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Abstract. We propose a simple photonic crystal fiber (PCF) biosensor based on the surface
plasmon resonance effect. The sensing properties are characterized using the finite element
method. Chemically stable gold material is deposited on the outer surface of the PCF to realize
the practical sensing approach. The performance of the modeled biosensor is investigated in
terms of wavelength sensitivity, amplitude sensitivity, sensor resolution, and linearity of the res-
onant wavelength with the variation of structural parameters. In the sensing range of 1.33 to 1.37,
maximum sensitivities of 4000 nm/RIU and 478 RIU~! are achieved with the high sensor res-
olutions of 2.5 x 107> and 2.1 x 107> RIU using wavelength and amplitude interrogation meth-
ods, respectively. The designed biosensor will reduce fabrication complexity due to its simple
and realistic hexagonal lattice structure. It is anticipated that the proposed biosensor may find
possible applications for unknown biological and biochemical analyte detections with a high
degree of accuracy. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOL:
[OIT7INATA.012507]
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1 Introduction

Over the last decades, photonic biosensors have attracted intense attention due to their promising
applications in several fields including medical diagnostics, biomolecules detection, biochem-
icals detection, environment monitoring, etc.Hl Several sensing approaches such as fiber Bragg
grating, microring resonator, resonant mirror, multimode interference, and surface plasmon res-
onance (SPR) have been widely explored.H Among them, SPR-based sensors have gained maxi-
mum interest as they offer high sensitivity and better detection accuracy of unknown analytes.
The earlier SPR biosensors were mostly based on the Kretschmann set-up configuration, where
a prism and active metal layer were used. Since prism-coupling SPR sensors are bulky and
consist of moving optical and mechanical parts, they are not suitable for remote-sensing
applications.B The use of fiber optic can greatly reduce the major challenges of prism-based
biosensors. Photonic crystal fiber (PCF) is more convenient compared with the regular fiber
in SPR sensing. In PCF-based SPR sensing, an evanescent field is the focal parameter to enhance
the sensor performance. Conventional optical fiber consists of core and cladding having different
materials. The index contrast between core and cladding is relatively smaller, which limits the

*Address all correspondence to: Ahmmed A. Rifat, E-mail: [ifafahmmed@osamembef.ord
1934-2608/2017/$25.00 © 2017 SPIE
Journal of Nanophotonics 012503-1 Jan-Mar 2018 « Vol. 12(1)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Nanophotonics on 7/5/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


http://dx.doi.org/10.1117/1.JNP.12.012503
http://dx.doi.org/10.1117/1.JNP.12.012503
http://dx.doi.org/10.1117/1.JNP.12.012503
http://dx.doi.org/10.1117/1.JNP.12.012503
http://dx.doi.org/10.1117/1.JNP.12.012503
mailto:rifat.ahmmed@osamember.org
mailto:rifat.ahmmed@osamember.org
mailto:rifat.ahmmed@osamember.org

Rifat et al.: Photonic crystal fiber-based plasmonic biosensor. ..

efficient control of the evanescent field. However, PCFs offer wider design space by taking ad-
vantage of large index contrast between core and cladding. By varying the structural parameters
such as air-hole diameter, pitch, and crystal arrangement, the evanescent field can be easily tail-
ored. As a result, PCFs have been widely used instead of conventional optical fiber.B-l In PCFs,
SPR phenomena can be easily observed, and performance of the sensor can be controlled by
varying the fiber’s design parameters (air-hole radius, pitch size, etc.). The structures of PCF-
based biosensors can be realized using existing fabrication technologies. In addition, PCF-based
SPR biosensors allow reduction of sensor size and permit easy manipulation of the guided
electromagnetic field. To create the SPR effect, a metal coating is required to be deposited either
in the inner air holes of the PCF or on the outer surface of the PCF. Several plasmonic materials
including silver, gold, and copper have been widely studied for SPR sensors.Bl Although silver
material offers a sharp resonance peak, it is chemically unstable and very susceptible to oxi-
dization, which reduces the sensing performance.! To prevent oxidization, an effective approach
is to deposit nanoscale graphene layers on the top of the plasmonic material HO However, main-
taining a uniform thickness of this additional layer is difficult, and it also increases the overall
manufacturing cost. On the other hand, gold is chemically stable and provides a high resonance
peak. Unlike copper, gold material does not suffer from oxidization.! In PCF SPR biosensor, an
evanescent field propagating toward the cladding region strikes the plasmonic metal interface
that excites the free electrons. When the frequency of the oscillating surface electrons and inci-
dent photons are matched, a sharp loss-peak is observed. Mathematically, SPR phenomenon
happens when the real refractive index (RI) (n.) of the guide mode and the real ngg; of the
surface plasmon polariton (SPP) mode are equal. Under this condition, maximum mode
power transfers from the core-guided mode to the SPP mode.

