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We propose a design of series-connected one-dimensional photonic crystal nanofiber cavity sensor
(1-D PC-NCS) and one-dimensional photonic crystal nanofiber bandgap filter (1-D PC-NBF).
The proposed structure can get a single air mode for refractive index sensing with its extinction
ratio of 58.64 dB. It filters out the high order mode and reduces the interaction between signals.
By 3D FDTD, the calculated sensitivity is 848.18 nm/RIU (RIU – refractive index unit). Compared
with general silicon on-chip nanobeam cavity, the sensitivity is increased by eight times. The addi-
tional 1-D PC-NBF will not change the sensitivity and the position of the resonance wavelength.
Therefore, the new design we propose addresses the issue of crosstalk, and can be applied to ultra
-high sensitivity index-based gas sensing and biosensing without the need for complicated coupling
systems. 
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1. Introduction

In recent years, optical sensors based on micro/nanofiber cavity have excellent perfor-
mance in sensing applications [1, 2]. The remarkable optical and mechanical properties
exhibited by micro/nanofiber cavity include large evanescent fields, strong light con-
finement and ultra-high transmission [3]. Such desirable characteristics have gathered
much attention in decades. HILL et al. has fabricated refractive index Bragg gratings
in photosensitive optical fiber by using a special phase mask grating made of silica
glass [4]. ZHI-YUAN LI has theoretically designed and experimentally realized a broad-
band ultrasmall microcavity for sensing a varying number of microparticles in a freely
suspended microfiber [5]. So far, the compact form of nanofiber microcavities based
optical sensors makes sensing refractive index in microfluidic channels and humidity
environments highly feasible and robust [6–10].
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However, although the optical nanofiber-based microcavities mentioned above
have shown extraordinary performance in some specific fields, they also have some
shortcomings. For example, the length of a traditional fiber Bragg grating usually con-
sists of hundreds of periods, indicating a large mode volume [4, 11]. To solve that prob-
lem, YANG et al. proposed the design of low-index-contrast photonic crystal nanofiber
cavity for high sensitive refractive index sensing, which can achieve small mode vol-
ume [3]. Though the sensitivity of that design is 736.80 nm/RIU (RIU – refractive index
unit), when multiplexing, crosstalk happens. That makes it difficult to distinguish the
target resonance peak from the jamming signals.

To tackle the crosstalk problem, a filter needs to be introduced. Therefore, we pro-
pose a 1-D PC nanofiber sensor device for high sensitivity refractive index sensing in
this paper. The design connects one-dimensional photonic crystal nanofiber bandgap
filter (1-D PC-NBF) and one-dimensional photonic crystal nanofiber cavity sensor
(1-D PC-NCS) in series so that the single air mode with the extinction ratio of  58.64 dB
can be obtained, which addresses the issue of crosstalk mentioned above. It is worth men-
tioning that the sensitivity of design can reach up to 848.18 nm/RIU which is extremely
high in comparison with general silicon on-chip nanobeam cavity sensor [12].

The organization of this paper is as follows. In Section 2, the design concept and
realization of the integrated 1-D PC nanofiber sensor device are discussed. In Section 3,
the parameters and characteristics of the integrated 1-D PC nanofiber sensor device is
introduced in detail. Finally, in Section 4, we draw a brief conclusion.

2. The design of 1-D PC-NCS series-connected 1-D PC-NBF 
with single air mode

The integrated 1-D PC nanofiber sensor device we propose consists of two parts, as
shown in Fig. 1.

The first part is 1-D PC-NCS with a high-sensitivity (S = 847.77 nm/RIU). The pe-
riodicity is α1 = 629 nm, and the radii of air-hole gratings increase quadratically from
rcenter = 195 nm to rend = 240 nm which follows the formula

(1)

where i increases from 1 to imax; imax is the grating number in the Gaussian mirror taper
region of 1-D PC-NCS [13]. Here we choose imax = 36 for better simulation results.

The second part is 1-D PC-NBF. The periodicity is α2 = 629 nm, and the radii of
air-hole gratings keep the same as r1 = 300 nm.

