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Abstract: A quasi-D-Shaped photonic crystal fiber plasmonic biosensor operating in near
infrared is proposed for refractive index sensing. Chemically stable graphene and indium
tin oxide layers are used outside the fiber structure to realize a simple detection mecha-
nism. The design of quasi-D-shaped fiber makes the sensor configuration more simple and
easy to use. And the proposed sensor shows the wavelength interrogation sensitivity of
3908-10693 nm/RIU in the dynamic index range from 1.33 to 1.38. It also shows the max-
imum amplitude sensitivity of 95 RIU™" at the wavelength of 2040 nm with the analyte
refractive index (RI) of 1.37. Compared with traditional D-shaped optical fiber, the proposed
quasi-D-Shaped fiber has the advantages of easier to make and the promising results makes
it a potential candidate for detecting biomolecules, water quality analysis and other analytes.

Index Terms: Photonic crystal fibers, surface plasmons, sensors, surface plasmon reso-
nance.

1. Introduction

The surface plasmon excited by light is called Surface plasmon resonance(SPR) [1] of localized
surface plasmon resonance(LSPR) or nano size metal structure [2]. And this effect has been more
and more used in the sensors which have extensive applications in the area of water quality analysis,
clinical medicine detection, and pharmaceutical testing (liquid medicine) [3]-[5]. The photonic crystal
fiber(PCF) is used as the carrier of SPR sensing has become very popular in the past decade [6],
[7] due to its unique excellent performance relative to the traditional fiber [8], [9]. However, among
the numerous SPR-based PCF sensors, many sensors are not very convenient to use due to its
unreasonable detection structure or unsatisfactory sensitivity such as filled the analytes in the air
holes of PCF [10], [11], complex structure that makes the manufacturing process difficult [12] [13],
ultra low sensitivity [14], filled the air hole with superfine metal wire [15] and the flat-fiber structure
that difficult to weld with fiber [16]. One can not help thinking how to fill the analytes into the air hole
quickly in the process of real-time detection of the samples?
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Thus, in order to solve this kind of problem and make operation more convenient, more and more
D-shaped PCF sensors have emerged [17]-[19]. Benefits from its natural shape advantage, the
metal film which is used as the sensing medium can be easily plated on the flat surface which is
side polished [20]. And naturally the real-time detection can be realized with the analytes be placed
on the outside of the fiber [21]. However, to our knowledge, most of the D-shaped PCF sensors
cut almost half of the fiber or in other words with a deep polishing depth [22]-[24]. Thus, it creates
difficulties for manufacturing. Because the deeper the depth of polishing, the greater the likelihood
of damage to the fiber and the polished surface will become uneven if one polish into the air hole
layer [22]. If the polishing platform is not smooth, it will affect the smoothness of the metal film and
then affect the sensing performance [25].

In this paper, in order to solve the above problems and by combining the advantages of D-shaped
fiber, we propose and numerically investigate a quasi-D-shaped photonic crystal fiber (PCF) SPR
sensor with a ultra short polishing depth. The production process will be very simple by placing the
core on the edge of the cladding. In this way, we only need to polish off a small portion of the fiber
and a same or even better sensing performance can be achieved compared with the previously
mentioned sensors at the same time. And such treatment can also make up the defect of easier to
break caused by large polished part.

2. Structure and Theoretical Modelling

Finite element method (FEM) is used by considering perfectly matched layer (PML) boundary
conditions of the mapped type as a radiation absorber to analyze the guiding properties of the
proposed sensor. A conducting metal oxide (CMO) of indiumtin oxide (ITO) whose properties have
been found to be such that tunable plasma frequency [26] and high optical transparency in visible to
near infrared (IR) region [27] was used as the sensing medium. The variation in real and imaginary
parts of the permittivity of ITO is computed by using the relation [28]:

»

32 (ke + i) M

gm()”) = &0 —

where ¢, is the dielectric constant for the infinite value of the frequency. A, = 5.649710’ m and
Le = 11.2107610° m are the plasma and collision wavelengths of ITO respectively.

Graphene is used to be deposited over ITO in order to raise the performance of sensors due
to the = — 7 stacking. Besides, the high surface to volume ratio and superior plasmonic properties
of graphene can also increase the absorption of analyte molecules which is very suitable for
improving the sensing performance [29]-[31]. The complex RI of graphene can be obtained from
the equation [32] ng = 3 + ’CT“ where constant Cy &~ 5.446 um~" and 1 is the vacuum wavelength
in um. Besides, the thickness of the graphene layer can be calculated as f{; = 0.34nm x L, where
L is the number of graphene layers.

Fig. 1 is a magnified diagram where analyte will flow through the sensing medium. ITO coated
with graphene is deposited on the polished plane of the quasi-D-shaped PCF. In order to reduce
computing time and memory, a complete mesh composed of 319680 domain elements and 18387
boundary domain elements is constructed by using commercial software known as COMSOL.

