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A birefringent single-layer coating photonic crystal fiber biosensor based on surface plasmon resonance is pro-

posed to realize high sensitivity, which is easy to implement, in that only gold is deposited externally. The bi-

refringent nature of the structure provides the sensor with high sensitivity. The results show that the biosensor can
obtain the wavelength sensitivity of 15180 nm/refractive index unit (RIU) and high linearity with the analyte RI
range of 1.40-1.43, corresponding to the resolution of 5.6818 x 10~ RIU. Owing to the high sensitivity and
simple structure, the proposed sensor can find important applications in biochemical and biological analyte

detection. © 2018 Optical Society of America

OCIS codes: (060.2370) Fiber optics sensors; (240.6680) Surface plasmons; (060.5295) Photonic crystal fibers; (060.4005)

Microstructured fibers.
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1. INTRODUCTION

As an alternative to bulky configuration, photonic crystal fiber
(PCF)-based surface plasmon resonance (SPR) biosensors have
attracted significant research attention because of advantages
such as miniaturization, integration, etc. [1—4]. It is important
to make the selection of plasmonic materials in SPR sensors.
With silver (Ag) material, it is possible to obtain a sharp
resonance peak to improve the sensing. However, Ag has high
susceptibility to oxidization. Although a thin graphene or
Ta,Os layer coating can solve the oxidization problem, this
additional coating increases the fabrication difficulty [5].
Comparatively, gold (Au) is chemically stable and does not
oxidize easily [6]. Moreover, it is more sensitive because of
lager resonance peaks.

Different methods have been investigated for better sensing
performance. Yang ez al. reported a SPR biosensor, where a
coated graphene—Ag bimetallic layer was used as the analyte
channel [7]. Rifat ez /. have proposed graphene—Ag deposited
core-based SPR sensors with selectively filled analyte channels
for RI detection [8]. Fan ez al. reported two kinds of novel
refractive index sensors based on PCFs deposited with Au or
Ag [9]. Very recently, a pure silica core PCF with Au and
Ta,Os layers in the large air holes at the vertical direction for
high RI sensing was proposed [10]. These multi-coating and

1559-128X/18/081883-04 Journal © 2018 Optical Society of America

internally metal film-coated SPR sensors have severe draw-
backs, because it is difficult to infiltrate the analyte in the
inner air holes for practical sensing. To solve the problems, ex-
ternally coated metallic film SPR sensors have been introduced.
A D-shaped RI sensor with a Ag film to obtain SPR has been
presented by Luan ez al [11]. Liu e al. proposed a PCF-SPR
sensor with the Au—graphene composite film deposited on the
outermost layer of the core region, and the maximum wave-
length sensitivity can reach 7500 nm/RIU [12]. With only
one plasmonic material, Liu ez a/l. presented a square array
PCF-based SPR RI sensor with 7250 nm/RIU [13]. It should
be noted that easier fabrication and higher sensitivity are
important measures of sensor performance.

In this paper, we report a simple SPR-PCF sensor based on a
single coating layer in which a thin film of Au exists outside the
PCF structure to realize an easy coating process. The air holes
for both polarization directions are different to create the
birefringence, which allows one fundamental mode to be more
sensitive. By optimizing the structure parameters, sensitivity
as high as 15180 nm/RIU and resolution as low as 5.6818 x
107° RIU can be achieved within the detection RI range of
1.40—1.43 and with high linearity, which is remarkable com-
pared with sensitivity of 9180 nm/RIU in Ref. [10] and
7500 nm/RIU in Ref. [12].
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2. STRUCTURE DESIGN AND NUMERICAL
MODELING

The cross section of the proposed birefringent single-layer
coating PCF-SPR biosensor is shown in Fig. 1. The sizes of the
air holes are ; = 0.8 pm, , = 0.7 pm, and r; = 0.4 pm,
respectively. The hole spacings are A; = 1.8 pm and
Ay =A; =15 pm. The radius of the silica core is
r. = 3 pm. The thickness of Au film and analyte channel
are £5, = 30 nm and 7,,; = 0.5 pm. 7, represents the refrac-
tive index of the analyte. The proposed structure can be
fabricated by the stack and draw method. The Au film can
be deposited on the external surface of the PCF structure
through high chemical vapor deposition (CVD) to offer
uniform nanolayer coating with minimal surface roughness
and high efficiency [5].