Figure 2a displays the composed transmission spectrum as a function of increased
refractive index (RI) changed from RI = 1.00 to RI = 1.10. It has high sensitivity
(S = 847.77 nm/RIU) as shown in Figure 2b. However, if multiple cavity sensors are
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Fig. 1. Structure diagram of the integrated 1-D PC nanofiber sensor device, which consists of 1-D PC-NCS
and 1-D PC-NBF. The period is α1 = α2 = 629 nm. For 1-D PC-NCS, the radii of air-hole gratings increase
quadratically from rcenter = 195 nm to rend = 240 nm. For 1-D PC-NBF, the radii of air-hole gratings keep
the same as r1 = 300 nm (a). The major electric field distribution in y direction (|Ey |) of the fundamental
resonant mode in the integrated 1-D PC nanofiber sensor (by 3D FDTD) (b). Enlarged drawing of the ma-
jor electric field distribution corresponding to part b (c).
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Fig. 2.  The relation between resonant wavelength and refractive index (RI) in the 1-D PC nanofiber sensor
without filter. The resonant wavelength shifts along with the RI increased from 1.00 to 1.10 (a). The re-
lation between resonant wavelength and RI in the single 1-D PC-NCS (without 1-D PC-NBF). The sen-
sitivity of the sensor is 847.77 nm/RIU (b). The marked resonant wavelength in part a corresponds to the
data point in part b.
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series-connected, the output transmission signals from different cavity sensors will be
combined at the output, resulting in the issue of the mixing of high order resonance
with fundamental mode. More specifically, when λ = 1356.84 nm, the high mode when
RI = 1.01 (the orange line) may interfere with the fundamental mode when RI = 1.00
(the blue line).

This phenomenon can be exceedingly troublesome to 1-D PC-NCS. It makes
1-D PC-NCS difficult to be used for multiplexed sensing because the sensing signal
of every sensor may interact with each other. In addition, it also hampers 1-D PC-NCS
achieving smart screening detection because it may easily cause researchers choosing
wrong resonant mode (e.g. other high order modes) rather than the preset fundamental
mode for multiplexed sensing detection during the practical detection process [12]. To
solve this problem, we construct a filter to filter out the high order mode.

We design the filter based on the characteristic of a photonic bandgap (PBG) which
is the grey area between the upper and nether line as shown in Fig. 3a. PBG can block
the light at specific wavelength or wave band. In other words, the resonant wavelength
lying in the PBG region of 1-D PC-NBF cannot be guided. Therefore, the character-
istics of PBG makes it possible for us to achieve the purpose of filtering and thus en-
ables us to get the fundamental mode as a sensing signal.

Numerical simulations have demonstrated that as the effective refractive index in-
creased (e.g. by reducing air-hole grating radius), the photonics bandgap (PBG) of the
structure moves to lower frequency [14]. Therefore, with proper engineering of the
structure parameters of 1-D PC-NBF, an arbitrary wavelength range bandgap can be
obtained.

The goal is filtering out air modes 2 and 3 (AM2 and AM3). After doing numerical
simulations, we realize that the filter with air hole radii r = 300 nm has the best filtering
performance for the purposed sensor structure with a high pass bandgap ranging from
1284.9 to 1345.9 nm. By using 3D FDTD, we get the TE band diagram of the unit cell
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Fig. 2. Continued.
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with air-hole radii r = 300 nm, period α2 = 629 nm as shown in Fig. 3a. We can see
there are three points marked on the right border of Fig. 3a. The points marked AM2
and AM3 in Fig. 3b lie in PBG and cannot be transmitted through the filter. And the
point marked AM1 lies outside the PBG. As a result, after integrated with 1-D PC-NBF,
only AM1 will remain. In other words, we obtain single air mode (Fig. 3c). It indicates
that the proposed device eliminates AM2 and AM3 successfully.

Furthermore, the position of the resonance wavelength does not change. Figure 3b
shows the transmission spectrum of a single 1-D PC-NCS when RI = 1.00 (blue line)
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Fig. 3. TE band diagram of 1-D PC-NBF with air-hole radii r1 = 300 nm and period α2 = 629 nm. On
the right border of this diagram, three blue points correspond to air mode AM1, AM2 and AM3 when
RI = 1.00 in part b (a). Transmission spectrum of the single 1-D PC-NCS (without filter) when RI = 1.00
and RI = 1.06. Here, AM1 is the fundamental mode and AM2, AM3 are the high order mode (b). Trans-
mission spectrum of the integrated 1-D PC nanofiber sensor device we propose whose EXT = 58.64 dB
(RI = 1.00), and EXT = 43.54 dB (RI = 1.06) (c).
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and RI = 1.06 (orange line). It turns out that the additional series connected 1-D PC
filter has no influence on the resonant wavelength of the fundamental mode and can
attain extinction ratio (EXT) of 58.64 and 43.54 dB when RI = 1.00 and RI = 1.06 cor-
respondingly, as shown in Fig. 3c.