With regard to fabrication, as we moved the core to the edge of the fiber, the polishing process
will become easier because the parts that require polishing will be greatly reduced compared with
other common D-shaped sensors [18], [26], [33]. And such design can also help to enhance the
impact toughness of the optical fiber. The thin film of ITO can be prepared by various methods such
as chemical vapor deposition [34], pulsed laser deposition [35], and dc magnetron sputtering [36].
After a series of operations such as cleaning, drying, UV curing, etc. the graphene can also be
deposited on the ITO [37].

The experimental setup for analysing the RI of the analytes is shown in Fig. 2. A wide-band
light source may use to lunch into the quasi-D-shaped PCF and the evanescent field can easily
penetrate the metal film, then a strong mode coupling occurs between the core and spp mode. The
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Fig. 2. Schematic diagram of the proposed sensor set-up.
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Fig. 3. Dispersion relations of core guided mode and plasmonic mode(the red dashed and solid lines )
and loss spectra(black solid line) with the Rl of the analyte n = 1.36.

analyte sample flowing surround the optical fiber with different Rl can change the phase matching
condition by evanescent field and then result in a blue or red shift of the loss peak which can be
easily detected by an optical spectrum analyzer (OSA).

3. Result and Discussion
3.1. Investigation of the Quasi-D-Shaped PCF SPR Sensor Performance

Fig. 3 shows the loss spectra(black) and the dispersion relations of fundamental mode and SPP
mode (red) with the thickness of ITO film {; = 100 nm and a monolayer of graphene whose thick-
ness is 0.34 nm(L = 1). Unless otherwise specified, {; = 100 nm and L = 1 are considered for
all simulations. When the real n of the core guided mode is equal to the SPP mode, resonant
coupling between the two modes occur and the loss increased sharply which can be calculated
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Fig. 4. Variation of loss with refractive index of analyte.

from ojpss = 8.686 x %Im(neff), where A is in micron scale. It is generally known that the plasmionc
mode is very sensitive to the change in the RI of the dielectric surface and therefore any tiny
changes of the refractive index of the analytes could cause great changes of the surface plasmon
resonance(SPR) points.

To study the sensor performance, we take aqueous analyte as an example with the dynamic
index range from 1.33 to 1.38. As can be seen in Fig. 4 that with the refractive indexes of the
analyte ranging from n, = 1.33 to n, = 1.38, the resonance peak experiences a red shift and the
peak value also increased. The maximum shifting occurs during n, = 1.37 to n, = 1.38 is mainly
because that with the increase of the coupling wavelength, the ability of PCF to limit light will be
significantly weakened, and then more evanescent waves will interact with the external analyte.
That is to say, the sensitivity of the sensor will increase. The reason why we set the detection upper
limit to n, = 1.38 is that when n, continues to increase, the loss curve will become very desultory.

The refractive index sensitivity S is an important indicator to measure the performance of the
sensor and there are two main approaches for the detection of sensor’s sensitivity. One is the
wavelength scanning method which can be achieved by using a broadband light source and can
be calculated from the following equation:

S)L()‘)(nm/Rl U) = Ohres/0Ng (2)

where A refers to the resonance wavelength.

As one can see in Fig. 5 that with the increase of the RI, the coupling wavelength will increase
in the form of parabola. A dynamic sensitivity from 3908 nm/RIU to 10694 nm/RIU can be obtained
with the corresponding refractive index range from 1.33 to 1.38, which is higher than the value
reported in Table 1. A maximum resolution of 9.35 x 107® RIU can be obtained by sssuming the
spectrometer resolution of AL = 0.1 nm.

Alternatively, another simplicity and low cost detection method is the amplitude-(or phase-) based
method, where all of the measurements are done at a single wavelength without any spectral
manipulations [41] [8]. We assume the transmission loss «(, ng) is a function of wavelength and
refractive index of analytes, L is the length of the fiber and P(x, L, n,) is the power launched into
the core mode at initial state with Rl=n, of analyte. When the variation of Rl is A,,, the amplitude
sensitivity can be expressed as:

P(r,L,na+ Ap,) — P(x L, n,)
P(x, L, na)Anp,

Si(RIUTT) = @)
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Fig. 5. Numerical fitting result of resonance wavelengths as a function of the refractive index of analyte.

