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A B S T R A C T

We propose a novel design of refractive index (RI) sensor array based on ultrahigh sensitivity one dimensional
(1D) photonic crystal microfiber (PCMF) cavities, which is referred as photonic crystal microfiber cavity sensors
array (PCMF-CSA). The proposed PCMF-CSA consists of multiple channels connected in parallel. A transmission
only containing the fundamental mode (FM) resonance of the PCMF cavity sensor for sensing purpose is created
by connecting an additional PCMF bandgap filter to a PCMF cavity sensor in series on each channel. Due to the
photonic bandgap (PBG) of the PCMF bandgap filter, the other high-order resonances are filtered out. With proper
engineering of the PBG, multiple ultrahigh sensitivity PCMF cavity sensors can be integrated into microarrays
without resonance overlap, and be detected simultaneously between a single input optical fiber and a single
output optical fiber without the need for complicated coupling systems. The concept was demonstrated with 7-
channel PCMF cavity sensor array containing PCMF bandgap filters. By using three-dimensional finite-difference
time-domain (3D-FDTD) method, the performance of the device was investigated theoretically. The simulation
results showed that the sensors on each channels can be monitored simultaneously from a single output spectrum.
The numerical calculated RI sensitivities (S) for each sensing channel of the proposal 7-channel PCMF-CSA as
high as 647.33 nm/RIU, 666.67 nm/RIU, 662.00 nm/RIU, 676.00 nm/RIU, 674.67 nm/RIU, 659.33 nm/RIU,
679.99 nm/RIU can be achieved, respectively. The average RI sensitivity as high as 666.57 nm/RIU can be
obtained. Moreover, the extinction ratios of all resonant peaks exceed 20.0 dB. The crosstalk of all channels is
lower than −24.5 dB. To the best of our knowledge, this is the first silica PCMF sensors array geometry based
on conventional single mode fiber (SMF) that features both high Q and S, and thus is potentially a promising
platform for ultra-sensitive RI-based gas sensing with high parallel-multiplexing capability.

1. Introduction

In the past decade, high integration and high flexibility
one-dimensional (1D) photonic crystal (PC) cavities [1] have been
demonstrated as a promising candidate for different applications, in-
cluding optical filters [2], nanobeam lasers [3], wavelength demulti-
plexers [4], electro-optical modulators [5], and cavity optomechani-
cal [6], and so on. In particular, due to the ultrahigh quality-factor (Q)
to mode-volume (V ) ratio (Q/V ) enabling the enhancement of light–
matter interactions, 1D-PC cavity sensors with high figure of merit
(FOM) have recently attracted considerable interest for high sensitive
optical sensing [7–22]. In addition, the ultra-compact on-chip multi-
channel sensor array based on 1D-PC cavity has proven to be a potential
platform for on-chip multi-channel sensors due to its attractive features
in ultra-compact size and easy integration with bus waveguides [23–
26]. For example, Mandal et al. demonstrated a nanoscale opto-fluidic
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sensors array based on multiple 1D-PC cavities side-coupled to a bus-
waveguide on a silicon platform [23]. Yang et al. presented parallel
multiplexing of integrated 1D-PC cavity sensors array on a monolithic
silicon platform [24,25]. Zhang et al. demonstrated a high sensitivity
temperature sensor array based on cascaded 1D-PC cavities side-coupled
to a bus-waveguide on a silicon platform [26].

However, as shown from these on-chip 1D-PC cavities based sensor
arrays mentioned above, the coupling efficiency between an optical fiber
and an on-chip PC cavity/waveguide is usually not high due to the mode
mismatch between the conventional optical fiber and the on-chip PC
cavity device. In addition, some complex calibration systems (e.g., xyz
translation stage and objective imaging system) are required during the
coupling process to achieve effective coupling, resulting in fragile and
costly packaging and alignment of the device.

Herein, to overcome the above mentioned design limitations of
these on-chip 1D-PC cavity based sensor arrays, we propose a novel
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Fig. 1. (Color online). Schematic illustrations of a single sensing channel, which consists of a 1D-PCMF cavity sensor connecting with an additional 1D-PCMF bandgap filter in series,
in which both the 1D-PCMF cavity sensor and the 1D-PCMF bandgap filter are made on the same silica microfiber waveguide with diameter 𝐷𝑁𝐹 = 1.04 μm and refractive index 𝑛𝑠𝑖𝑙𝑖𝑐𝑎 =
1.45.