To date, several distinct PCFs biosensors based on the SPR phenomenon have been
proposed BBOHD Internally, metal film-coated PCF biosensors have been reported in
Refs. [3HI3. In such PCFs, several micron-scale air holes are selectively coated with plasmonic
metal as well as selectively infiltrated with liquids. Although these types of biosensors (inside
sensing) offer high sensitivity, they are difficult to realize from the fabrication point of view.
Maintaining an accurate coating inside the air holes to deposit several metal layers is also a
challenging task. To eliminate the shortcomings of these biosensors, externally metal-coated
PCF SPR sensors have been introduced. The D-shaped PCF SPR sensors have been reported
in Refs. [[3, T8[9, showing the improved sensing performances. Tian et al. reported a D-shaped
PCF-based SPR sensor where silver was used as the plasmonic material B However, silver is not
chemically stable and prone to oxidize easily. It achieved the maximum sensor resolution of
7300 nm/RIU at analyte RI 1.38. However, such D-shaped PCFs require additional effort to
polish the predefined section of the PCF, which increases the fabrication difficulties. To date,
several improved PCF SPR sensors have been reported where a plasmonic metal layer is placed
outside the PCF structure. JEHA However, these PCFs contain elliptical air-holes® and different
sized air—holes,Em and some of the PCF outer structures are slotted,ﬂ’ﬂ which are difficult to
control during fabrication. Additionally, most of the reported external sensor approaches
used a small central air hole to facilitate penetration of the evanescent field. Practically, achieving
such PCF structures are challenging. Recently, metallic nanowire-based plasmonic sensors have
been reported using silver nanowires. BB Based on the plasmonic resonance, ultrathin metallic
nanolayer plasmonic tapered fiber sensors have also been explored in the literature. EHE1

In this paper, we propose a simple solid-core PCF-based SPR biosensor. Unlike the existing
biosensors, the proposed sensor has minimum irregular design parameters, which reduces the
fabrication complexity. Chemically stable gold material is coated on the outer surface of the PCF
structure, which is more straightforward for practical fabrication. The proposed biosensor also
allows a simple detection approach since unknown analyte can be detected by flowing it through
the outer gold surface.

2 Design and Simulation Methodology

Figure shows the cross-section of the proposed PCF preform structure during the stacking
process. As illustrated in the figure, the central core and four missing air holes in the second ring
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Fig. 1 (a) Cross-section view of the stacked preform of the proposed PCF. (b) Cross-section view
of the computational model of the proposed biosensor in the xy plane.

can be created by inserting solid rods. In contrast to others, thick wall capillaries are used for
smaller air holes, and the larger air holes can be created using thin wall capillaries. Figure [[(D]
shows the cross-section of the proposed PCF SPR biosensor, where the PCF consists of a two-
ring hexagonal lattice design. The center-to-center distance between air holes is A = 2 uym, and
the core diameter is 1.4 X A. The diameter of air holes in the first and second rings is d = 0.6 X A
and d; = 0.8 X A, respectively. The total size of the PCF is 10 um, and the outer diameter of the
fused silica [perfectly matched layer (PML) thickness] is 1.5 um. The analyte layer thickness is
1.2 ym. Unlike other PCF sensors, M3 this PCF is comparatively simple in the sense that it has
fewer design parameters. The missing central air hole also facilitates the fabrication process. In
this design, fused silica was used as the background material.
The RI of fused silica was obtained using the following Sellmeier equation:B

B /? B,A? B;/?
P-Cc, 1P-Cc, 2-C5

n*(l) =1+ (1)

where n is the wavelength-dependent RI of fused silica and 4 is the wavelength in ym. B, B,, B3,
C,, C,, and C5 are the Sellmeier constants. For fused silica, the constants are 0.69616300,
0.407942600, 0.897479400, 0.00467914826, 0.0135120631, and 97.9340025, respectively.
A thin gold layer with a thickness of 7, = 30 nm is deposited in the outer layer of the PCF. It
is a challenging task to maintain a uniform thickness of the outer thin gold layer coated on a
circular surface of the PCE. There are several techniques such as radio frequency sputtering,&
thermal evaporation,IEI and wet-chemistry depositionlﬂ that can be used to deposit this outer met-
allic layer. However, these metal-coating techniques suffer from extreme surface roughness. In
this context, chemical vapour depositionE is an efficient method that permits uniform nanolayer
coating with minimal surface roughness. In addition, the newly reported gold atomic layer dep-
osition method,B which can deposit a more uniform gold coating on the curve fiber surface,
could be used. The dielectric constant of gold can be obtained from the Drude—Lorentz modelB
w?, AeQ?