Therefore, the integrated sensor device proposed in this paper can be the basis for
building the nanofiber densely integrated sensors array, which can be used for accurate
sensing with high parallel multiplexing capability [15].

3. Single resonance nanofiber cavity sensor characteristics

Figure 4 shows the proposed integrated 1-D PC nanofiber sensor device, with 1-D
PC-NCS series-connected 1-D PC-NBF. In the integrated 1-D PC nanofiber sensor
device, light incidents from the left side of the device, couples with the cavities in the
intermediate section. Then we are able to realize the purpose of sensing through observ-
ing the shift of the resonant peak.

The structure of the sensor is centrosymmetric. The cavities are etched into a SiO2
fiber (nSiO2 = 1.45, r = 520 nm). The radii of sensors cavities are increased from the
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Fig. 4. Schematic illustration of the integrated 1-D PC nanofiber sensor device, which consists of 1-D
PC-NCS and 1-D PC-NBF. The period is α1 = α2 = 629 nm. For 1-D PC-NCS, the radii of air-hole gratings
increase quadratically from rcenter = 195 nm to rend = 240 nm. For 1-D PC-NBF, the radii of air-hole grat-
ings keep the same as r1 = 300 nm.
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Fig. 5. Schematic diagram of relation between hole radius and the hole number of 1-D PC-NCS and
1-D PC-NBF. The blue straight line represents the relation between the hole radius and the hole number
of 1-D PC-NBF. There are 60 points in the blue straight line, which means there are 60 holes on the filter
and these holes radii are the same. The red curve represents the relation between the hole radius and the
hole number of 1-D PC-NCS. There are 71 points in the red curve which means there are 71 holes on the
sensor. The changing trend of the radius is quadratic.
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center to the end, which follow the Eq. (1) where rend = 240 nm, rcenter = 195 nm. Since
we choose the air mode for the sensor, the symcenter of the sensor should be an air
cavity. It should be noted that though imax = 36, due to the formula mentioned above,
in fact there are 71 cavities drilled into the fiber. 

The filter’s structure is also centrosymmetric, where the radii of air-hole gratings
are kept same as r1 = 300 nm and the total number of the cavities is 60. The specific
relation between the hole radius and the hole number is shown in Fig. 5.

Figure 6a shows the composed transmission spectra of the proposed integrated
1-D PC nanofiber sensor device which is formed by series-connected 1-D PC-NBF and
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Fig. 6.  The relation between the resonant wavelength and the refractive index (RI) in the integrated
1-D PC nanofiber sensor device (a). The relation between the resonant wavelength and the refractive index
in the single integrated 1-D PC nanofiber sensor device (b). By 3D FDTD, we can calculate the sensitivity
(848.18 nm/RIU) of the sensor device. The marked resonant wavelength in part a corresponds to the data
point in part b.
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1-D PC-NCS when the refractive index changes from RI = 1.00 to RI = 1.10. As we
can see, the issue of the interaction between the high order resonant mode and the fun-
damental mode can be well addressed.

The sensitivity of this new resonance nanofiber cavity sensor we proposed keeps
consistent with that of the optical sensor without filter. More specifically, the sensitiv-
ity of the sensor is 847.77 nm/RIU while the sensitivity of the sensor in series with
filter is 848.18 nm/RIU (Fig. 6b). That indicates the filter has no interference on the
sensitivity. Compared with the general silicon on-chip nanobeam sensors, the sensi-
tivity of the nanofiber cavity sensor is increased by eight times [16–18].

4. Conclusion

In summary, we propose a design of 1-D PC nanofiber sensor device with series-con-
nected 1-D PC-NBF and 1-D PC-NCS by 3D FDTD. It can address the issue of the
interaction between signals due to crosstalk. We attain a photonic bandgap (PBG) that
filters out the jamming signal and consequently makes the proposed structure become
a filter with excellent performance. Then, by connecting 1-D PC-NBF and 1-D PC-NCS
in series, a transmission only containing a single air mode for sensing detection can be
obtained. The design enables us to filter out the high order mode and get the single air
mode for sensing. Besides, the additional 1-D PC-NBF has no influence on resonance
wavelength which means the position of the resonance wavelength does not change.
It is worth mentioning that the sensitivity of the new resonance nanofiber cavity sensor
is ultra-high and keeps consistent with that of a single optical sensor. The design pre-
sented here has the potential to make huge contribution to ultra-compact integrated sen-
sor-array devices and accelerate the development of other photonic integrated devices.
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