Fig. 2. (Color online). (a) 3D-FDTD calculated TE band diagram for the 1D-PCMF bandgap filter with 𝑟𝑓 = 180 nm, and 𝑎𝑓 = 690 nm. Here, only the irreducible Brillouin-zone is shown.
The discrete guided modes are labeled by 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-PCMF bandgap filter used in the band structure calculation. (b) 3D-FDTD calculated transmission spectrum of the displayed 1D-PCMF bandgap filter device (𝑁𝑓 = 40), in which a
wide stop-band ranging from 1497.38 nm to 1610.50 nm is observed.

paradigm to multiplex ultrahigh sensitive 1D-PC microfiber (MF) cavity
sensors on a conventional single mode fiber (SMF), which is referred
to as photonic crystal microfiber cavity sensors array (PCMF-CSA).
By using three-dimensional finite-difference time-domain (3D-FDTD)
method, the performance of the device was investigated theoretically.
The proposed PCMF-CSA consists of multiple channels connected in
parallel. A transmission only containing the fundamental mode (FM)
resonance of the PCMF cavity sensor for sensing purpose is created
by connecting an additional PCMF bandgap filter to a PCMF cavity
sensor in series on each channel. Due to the photonic bandgap (PBG)
of the PCMF bandgap filter, the other high-order resonances are filtered
out. With proper engineering of the PBG of filters, multiple ultrahigh
sensitivity PCMF cavity sensors can be integrated into microarrays
without resonance overlap and be detected simultaneously between a
single input optical fiber and a single output optical fiber without the
need for complicated coupling systems. When n sensing channels are
connected in parallel, the output transmission spectrum will exhibit n
resonant peaks.

In this work, the concept is demonstrated with 7-channel PCMF-
CSA containing bandgap filters. The sensors on each channels can be
monitored simultaneously from a single output spectrum. As expected,
the composed output transmission only containing seven different res-
onant peaks for multiplexed sensing are observed. And each resonant
peak wavelength shifts towards longer wavelengths (red-shift) and also
following a linear behavior when refractive index (RI) increases. In
addition, these seven 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 (S) for each sensing channel of the proposal 7-
channel PCMF-CSA as high as 647.33 nm/RIU, 666.67 nm/RIU, 662.00
nm/RIU, 676.00 nm/RIU, 674.67 nm/RIU, 659.33 nm/RIU, 679.99
nm/RIU can be achieved, respectively. And the average RI sensitivity
of 666.57 nm/RIU is observed (RIU = refractive index unit). This result
is about sixtyfold better than the previous general silicon on-chip 1D-PC
nanobeam cavity sensor array devices (∼100 nm/RIU) [23–25], due to

the strongly enhanced evanescent field and small mode volumes of the
proposed PCMF cavity sensors.

The organization of this paper is as follows. In Section 2, we
firstly investigate the transmission properties and field distributions of
the proposed 1D-PCMF cavity sensor with/without containing serially
integrated 1D-PCMF bandgap filter. In Section 3, a simple and flexible
design method for on-fiber 7-channel multiplexed PCMF-CSA with single
input port and single output port is presented. Then, the feasibility
and performance of the proposed PCMF-CSA platform used for ultra-
sensitive multiplexed sensing are confirmed and analyzed with numeri-
cal simulations. Finally, in Section 4, we draw a brief conclusion.

2. Single sensing channel design: connecting an additional 1D-
PCMF bandgap filter to a PCMF cavity sensor in series

Fig. 1 shows the schematic of a single sensing channel design,
which consists of a 1D-PCMF cavity sensor connecting with a 1D-PCMF
bandgap filter in series. Here, both the 1D-PCMF cavity sensor and
the 1D-PCMF bandgap filter are made on the same silica microfiber
waveguide with diameter 𝐷𝑁𝐹 = 1.04 μm and refractive index 𝑛𝑠𝑖𝑙𝑖𝑐𝑎
= 1.45.