Epy = €0 — — = - , 2)
A o(+jrp) (0> -Q})+ To

where e, is the permittivity of gold, e, is the permittivity at a high frequency with the value of
5.9673, w is the angular frequency, which is given by w = 2zc/4, c is the velocity of light in
vacuum, wp is the plasma frequency, and yp is the damping frequency. Here, wp /27 =
2113.6 THz, yp/27x = 15.92 THz, and the weighting factor Ae = 1.09. The spectral width
and oscillator strength of the Lorentz oscillators are given by I'; /2z = 104.86 THz and
Q; 2z = 650.07 THz, respectively.

The finite element method-based state-of-the-art COMSOL 25.0 has been used to design and
simulate the proposed structure. We imposed circular PML and scattering boundary conditions
that absorb outgoing waves from the surface of the PCF. The convergence test was performed to
confirm the simulation accuracy. The total computation domain took 30,150 triangular elements
to represent the structure. The thickness of the PML and analyte layer was about 14% and 12% of
the fiber diameter, respectively.
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3 Results and Discussions

The fundamental mode field profiles of the core-guided mode and SPP mode for x- and y-polar-
izations are shown in Figs. P(a}-(d], respectively. As seen from the figure, in y-polarization
mode more of the evanescent field reaches the metal layer in comparison with the x-polarization
mode. As a result, the core-guided mode of y-polarization can easily excite the metal electrons to
create the SPR effect. Therefore, in the rest of the discussions, we only consider the y-polari-
zation mode because of higher loss depth. Although the y-polarized mode showed the higher
evanescent field compared with the x-polarized mode, it is not significant enough to produce a
larger amount of propagation loss. More evanescent field interaction with the sample means
more propagation loss. Increase of the propagation loss will lead to the higher signal-to-noise
ratio; however, if propagation loss is increased, then the sensor length will be reduced to generate
the measureable signal. As a result, practical realization will be difficult. For instance, SPR

A= 620nm, n,=1.33 A= 620nm, n=1.33
Core mode, x-pol. . spp mode, x-pol.

1.0 1.0
0

o
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Fig. 2 Mode field distribution of the proposed sensor. (a) and (b) x-polarized fundamental core-
guided mode and spp mode, respectively; (c) and (d) y-polarized fundamental core-guided mode
and spp mode, respectively; and (e) dispersion relation between core-guided mode and SPP
mode while analyte RI 1.33.
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sensors are more sensitive compared with other optical sensors FHIEGH apd smaller evanescent
field interaction with the sample is able to detect the unknown sample.ﬂmE Figure represents
the relationship between the confinement loss and n.g of the core mode and the SPP mode for
analyte RI (n,) of 1.33. It is evident that, at a wavelength (1) of 620 nm, the n.s of the core-
guided mode and SPP is equal, which satisfies the required resonance condition. At the resonant
wavelength, a sharp loss peak occurs that indicates the maximum power transfer from the core-
guided mode to the SPP mode. The unknown analyte can be detected from the resonant wave-

length shifts or the amplitude variation of the loss peaks. The confinement loss can be obtained
byB203

a(dB/cm) = 8.686 X ko Im(neg) X 10%, 3)

where Im(n.) is the imaginary part of the effective mode index and k is the wave number.

A small change of the analyte RI has a significant impact on the loss depth. Loss spectrum of
the proposed PCF biosensor with different n,, is shown in Fig. [§. It can be observed that increas-
ing n, results in shifting the loss peak toward longer wavelengths (also known as redshift) with
an increasing of loss depth. The highest loss depth is 60 dB/cm for n, = 1.37. The higher loss
depth indicates stronger power interchange between the core and SPP modes, which results in a
narrow resonant spectrum. Linear curve fitting of the resonant wavelength is also shown in the
inset of Fig. . The calculated linearity R? value is 0.9868, which shows a good linear fitting
characteristic. Therefore, the proposed biosensor can be utilized for practical biosensing
applications.

