. As seen, the presented 1 × 3 taper-
type equal power splitter in the input port consists of a silicon bus waveguide with width win = 
4.5μm, and three taper-type branches connecting to a 3-channel PI-1DPC-NCSA. To obtain 3-
way equal power division, the width of both top and down taper-type branches is tapered from 
1.9μm to 0.7μm, and the width of the middle branch is tapered from 0.7μm to 0.7μm. The 
length of the three taper-type branches of the splitter is ltaper = 15μm. In the output port, the 
presented 3 × 1 S-type power combiner consists of three S-type waveguides and a silicon bus 
waveguide with width wout = 2.1μm. Between the power splitter and combiner, three channels 
of the 1D PC nanobeam cavity sensor array are connected in parallel. On each channel, one 
1DPC-NCS and two additional 1DPC-NBFs are connected in series. The specific structural 
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parameters of each channel are as follows: (i) for the first top-channel: a1 = 380nm, a2 = 
295nm, a = 330nm, r1 = r2 = 90nm, rcenter = 131nm and rend = 70nm. (ii) For the second 
middle-channel: a1 = 392nm, a2 = 304nm, a = 330nm, r1 = r2 = 90nm, rcenter = 121nm and rend 
= 85nm. (iii) For the third bottom-channel: a1 = 404nm, a2 = 312nm, a = 330nm, r1 = r2 = 
90nm, rcenter = 112nm and rend = 85nm. The inset on the right side of Fig. 4 is the cross-section 
of electric field profile for the fundamental TE-like mode propagating through the splitter in 
y-z plane (transversal surface at the green dashed line). 

 

Fig. 4. Schematic of the proposed 3-channel parallel integrated 1D PC nanobeam cavity sensor 
array (PI-1DPC-NCSA) with single input port and output port. For each channel, three 1D PC 
nanobeam sections are set in cascade, including one 1DPC-NCS functioned as sensing site and 
two 1DPC-NBFs functioned as bandstop filters. 1 × 3 taper-type equal power splitter and 3 × 1 
S-type power combiner are used to split and combine the waveguides in the input port and 
output port, respectively. The inset on the right side is the cross-section of electric field profile 
for the fundamental TE-like mode propagating through the splitter in y-z plane (transversal 
surface at the green dashed line). 

By using 3D-FDTD method, the calculated transmission spectrum for each channel of the 
proposed 3-channel PI-1DPC-NCSA is shown in Figs. 5(a)-5(c), detected by the monitors M1, 
M2 and M3, respectively. As seen, for each channel, a single targeted resonance mode is 
exhibited in transmission spectrum, indicating that multiple channels can be connected in 
parallel without resonance overlap. Thus, the multiplexing is quite straightforward by setting 
n-channel of sensors connected in parallel; therefore, n resonance peaks can be expected. 
Figure 5(d) shows the combined output transmission spectrum from all three channels. As 
expected, when 3-channel of sensors are set in parallel (n = 3), the transmission spectrum of 
the sensor array exhibits 3 separated resonant peaks at the wavelengths of λ1~1490nm, 
λ2~1520nm and λ3~1550nm. Figures 5(e)-5(g) display the major field distribution profile 
(|Ey|) in x-y plane of the observed targeted mode with the resonance wavelength at λ1, λ2 and 
λ3, respectively. As shown, for each channel, the electric field is strongly localized within the 
center of the 1DPC-NCS, and is independent of each other and without disturbing. 

 

Fig. 5. (a)-(c) 3D-FDTD calculated transmission spectra obtained from each channel 
containing the specific resonance wavelength at λ1~1490nm, λ2~1520nm and λ3~1550nm, 
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respectively. (d) Output transmission spectrum of the proposed 3-channel PI-1DPC-NCSA. 
(e)-(g) The major field distribution profile (|Ey|) in x-y plane of the observed targeted mode 
with the resonance wavelength at λ1, λ2 and λ3, respectively. 