Firstly, the proposed 1D-PCMF bandgap filter is form by series of air-
hole gratings (𝑛𝑎𝑖𝑟 = 1.0) punched into a silica microfiber waveguide.
The bulk air-hole gratings radii are kept fixed as 𝑟𝑓 = 180 nm, and
the periodicity of the gratings is 𝑎𝑓 = 690 nm. Fig. 2(a) shows the
TE band diagram of 1D-PCMF bandgap filter, obtained from 3D-FDTD
simulation. Herein, the 3D-FDTD simulation region is rectangular, only
containing one-unit cell of the structure for band structure calculations,
as shown in the inset in Fig. 2(a). In the 𝑥-axis, Bloch boundary
conditions is used at boundary where the structure is periodic. Each
simulation will give the band frequencies for a particular Bloch vector.
The Bloch vector (𝜅) is a property of the Bloch boundary conditions.
In the 𝑦- and 𝑧-axis, we impose the Perfectly Matched Layer (PML)
absorbing boundary conditions and we typically leave a distance of
half of the longest wavelength of the source between the structure
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Fig. 3. (Color online). 3D-FDTD composed transmission spectra and major field distribution profiles (|𝐸𝑦|) in x-y plane of the devices consists of (a) and (b) the PCMF cavity sensor
without filter in series, and (c) and (d) the PCMF cavity sensor with filter in series, respectively. The unit of the 𝑥∕𝑦 axes is micrometers (μm).

and PML boundaries to prevent any artificial loss due to coupling
between the evanescent fields of the structure and the PML material.
The mesh in 3D-FDTD simulation is chosen as 4, which is a good tradeoff
between accuracy, memory requirements and simulations time. Then,
ten randomly oriented and randomly distributed dipole sources are
used to ensure that all modes will be excited, even if one dipole is
located at a node. It is also possible to set the dipole orientations to
only excite certain modes in order to isolate bands of interest. After
the dipole sources excite the system, the simulation continues to run
for a reasonably long time. Randomly distributed time monitors collect
the fields over time [27]. As seen in Fig. 2(a), in order to display the
photonic band gap (PBG) in the TE band diagram clearly, we draw only
the first bands above and below the PBG, which are below the light-
line. And the other band curves above the light-line (in the light cone)
are not displayed in the TE band diagram. Fig. 2(b) shows a typical
transmission spectrum of 1D-PCMF bandgap filter when the number
(𝑁𝑓 ) of air-hole gratings is 40. As seen, a bandgap/stop-band larger
than 110 nm, ranging from 1497.38 nm to 1610.50 nm, is obtained.
This agrees well with the PBG ranging from 186.68 THz to 200.88 THz
obtained from band diagram calculation shown in Fig. 2(a). As known,
the light with the frequency lying in the PBG cannot transmit through
the filter device. Thus, by connecting an additional 1D-PCMF bandgap
filter to a PCMF cavity sensor in series, the high-order resonant modes
of a PCMF cavity sensor can be effectively filtered out.

Secondly, the proposed 1D-PCMF cavity sensor (in Fig. 1) consists of
a 1D-PC nanobeam cavity, which is design based on the deterministic
high-Q method [28,29]. As seen, the sensor geometry is symmetric with
respect to its center (red-dashed line). The periodicity of the air-hole
gratings is kept the same as 𝑎 = 660 nm. To create a Gaussian mirror, the
radii of air-hole gratings in the taper region are parabolically decreased
from 𝑟𝑐𝑒𝑛𝑡𝑒𝑟 = 260 nm in the center to 𝑟𝑒𝑛𝑑 = 150 nm on both sides of
the cavity. And the radii of air-hole gratings in the mirror region are
kept the same as 𝑟𝑒𝑛𝑑 = 150 nm. Herein, to save the simulation time
of the transmission calculation with the 3D-FDTD method, we use a
high-transmission but low Q-factor geometry: the numbers of air-hole
gratings in the taper region (𝑁𝑡) and mirror region (𝑁𝑚) are chosen to
be𝑁𝑡 = 20 and𝑁𝑚 = 10, respectively. The total transmission spectrum of
the proposed 1D-PCMF cavity sensor without additional filter is shown
in Fig. 3(a). As seen, a FM with a high Q around 7.5 × 103 and near
70% transmission at 1491.45 nm were obtained. However, except the
FM at shorter wavelength, there are still several unnecessary high-order
resonant modes in the transmission spectrum. Moreover, the spacing
between the FM and the adjacent high-order resonant mode is small,
only 30 nm, which makes them difficult to multiplex because of the
easily produced overlap/crosstalk among these resonant modes.

