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Ultrasensitive Refractive Index Sensor Based on
Twin-core Photonic Bandgap Fibers

Wu Yuan"", Graham E. Town?, Ole Bang'
"DTU Fotonik, Dept. of Photonics Engineering, Technical University of Denmark,
DK-2800 Kgs. Lyngby, Denmark
2 MQ Photonics, Dept. of Physics and Engineering, Macquarie University, NSW 2109, Australia

ABSTRACT

We have theoretically investigated twin-core all-solid photonic bandgap fibers (PBGFs) for evanescent wave sensing of
refractive index within one single microfluidic analyte channel centered between the two cores. The sensor can achieve
ultrahigh sensitivity by detecting the change in transmission. We find novel features in the sensing characteristics: the
sensitivity is higher at the short wavelength edge of a bandgap than at the long wavelength edge, the effective index of
the odd supermode (n.q4) is more sensitive to ambient refractive index change compared with that of the even supermode

(Deven)-
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1. INTRODUCTION

There is a growing research interest in optical fiber refractive index sensors and biosensors using the principle of
evanescent wave sensing. Most effort has concentrated on increasing the sensitivity of fiber sensors to detect small
refractive index changes. In this context, photonic crystal fibers (PCFs) have received considerable attention recently, as
PCF allows infiltration of the analyte into the air holes, thereby maximizing the interaction between the probing
electromagnetic field and ambient analyte [1, 2, 3]. Furthermore, due to the flexibility of design and ease of fabrication,
multi-core PCF is advantageous for applications in optical communication and sensing [4, 5, 6]. However, fiber sensors
based on either conventional single mode fiber (SMF) or PCFs currently cannot compete with some other photonic
sensors, e.g., surface plasmon resonance (SPR) sensors. The performance of fiber sensors is currently limited either by
the detection limit of around 10” RIU, or by a narrow dynamic range [1, 2, 3].

PBGFs intrinsically offer higher sensitivity than PCFs for direct refractive index sensing, as in PBGFs a significant part
of field of the core modes is present in the high-index rods, whilst in the case of index guiding PCFs, all core modes are
expelled from the holes [4, 5]. Theoretical and experimental studies of multi-core PBGFs have already shown that such
fibers have some remarkable coupling properties, e.g., the decoupling and extremes of coupling length [4, 5].

In this paper we present the results of modeling of twin-core all-solid PBGFs for evanescent wave sensing of refractive
index within one single microfluidic analyte channel centered between the two cores. Our twin-core PBGF operates by
simply detecting the change in transmission. Novel features are indentified in their sensing characteristics: the sensitivity
is higher at the short wavelength edge of a bandgap than at the long wavelength edge, and the effective index of the odd
supermode (n,qq) is more sensitive to ambient refractive index change compared with the even supermode (neyep).

2. PRINCIPLE AND MODELING

Figure la shows the modeled all-solid PBGF with two solid cores and one single microfluidic analyte channel (7, )

between the two cores. The cores are separated by two times the pitch 2A and the cladding is a triangular array of high-
index rods of diameter d = 0.53A , where A is the hole to hole pitch. The fiber is proposed to be fabricated with two

different materials, i.e. Polyl and Poly2. Polyl will be the lower refractive index background material ( 72, =1.34), Poly2
works as the high index rod (72, =1.53). Material dispersion has no significant impact on our results and is neglected.
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The twin-core PBGF forms a directional coupler and has broad transmission windows or bandgaps (BGs) delimited by
the cut-off wavelengths of the modes of individual high index rods, and were calculated by using MIT plane-wave
package [7] as shown in figure 1b.
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Figure 1. (a) Proposed twin-core PBGF with core separation 2A and fabricated with Polyl background and Poly2 rods. (b) Photonic
bandgaps of the proposed PGBF plotted with normalized frequency A/A against the effective indexn of for indices of

refraction 7, =1.34 and 71, =1.53. The refractive index of the cores is shown with a solid black line.

In a twin-core PBGF with two identical single-mode cores, the modes of the individual cores interact via their
evanescent field and form a pair of supermodes, i.e. symmetric (even) supermode and antisymmetric (odd) supermode.
The phase mismatch between the two supermodes will determine the beat length or coupling length (L.):

— T — T
L= =75, M

Where Ny, and nyyq are the corresponding effective indices of even and odd supermodes, respectively, k=2m/A and A is
the free space wavelength. £, is the coupling coefficient between the two cores, which is strongly affected by the
confinement of the guided core mode , the separation between the cores, and also the refractive index perturbation of the
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Figure 2. (a) Variation of Aneg versus A within 2™ bandgap. (b) Coupling length versus A within the 2" bandgap, (black solid
line:n, =1.400, gray solid line: n, =1.401, A=3.2um). (c) Corresponding coupling length change induced by 0.001RIU change of
the refractive index inside the analyte channel.