Next, to further confirm the independence among each channel and verify the multiplexed 
sensing performance of the presented 3-channel PI-1DPC-NCSA platform, each channel is 
independently subjected to five different RI changes (RI-1, RI-2, RI-3, RI-4 and RI-5). With 
3D-FDTD calculations, Figs. 6(a) and 6(b) show the composed transmission spectra of the 
proposed 3-channel PI-1DPC-NCSA when only one sensing channel (e.g. top-channel (S1) 
and middle-channel (S2)) is under RI changes, respectively, and the other sensing channels are 
not. As seen, the corresponding resonance shift in only one sensing mode is evident, and the 
others remain completely unchanged. This indicates that the multi-resonance modes for 
sensing are independent of each other; a shift in one of them does not perturb the others, and 
thus allowing the implementation of simple but functional integrated sensor array for parallel-
multiplexing. 

 

Fig. 6. 3D-FDTD composed transmission spectra observed when three sensing channels are set 
in parallel and one of them (a) the first top-channel of sensor-1 (S1), and (b) the second middle-
channel of sensor-2 (S2) is subjected to changes of refractive index (RI) and the others are not. 

In fact, the parallel multiplexed use is critical when each nanobeam can be functionalized 
to respond to a certain perturbation or binding event. Figure 7 shows the composed 
transmission spectra of the proposed 3-channel PI-1DPC-NCSA when three sensing channels 
are set in parallel and two of them (i) the first top-channel of sensor-1 (S1), and (ii) the second 
middle-channel of sensor-2 (S2) are independently subjected to different refractive index 
changes, respectively, and sensor-3 (S3) is not. As seen, the targeted resonance modes of 
interest in each of the parallel channels are affected by the changes in the refractive index 
independently. The numerical results show that the refractive index change reflected by the 
shifts of resonance frequency S1, S2, and S3 are different from each other. Based on this 
property, multiple different targets can be detected independently at the same time in this 
parallel scheme. 
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Fig. 7. 3D-FDTD composed transmission spectra observed when three sensing channels are set 
in parallel and two of them the first top-channel of sensor-1 (S1), and the second middle-
channel of sensor-2 (S2) are independently subjected to refractive index (RI) changes and the 
sensor-3 (S3) is not. 

To investigate the RI sensitivities of the proposed sensor array, the device is characterized 
using a bulk refractive index sensing test. Figure 8(a) shows the composed transmission 
spectra monitored from the output port of the proposed 3-channel PI-1DPC-NCSA when all 
the three parallel sensing channels are interrogated simultaneously between a single input and 
output. As seen above, when the RI value is increased, the resonance of each sensor shifts 
towards longer wavelengths (red-shift). Figure 8(b) shows the resonant wavelength shifts of 
each sensor as a function of RI. Linear behaviors can be seen, and the three correlation factors 
(R2) are found to be >0.9996. Based on the simulation results displayed in Fig. 8, the bulk RI 
sensitivities of each sensor unit can be calculated from the definition of S = Δλ/ΔRI, where S 
is the bulk RI sensitivity, Δλ is the resonant wavelength (λres) shift and ΔRI is the surrounding 
RI change. Thus, the bulk RI sensitivities observed in each sensing-channel from top to 
bottom (Fig. 4) are S1 = 148.5nm/RIU, S2 = 121.7nm/RIU, and S3 = 112.6nm/RIU, 
respectively, 1 being the resonant wavelength at shorter wavelength and 3 the resonant 
wavelength at longer wavelength. Compared to the RI sensitivity (~60nm/RIU) obtained from 
[70], the RI sensitivities observed in this work are improved by factor of two. Moreover, it is 
worth mentioning that without sacrificing Q-factors and RI sensitivities, the footprint of the 
presented 3-channel PI-1DPC-NCSA is ultra-compact of 4.5μm × 50μm (width × length), 
smaller by three orders of magnitude compared to previous sensor arrays based on 2D PC 
side-coupled cavities [50–52,70]. Thus, the method proposed in this work is attractive and 
promising in future optical high-density multiplexed sensing and nanophotonic integration. In 
addition, compared with 2D PC cavity integrated sensor devices, the structures of the 
proposed single 1D PC nanobeam cavity sensor devices are simpler, and easier to fabricate, 
which makes it easy to build a lab-on-chip densely integrated sensor array for label-free 
sensing with high parallel-multiplexing capabilities. 
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Fig. 8. (a) 3D-FDTD composed transmission spectra monitored from the output port of the 
proposed 3-channel PI-1DPC-NCSA when all the three parallel sensing channels are 
interrogated simultaneously between a single input and output. The RI changes from RI = 1.00 
to RI = 1.03. (b) Resonant wavelength shifts (red-shifts) of each sensor as a function of RI 
changes. S1, S2, and S3 refer to sensors 1, 2, and 3, respectively, being 1 the resonant 
wavelength at shorter wavelength and 3 the resonant wavelength at longer wavelength. 