Thus, as displayed in Fig. 1, an additional 1D-PCMF bandgap filter
is connected to the PCMF cavity sensor in series to create a single

sensing channel with the transmission spectrum only containing FM.
By using 3D-FDTD simulation, the total transmission spectrum of the
proposed 1D-PCMF cavity sensor with serially-connected filter is shown
in Fig. 3(c). As seen, within the wavelength ranging from 1400 nm
to 1600 nm, only the targeted FM at 1491.45 nm is observed in the
transmission spectrum. Moreover, besides the transmission loss, the
additional filter has little effect on the resonant wavelength position
and Q-factor of the FM of the cavity sensor. Thus, by connecting an
additional 1D-PC bandgap filter in series, the transmission of the pro-
posed 1D-PCMF cavity sensor only containing the specific FM for sensing
purpose is created, while the other high-order resonant modes within
the PBG of filter are filtered out, indicating that the method presented
here is suitable for multiple 1D-PCMF cavity sensors array design.
Fig. 3(b) and (d) shows the top view of the major field distribution
profile (|𝐸𝑦|) of the FM (at 1491.45 nm) in the PCMF cavity sensor
without and with additional filter, respectively. As seen, the electric
field energy is mainly localized within the center of 1D-PCMF cavity
sensor, indicating that there is a strong interaction between the analytes
and the cavity mode. Thus, it provides conditions for the device in this
paper to achieve high sensitivity gas sensing multiplexing. Moreover,
the experimental fabrication of the proposed PCMF cavity sensor is
generally technically achievable with modern micro/nano fabrication
techniques. Firstly, the microfiber can be fabricated by taper drawing
conventional single mode fibers (SMF) heated by flame [30,31]. Then,
the series-connected PCMF bandgap filter and cavity sensor structures
can be experimentally achieved in a freely suspended microfiber by
using the femtosecond laser ablation technique and focused ion beam
(FIB) technique, as demonstrated in previous works [32–34].

3. Multi-channel sensors array design: enabling all sensors to be
interrogated simultaneously between a single input and output
optical fiber

Based on the results displayed in Section 2, we know that with proper
engineering the PBGs of the PCMF bandgap filters, multiple PCMF cavity
sensors with different resonances can be integrated into microarrays
without resonance overlap. In order to enable all sensors can be detected
simultaneously between a single input optical fiber and a single output
optical fiber, we carried out a coupler design in Fig. 4(a) inspired by [35]
to connect all sensing channels in parallel. The coupler consists of a SMF
bus-waveguide with the core diameter 𝐷𝑆𝑀𝐹 = 10 μm, and multiple
tapered microfibers extruding to the PCMF devices. Fig. 4(b) shows the
cross-section of electric field profile for the fundamental TE-like mode
propagating through the coupler (transversal surface at the green dashed
line). Herein, to confirm the feasibility and performance of the proposed
PCMF-CSA platform used for ultra-sensitive multiplexed sensing, a 7-
channel PCMF-CSA containing PCMF bandgap filters is demonstrated,
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Fig. 4. (Color online). (a) Schematic illustrations of the proposed 7-channel parallel connected PCMF-CSA with single input optical fiber and single output optical fiber. Each sensing
channel is formed by connecting an additional 1D-PCMF bandgap filter to a PCMF cavity sensor in series. A 1 × 7 coupler is used to split and combine the waveguides in the input port
and output port, respectively. (b) The inset on the right side is the cross-section of electric field profile for the fundamental TE-like mode propagating through the coupler (transversal
surface at the green dashed line).