In conventional twin-core index-guiding PCFs, L. increases monotonically with frequency and depends primarily on the
cores separation [6]. However, in the index-guiding case, because all guided modes are expelled from the holes, a change
in the dielectric constant inside the hole cannot induce significant change of L.. In contrast, the core-guided modes have
a presence in the high-index rods of PBGFs, and the field in the rods plays a key role for the coupling properties of twin-
core PBGFs. The rod directly between the cores, i.e. the microfluidic analyte channel in our fiber, is particularly
important because this is where even and odd supermodes are most clearly different.



For example, considering the case of the 2" BG, as shown in figure 2a and 2b, when the refractive index of the analyte
(n,) changes from 1.400 to 1.401 (Ana =0.001RIU), the An.g curve (black solid line) is shifted upwards (gray solid

line) and correspondingly the L. curve (black solid line) is shifted downwards (gray solid line). The key feature in figure
2a and 2b is the steep change of both the An.g and L, curves at the short wavelength edge of the 2™ BG. This indicates
that, at short wavelengths, a small refractive index perturbation of the analyte ( An, ) can introduce a significant change to

the coupling coefficient §. and in turn both the An.; and L.. This is verified in figure 2c, which shows the change in
coupling length AL, induced by a 0.001RIU change of refractive index inside the analyte channel; a much steeper curve
can be achieved at the short wavelength edge than at other parts of the 2" bandgap.

According to equation (1), if light with wavelength A is incident on one of the cores of a twin-core PBGF, the intensity
exiting from the other core will be / =sin(27-L-An,,; / A), so twin-core PBGFs with constant length L allow for

refractive index sensing simply by tracking the variation in transmitted intensity at a fixed A. The sensitivity O/ / on, of
this sensing scheme will be:

aljon, oc (L-27, [)-0(An,,;) on, @)

which depends on o(An,,;) /a”a and scales with length L. According to the results shown in the inset to figure 2a,
O(An,,) / On, increases in magnitude as one approaches the short wavelength edge of the 2" BG.
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Figure 3. (a) 4n,y of the twin-core PBGF versus 71, of analyte at wavelength 1100nm, 1250nm and 1425nm, respectively. (b) The
corresponding normalized transmission variation of three specific wavelengths with the change of 77, . Notes: A=3.2um is applied in

all the simulations, the length of fiber is assumed to be the coupling length at each wavelength when the 71, is 1.400.

As demonstrated in figure 3a, the dependences of 4n,; to 71, are modeled at three different wavelengths, i.e. 1100nm,

1250nm, 1425nm, within the 2™ BG. Among them, the curve for 1100nm is much steeper than those of the other two
wavelengths. This confirms our previous results that the higher sensitivity can be offered at the short wavelength edge of
the 2™ BG. The transmission variations at the three wavelengths are shown in figure 3b, it is very clear that much more

rapid intensity changes are induced by changes in7, at 1100nm than at the longer wavelengths. Although the higher

sensitivity at 1100nm potentially reduces the dynamic range of the sensor, the features of sensitivity and dynamic range
can be easily tuned to obtain the desired performance characteristics by an appropriate choice of wavelength.

Interestingly, in the twin-core PBGF, we also find that the variation of 7, actually impacts more on the odd supermode
than on the even supermode in terms of effective index variation. As shown in figure 4a, the curve of n,4 is much
steeper comparing with that of 7., with the variation of #2,, . From the field contours of the even and odd supermodes,
shown in the figure 4b, the analyte channel, which mediates coupling between the core modes, has a significant part of
the field localized inside it. The variations of 7, from 1.430 to 1.460 strongly impact the field contours of the odd



supermode whilst leaving the even supermode relatively unchanged. Figure 4b also indicates a clear trend of the field of
the odd supermode to concentrate in the analyte channel with increasing 72, . The behaviours of the supermodes with
changes in the analyte index between the two guiding cores explain the high sensitivity of our twin-core PBGF. Figure

4a also shows that, at specific 71, , the ordering of supermodes’ effective indices is reversed from nou™nNeyen t0 Nogg<Neyen.

It is simply because at this index, the odd supermode reaches the cutoff 72, =1.34 RIU, it expands and couples with the

higher order modes of the analyte channel.
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Figure 4. () nyq of the odd supermode (black solid line) and ne.., of the even supermode (red solid line) vs 7, of the analyte at

wavelength 1250nm. (b) Representative field contours of the odd and even supermodes in the twin-core PBGF at 7, =1.430 and
1.460, A=3.2um.

3. CONCLUSIONS

In this paper, we propose a novel refractive index sensor scheme based on a twin-core all-solid PBGF with one single
microfluidic analyte channel centered between the two cores. By detecting the variation in transmission at a fixed
wavelength a significantly higher sensitivity can be achieved with this sensor than with twin-core PCFs or twin-core
SMF sensors. A typical detection limit magnitude of 10 RIU and dynamic range of 0.01RIU can be offered by this
sensor scheme at wavelength 1100nm, and the detection limit can be conveniently scaled with length of fiber to over 107
RIU without compromising the dynamic range. Furthermore, the sensitivity and dynamic range of the proposed twin-
core PBGF strongly depend on the photonic crystal structure, thus appropriate choice of the pitch (A) and diameter of
rod (d) can tailor and further optimize the performance of the proposed refractive index sensor.
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