Regarding to the feasibility of practical implementations of the proposed scheme in this 
work, one challenge for high-density sensing application is to interface different nanobeam 
sensors with different gas channels. In the current design, each sensing unit has a 50μm-long 
footprint, which is achievable with a microfluidic lab-on-a-chip design. Thus, each nanobeam 
sensing unit can be independently functionalized to respond to a certain perturbation or 
binding event by using parallel microfluidic channels which can be fabricated with 
Polydimethylsiloxane (PDMS) by replica molding of a SU8 template [48,66,69]. Finally, the 
required fabrication accuracy demands electron beam lithography, which is not a scalable 
fabrication technique for the moment. However, electron beam lithography has shown great 
improvement in writing speed, and alternative fabrication techniques (deep UV lithography, 
interference lithography) are promising to generate sub-30 nm fabrication resolution [66]. So, 
the proposed miniaturized geometries in this work enable multiple 1D PC nanobeam cavity 
sensors on a monolithic silicon chip. And all sensors can be simultaneously interrogated 
between a single input fiber lens and a single output fiber lens, from a single optical source. 

4. Conclusion 
In summary, a method for on-chip parallel multiplexing of integrated 1D photonic crystal 
nanobeam cavity sensor array has been introduced on a monolithic silicon-on-insulator 
platform. With 3D-FDTD method, we show that bulk RI sensitivities of S1 = 148.5nm/RIU, S2 
= 121.7nm/RIU, and S3 = 112.6nm/RIU in the 3-channel PI-1DPC-NCSA geometry are 
obtained. Particularly, the sensor array device footprint is ultra-compact of 4.5μm × 50μm, 
more than three orders of magnitude smaller compared to 2D PC-ISAs. In addition, the 
numerical results show that PI-1DPC-NCSAs can be strongly coupled to the feeding 
waveguide with a bus waveguide to coupler. Thus, the displayed PI-1DPC-NCSAs can be 
easily multiplexed on a chip and interfaced with on-chip integrated optical circuits (with 
waveguide couplers), making it an ideal system for label-free sensing and achieving high-
throughput screening applications. Finally, we believe that the results presented here 
overcome some of the limitations of 1D PC nanobeam cavity based sensors previously 
reported (particularly the multiplexing capability), and also improve the dense integration 
performances of integrated nanophotonic devices and integrated optical circuits (IOC) based 
on 1D PC nanobeam elements. 

Funding 
Natural National Science Foundation of China (NSFC) (61501053, 61471050, 61372118); 
State Key Laboratory of Information Photonics and Optical Communications 
(IPOC2015ZC03); Fundamental Research Funds for the Central Universities (BUPT); Funds 

                                                                                                 Vol. 24, No. 15 | 25 Jul 2016 | OPTICS EXPRESS 16278 



of Beijing Advanced Innovation Center for Future Internet Technology of Beijing University 
of Technology, P. R. China. 

Acknowledgments 
D. Yang wrote the main manuscript text, and prepared all figures. All the authors reviewed 
the manuscript and discussed the results, drew conclusions and edited the manuscript. D. 
Yang thanks Dr. Qimin Quan from Rowland Institute at Harvard University and Prof. 
Yunfeng Xiao from Peking University for useful discussion and helpful comments. Thanks 
Dr. Anna Shneidman from the group of Prof. Marko Lončar at Harvard University for 
improving the English of the paper. 

 

                                                                                                 Vol. 24, No. 15 | 25 Jul 2016 | OPTICS EXPRESS 16279 