as shown in Fig. 4(a). As seen, the proposed 7-channel PCMF-CSA is
designed on a conventional single mode fiber (SMF) with the core
diameter ∼10 μm. On each channel, the diameter of microfiber is tapered
from 3.3 μm (on the both sides) to 1.04 μm (in the center uniform region).
The lengths of the taper-type branches of the coupler are same as 𝑙𝑡𝑎𝑝𝑒𝑟
= 200 μm. In the uniform waist region of each microfiber, the PCMF
bandgap filter and cavity sensor are form by dozens of inscribed air-
holes and connected in series. The specific structural parameters of each
channel are as follows: S-1 channel: 𝑎𝑓 = 661 nm, 𝑟𝑓 = 180 nm, 𝑎 =
629 nm, 𝑟𝑐𝑒𝑛𝑡𝑒𝑟 = 260 nm and 𝑟𝑒𝑛𝑑 = 150 nm; S-2 channel: 𝑎𝑓 = 668 nm,
𝑟𝑓 = 180 nm, 𝑎 = 636 nm, 𝑟𝑐𝑒𝑛𝑡𝑒𝑟 = 260 nm and 𝑟𝑒𝑛𝑑 = 150 nm; S-3
channel: 𝑎𝑓 = 675 nm, 𝑟𝑓 = 180 nm, 𝑎 = 643 nm, 𝑟𝑐𝑒𝑛𝑡𝑒𝑟 = 260 nm and
𝑟𝑒𝑛𝑑 = 150 nm; S-4 channel: 𝑎𝑓 = 682 nm, 𝑟𝑓 = 180 nm, 𝑎 = 650 nm,
𝑟𝑐𝑒𝑛𝑡𝑒𝑟 = 260 nm and 𝑟𝑒𝑛𝑑 = 150 nm; S-5 channel: 𝑎𝑓 = 689 nm, 𝑟𝑓 =
180 nm, 𝑎 = 657 nm, 𝑟𝑐𝑒𝑛𝑡𝑒𝑟 = 260 nm and 𝑟𝑒𝑛𝑑 = 150 nm; S-6 channel:
𝑎𝑓 = 696 nm, 𝑟𝑓 = 180 nm, 𝑎 = 664 nm, 𝑟𝑐𝑒𝑛𝑡𝑒𝑟 = 260 nm and 𝑟𝑒𝑛𝑑 =
150 nm; S-7 channel: 𝑎𝑓 = 703 nm, 𝑟𝑓 = 180 nm, 𝑎 = 671 nm, 𝑟𝑐𝑒𝑛𝑡𝑒𝑟 =
260 nm and 𝑟𝑒𝑛𝑑 = 150 nm. The other parameters of 𝑁𝑓 , 𝑁𝑡, and 𝑁𝑚
are kept same as 40, 20, and 10.

Next, the multiplexing performance of the proposed 7-channel
PCMF-CSA is investigated theoretically based on 3D-FDTD method.
Fig. 5 shows the output transmission spectrum of the proposed sensor
array device. As expected, when 7-channel of sensors are set in parallel,
the transmission spectrum of the sensors array exhibits 7 separated
resonant peaks for sensing at wavelengths of 𝜆1 = 1430.88 nm, 𝜆2 =
1445.80 nm, 𝜆3 = 1461.14 nm, 𝜆4 = 1476.92 nm, 𝜆5 = 1491.65 nm,
𝜆6 = 1507.00 nm and 𝜆7 = 1521.78 nm. And the extinction ratios
of all resonant peaks exceed 20 dB. The total coupling loss (TCL),
defined as the ratio of the sum of all sensing channel output powers
and the total input power, is 2.54 dB, including the insertion losses,
the excess losses, and the propagation losses. The power division ratio
(PDR), defined as the ratio of the minimum and maximum power of
all sensing channel output powers, is 1.36 dB. As seen, all sensors can
be detected simultaneously from a single output spectrum. Thus, the
proposed PCMF-CSA paradigm in this work enable the implementation
of integrated sensors array for parallel-detection between single input
port and output port. In additional, taking a case of arbitrary two
adjacent channels (S1 and S2 in the inset of Fig. 4) for example, we
evaluate crosstalk of each channel in the proposed PCMF-CSA device,
and observe that the crosstalk is very low (smaller than −24.5 dB).
Moreover, the resonant modes of each channel are non-degenerate, and
the physical separation between modes are large, resulting no resonance
overlap among all sensors occurred. Thus, the crosstalk of all channels
in the proposed PCMF-CSA device can be ignored.