The sensitivity of a biosensor can be measured by wavelength interrogation and amplitude
interrogation methods. In the wavelength interrogation method, the sensitivity of a biosensor can
be calculated from S;(1) = Adpeac/ An, B where Alpeak is the difference between two resonant
wavelengths and An, is the analyte RI difference. Using the wavelength interrogation method,
the proposed sensor shows sensitivity of 2000, 3000, 3000, and 4000 nm/RIU for n, of 1.33,
1.34,1.35, and 1.36, respectively. When the analyte RI is changed from 1.33 to 1.34, 1.34 to 1.35,
1.35 to 1.36, and 1.36 to 1.37, the calculated A/lpeak are 20, 30, 30, and 40 nm, respectively. The
resolution of the sensor is another important parameter that describes how a small variation of the
analyte RI can be detected by the sensor. Resolution (R) of the proposed sensor can be given ash

R = Ang X Adin/ ApegRIU, @)

where An,, is the variation of analyte RI, Al is the minimum spectral resolution, and Ay is
the maximum resonant wavelength peak shift. Assuming that An, = 0.01, Al,, =0.1,
Adpeac = 40 nm, and n, = 1.36, the calculated maximum sensor resolution is 2.5 X 1075 RIU.
This resolution is comparable with the results reported in Refs. [[3, BQ, and £3. Using the amplitude
interrogation method, the amplitude sensitivity can be obtained fromd

750

~
(&)

4 Resonant wavelength &
— —— Peak loss o
604 —n,=133 \ g 710 +---- Linear fit of Res’.x(ave 60 ’E
| = i 3]
{—--n,=1 : o 4538
50 ——n,=1.36 0 | ! i 630 §
1— -1.37 1 .} 30
E 401 =13 o | 5% = 3000x—-3a7¢] "~
(3) . R?=0.9868
o 1 [ 550 . . 15
3 301 A I\ . 1.32 1.34 1.36 1.38
Tn’ R | \ . | Refractive index (RIU)
(7] v .
o
-l
04+==

540 590 640 690 740 790 840 890 940 990
Wavelength (nm)

Fig. 3 Loss spectrum of the proposed PCF biosensor for different n, with the variation of wave-
length. Linear curve fitting of resonant wavelength is shown in the inset.
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Fig. 4 Amplitude sensitivity of the proposed PCF biosensor as a function of wavelength with differ-
ent n,.

1 oa(d,n,)

SyRIUT) = —————
al ) a(A,n,) on,

: ®)

where a(4, n,) is the overall propagation loss at the RI of n, and da(4, n,,) is the loss difference
between two loss spectra.

Figure ] shows the S, as a function of wavelength for different n,. As observed from the
figure, the proposed sensor shows a maximum amplitude sensitivity of 478 RIU~! when
n, = 1.36. This value is higher than most of the previously reported results. HIEEE The ampli-
tude sensitivities for n, of 1.33, 1.34, and 1.35 are 190, 277, and 397 RIU!, respectively. In the
case of maximum sensitivity, i.e., 478 RIU™!, the calculated sensor resolution is about
2.1 x 1073 RIU taking into consideration that a minimum 1% of transmitted intensity can be
detected accurately.

The thickness of the gold layer has a dominant effect on the performance of the proposed
biosensor. The effect of changing #, for n, = 1.33 and 1.34 is shown in Fig. p(a). Due to the
increase of 7,, loss depth reduces significantly, which is shown in the inset of Fig. p(a]. When 7,
is varied from 30 to 50 nm, the corresponding peak loss reduces from 27 to 6 dB/cm for
n, = 1.34. This indicates that, with the increase of ty thickness, the evanescent field interaction
with the analyte decreases significantly. The physical reason is the higher damping loss of gold
due to the increasing of #,. Moreover, it can be found that increasing 7, causes loss peak shifting
toward a longer wavelength. In addition, amplitude sensitivity also shows the same scenario. By
increasing the gold thickness from 30 to 50 nm, amplitude sensitivity decreases dramatically,
with the values being 190, 155, and 141 RIU-, respectively [shown in Fig. B(B]]. In addition,
the resonant wavelength shifted from 650 to 670 nm (redshift).
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Fig. 5 (a) Loss spectrum of the proposed PCF biosensor for the variation of gold layer thickness
with n, = 1.33 and 1.34. (b) Amplitude sensitivity as a function of wavelength with varying ¢, at
ny, =1.383.
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Fig. 6 Loss spectrum of the proposed PCF biosensor for the variation of (a) air-hole dimension
and (b) pitch for n, = 1.33.