TABLE 1
Performance Comparison of the Reported SPR Sensors

Characteristics Wavelength(.m) Rl Range Sensitivity

Graphene based D-shaped fiber [38] 480-650 1.33-1.37 3,700 nm/RIU
hollow-core D-shaped fiber [39] 550-750 1.33-1.34 2,900 nm/RIU
D-shape, single metal coating [40] 750-910 1.35-1.42 5,000 nm/RIU
All-solid D-shaped [17] N/A N/A 7300 nm/RIU
Graphene is deposited over a metal layer [26] 1650-1750 1.33-1.345 5700 nm/RIU
Quasi-D-shaped (our work) 1880-2140 1.33-1.38 10694 nm/RIU

When the length of the fiber is defined as L = m the amplitude sensitivity can be reduced to
(8]:

1 da(h, ny)

) = a(h,ny) ana

(4)

Fig. 6 shows the amplitude sensitivity as a function of RI of analytes. The intensity of SPR
increased with the increase of the Rl of analyte. Maximum amplitude sensitivity of 95 RIU~" at
the wavelength of 2040 nm with the analyte Rl 1.37 is obtained and the corresponding sensor
resolution is 1.05 x 10~* by assuming that change in transmission intensity of 1% can be detected.

3.2 Investigating on the Influence of Structural Parameters on the Sensing Performance

As far as we know that the coating material has significant effects on the sensing performance
[10] [42]. The coupling between plasmonic mode and the fiber core mode can be greatly affected
by the parameters of coating material such as thickness of metal film, layers of graphene sheet, the
polishing depth, etc. As can be seen in Fig. 7 that with the number of graphene layers increased
from L =1 to L =5 the core mode loss is found to decrease from 59 dB/cm to 51 dB/cm. The
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Fig. 6. Amplitude sensitivity variation with different analyte Rl 1.33-1.37.
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Fig. 7. Variation of loss with different graphene layers.

reason why we considered the maximum number of graphene layers to 5 is that when the number
of graphene layers continues to increase the electronic behavior of graphene will be close to bulk
graphite according to the infrared conductivity spectra mentioned in Ref [43].

The thickness of the ITO also has a great influence on the sensing performance. With the
thickness of the ITO film increased from 90 nm to 120 nm the resonance wavelength experienced a
red shift, that is, the loss peak moves to the long-wave direction as is shown in Fig. 8(a). Obviously,
changes of metal layer thickness will inevitably lead to the change of sensitivity. We use amplitude
sensitivity as an example for all the discussions and illustrations with Rl of analyte n, = 1.34. As
one can see in Fig. 8(b) that with the increase of the thickness of ITO the maximum amplitude
sensitivity has a slight fluctuation ranging from 63R/U~" to 68R/U~" and the amplitude peak also
becomes broader. The maximum amplitude sensitivity leads to sensor resolution of 1.47 x 1074,

As can be seen in Fig. 9(a) that with the decrease of polishing depth(3.0 um — 2.8(93%) um)-in
other words, the sensing medium is becoming more and more away from the fiber core, the loss
depth also decrease and experiences a red shift. That is mainly because that with the increase of
the distance between the fiber core and the sensing medium, the energy of the core mode is more
difficult to couple to the metal surface. The amplitude sensitivity increased a little from 88R/U~" to
102R/U~" and experienced a red shift at the analyte R/ = 1.35 which is shown in Fig. 9(b). But the
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Fig. 8. Effect of ITO thickness on the sensing performance. (a) Variation of loss with different ITO
thickness. (b) Amplitude sensitivity effects with varying ITO thickness from 90 nm to120 nm.
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Fig. 9. Variation of loss and amplitude sensitivity with different polishing depths. (a) Variation of loss
with different polishing depths. (b) Amplitude sensitivity effects with different polishing depths at analyte
Rl =1.35.

polishing depth can not be arbitrarily decreased because that according to our simulation, when
the polishing depth reduces to a certain extent the loss depth which used as the test signal will be
very small and the detection range of the analyte RI will also be reduced(the loss curve of analyte
with high RI (1.37, 1.38, etc.) becomes more desultory and illegible which are very unfavorable for
signal detection).

Hence, for the fabrication tolerance, to control the polishing depth within 10% and fine-tuning of

the thickness of the metal layer can ensure a good sensing performance of the proposed sensor
combines the advantages of quasi-D-shaped structure.

4. Conclusion

A quasi-D-Shaped photonic crystal fiber plasmonic biosensor coated with ITO film and a monolayer
of graphene is proposed for refractive index sensing. By placing the core on the edge of the cladding,
a shorter polishing depth is achieved so that the production process will be very simple. Also in
this way, the impact toughness of the sensor can be greatly enhanced compared to the reported D-
shaped fiber sensor. The compute results show that a maximum wavelength interrogation sensitivity
of 10693 nm/R/U can be achieved with the corresponding resolution of 9.35 x 10~¢ RIU and

a maximun amplitude sensitivity of 95 RIU~" with the analyte R/ = 1.37 is obtained and the
corresponding sensor resolution is 1.05 x 1074,
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