To further investigate the RI sensitivities of the proposed PCMF-CSA,
the device is characterized in a bulk RI sensing test. And the refractive
index in both background surroundings and air holes are changed
simultaneously ranging from RI=1.00 to RI=1.015 with step 𝛥RI =
0.003. Fig. 6(a) shows the composed transmission spectra monitored
from the output port of the proposed 7-channel PCMF-CSA when all
sensors are detected simultaneously with the RI changed from RI=1.00
to RI = 1.015. As seen, when the RI value is increased, the resonance

Fig. 5. (Color online). 3D-FDTD calculated transmission spectra of the proposed PCMF-
CSA obtained from each channel containing the FM resonance wavelength at 𝜆1 =
1430.88 nm, 𝜆2 = 1445.80 nm, 𝜆3 = 1461.14 nm, 𝜆4 = 1476.92 nm, 𝜆5 = 1491.65 nm, 𝜆6
= 1507.00 nm and 𝜆7 = 1521.78 nm, respectively.

Fig. 6. (Color online). (a) 3D-FDTD composed transmission spectra monitored from the
output port of the proposed 7-channel PCMF-CSA when the RI changes from RI=1.00
to RI=1.015. Here, all sensors are interrogated simultaneously between a single input
and output. (b) Resonant wavelength shifts (red-shifts) of each sensor as a function of RI
increased.

of each sensor shifts towards longer wavelengths (red-shift). Fig. 6(b)
shows the resonant wavelength shifts of each sensor as a function of RI
changed. As seen, when RI increases from 1.00 to 1.015, the resonant
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wavelength shift (𝛥𝜆) of each sensor is 9.71 nm, 10.01 nm, 9.93 nm,
10.14 nm, 10.12 nm, 9.89 nm and 10.20 nm, respectively. Here, the
bulk RI sensitivities of each sensor can be calculated from the definition
of 𝑆 = 𝛥𝜆∕𝛥RI, where S is the bulk RI sensitivity, 𝛥𝜆 is the resonant
wavelength shift and 𝛥RI is the surrounding RI variation. Thus, the
numerical calculated bulk RI sensitivities for each sensing channel of
the proposed 7-channel PCMF-CSA as high as 647.33 nm/RIU, 666.67
nm/RIU, 662.00 nm/RIU, 676.00 nm/RIU, 674.67 nm/RIU, 659.33
nm/RIU, 679.99 nm/RIU can be achieved, respectively. And the average
RI sensitivity of 666.57 nm/RIU is observed. The resolution that can be
achieved during RI monitoring is 1.50 × 10−5 due to the fact that most
optical spectrum analyzers have a wavelength measurement resolution
of 0.01 nm. This result is about sixtyfold better than the previous
general silicon on-chip 1D-PC nanobeam cavity sensor array devices
(∼100 nm/RIU) [23–25], due to the strongly enhanced evanescent
field and small mode volumes of the proposed PCMF cavity sensors.
Moreover, it is worth mentioning that the proposed on-fiber sensor
array device provides a convenient and stable method for RI-based gas
sensing compared to on-chip sensor array devices, without the need for
substrates and complex coupling systems.

4. Conclusion

In summary, a method of multiplexing an ultra-high sensitivity
multi-resonant 1D-PCMF cavity sensor is proposed for simultaneous
measurement between a single fiber input and a single fiber output.
In this work, 1D-PCMF bandgap filters are used to filter out a wide
band (∼113 nm) containing several unnecessary high-order resonant
modes of the 1D-PCMF cavity sensors, so that multiple cavity sensors
can be connected in parallel without resonance overlap. The concept
is displayed through 7-channel PCMF-CSA and the 3D-FDTD simulation
results show that all the sensors can be detected simultaneously through
a single output spectrum. The average RI sensitivity for the proposed 7-
channel PCMF-CSA as high as 666.57 nm/RIU is observed. Moreover,
the extinction ratios of all resonant peaks exceed 20 dB. The resolution
of 1.50 × 10−5 can be achieved during RI monitoring. Particularly,
it is worth mentioning that the proposed on-fiber sensor array device
provides a convenient and stable method for RI-based gas sensing,
without the need for substrates and complex coupling systems, making
it an ideal system for ultra-sensitive gas sensing with high parallel-
multiplexing capability.
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