The effect of changing the air-hole diameter d on the surface plasmon waves is shown in
Fig. p(a). As d is increased from 0.5A to 0.7A, the amplitude of peak loss gradually increases
with redshifting of the resonant wavelength for a constant n,, of 1.33. When d is increased, it
results in a decreasing of the index contrast between core and cladding. As a result, peak loss
increases, which indicates strong coupling between the guided mode and the SPP mode. In addi-
tion, the effect of changing pitch A on the loss spectrum is shown in Fig. p(b]. Unlike the results
obtained from increasing d, when the value of A is increased, the amplitude of the loss peak
decreases slowly. Although increasing the value of d shows large redshift, in this case increasing
A results in small blueshift, i.e., changing the resonant peak toward a shorter wavelength.
Considering the strength of the coupling between the core and SPP mode, we have selected
the optimized values of d and A, which are 0.6 X A and 2 um, respectively.

Table [[] shows the comparison among the properties of the proposed SPR sensor with existing
structures in the literature. The performance comparison has taken into account structure type,
sensing approach, RI range, wavelength sensitivity, amplitude sensitivity, and sensor resolution.
As clearly evident from the table, the proposed SPR PCF sensor shows better performance in
terms of amplitude sensitivity, wavelength sensitivity, and sensor resolution.

Table 1 Comparison among the properties of the proposed fiber with previously reported

Sensors.
Wavelength Amplitude Resolution
Sensing sensitivity ~ sensitivity (wavelength
References Structure type approach Rl range (nm/RIU)  (RIU-T) inter.) RIU
6 Multichannel PCF External metal 1.33 to 1.34 2400 — —
sensor coating
7 Selectively ITO-coated Internal metal 1.33 to 1.35 2000 80 5x107°
PCF sensor coating
8 D-shaped PCF sensor Internal metal 1.33 to 1.35 2520 44 3.97x10°°
coating
13 Multihole PCF sensor Internal metal 1.33 to 1.35 2000 370 —
coating
15 Silver-graphene-based Internal metal 1.46 to 1.49 3000 418 3.33x10°°
PCF sensor coating
20 Two-ring hexagonal External metal 1.33 to 1.37 4000 320 25x107°
PCF sensor coating
21 Birefringent PCF External metal 1.33 to 1.35 2000 317 5x 1075
sensor coating
This work  Gold-coated PCF External metal 1.33 to 1.37 4000 478 25x107°
sensor coating
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At this stage, we would like to explore the fabrication feasibility of the proposed PCF-based
sensor. It is already known that hexagonal lattice PCF can be realized using the most versatile
stack-and-draw method B¥E1 As seen in Fig. [(b], the designed PCF has hexagonal lattice with
two air-hole rings. Therefore, the standard stack-and-draw method can be a viable way to realize
this PCF in practical form. It should be pointed out that the pitch size is 2 um, yielding a total
fiber diameter of around 10 ym. The diameter of the conventional PCF is about 125 ym. In this
case, the proposed PCF could be realized by either stacking the extra solid-rod or two or three
times jacketing of the outer layer. Regarding this designed structure, a solid silica surface will be
formed in the outside of the cladding (similarly demonstrated in Ref. §), which can be polished
to realize the proposed PCF. Moreover, the proposed PCF can also be realized using a tapered
technique.Iﬂ In practical sensing applications, generally a white light source/supercontinuum
(SC) light source can be used in the visible range to illuminate light into a single mode fiber
(SMF)EHE A splicing technique or free-space alignment can be used to connect the SMF with
the proposed PCF sensor. On the top of the gold surface [according to Fig. [(b]], a sample ana-
lyte channel can be maintained through a pump. The effective RI of the SPP mode will be
changed because of the interaction of sample analyte with the ligand; thereby, either blue-
or redshift will occur. The optical spectrum analyzer (OSA) or photodetector can be used to
measure the transmittance light. The output of the OSA or photodetector can be used for further
analysis in the computer.

4 Conclusion

In summary, we numerically investigated a relatively simple and realistic PCF SPR biosensor
based on the SPR effect. Chemically stable gold is used as the plasmonic material as it offers
simultaneously a narrow resonance spectrum and large wavelength shift. The proposed biosensor
shows a maximum wavelength sensitivity of 4000 nm/RIU and a maximum amplitude sensi-
tivity of 478 RIU~! within the sensing range of 1.33 to 1.37. High sensor resolution of 2.5 x
107> RIU and good linear fitting characteristics are obtained for the optimum design parameters.
Due to structural simplicity and excellent sensing properties, the proposed PCF can be regarded
as a good biosensor.
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