The background material of the proposed sensor is fused
silica  whose material dispersion is considered by the
Sellmeier equation [5]:

B2 B> B2

2 =1 s
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M

where 7 is the wavelength-dependent refractive index of fused
silica, and A is the input wavelength. By, B,, B;, Cy, C,, and
(35 are the Sellmeier constants [5]. We used the Drude—Lorentz
model to obtain the dielectric constant of the Au, and this
model is characterized by the following equation [13]:

2
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The meanings and values of @, ®,, and @, can be found in
Ref. [13]. Moreover, the confinement loss (CL), which depends
on the imaginary part of the effective RI (7.¢), can be found in
the same reference.

The calculation was carried out by using COMSOL soft-
ware. We imposed a circular anisotropic perfectly matched
layer in order to absorb outgoing waves from the surface of
the PCF. The complete meshed computation region consists
of 37,010 elements, and the number of degrees of freedom

equals 25,9703.
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Fig. 1. Cross section of the proposed sensor.
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3. SIMULATION RESULTS AND ANALYSIS

The performance of the SPR sensors depends on the geomet-
rical parameters of the PCF. These parameters should be se-
lected to make sure easy interaction between the evanescent
field and the metal surface can be realized. The proposed sensor
shows the birefringence due to asymmetric structure, which
induces an effective index difference between the fundamental
x polarization and y polarization modes as shown in Fig. 2.

Due to the highly birefringent structure, the confinement
loss at y polarization resulted from higher SPR interaction,
and the birefringence is much higher. As a result, the relevant
modes at y polarization are used for analysis. Resonance occurs
when the real part of the effective index of the fundamental
mode matches with that of the plasmonic mode. Figure 3
shows the real part of the refractive index, the CL, and the field
distribution of the fundamental and plasmonic modes as a
function of wavelength. As can be seen from Fig. 3, the reso-
nance occurs at a wavelength of 904 nm where the CL is maxi-
mum. Insets (a)—(c) illustrate the energy transition process
between the fundamental mode and the plasmonic mode.
It can be clearly observed that the two modes are different
at non-resonant wavelengths [see insets (a) and (b)].
However, at the resonant wavelength, the real parts of the re-
fractive indices of the fundamental mode and the plasmonic
mode are identical (see the crossing point of red solid and
dashed lines). The two modes become mixed [see inset (c)],
which indicates that a portion of the fundamental mode energy
couples into the plasmonic mode, leading to an obvious peak in
the loss spectrum of the fundamental mode. In other words,
the variation of 7, can be detected by measuring the shift of
y-polarized resonance peak.

The influence of the hole size 73 on the sensing performance
is shown in Fig. 4. It can be seen that the plasmonic resonant
loss increases when 3 decreases. It is easy to understand, in that
the decrease of the hole size in the outer layer promotes the
leakage of the fundamental mode from the fiber core. This
ultimately leads to the enhanced coupling between the funda-
mental mode and the plasmonic mode. Moreover, when 73
decreases from 0.42 pm to 0.36 pum, the resonant peak redshifts
from 901 nm to 910 nm, and the peak loss increases from
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Fig. 2. Variation of effective indices of x and y polarizations
showing birefringence behavior with 7, = 1.40, A, = 1.8 pm,
Ay =A;=15pum, r, =08 pm, r, =0.7 pm, r; = 0.4 pm,
7. = 3 pm, #5, = 30 nm, and #,,; = 0.5 pm.
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Fig. 3. Real part of the effective refractive index of the fundamental
mode (red solid line) and the plasmonic mode (red dashed line),
as well as the loss spectrum of the fundamental mode (black solid
curve). Insets (a) and (b) show the electric field of plasmonic and fun-
damental modes at non-resonant wavelengths, respectively. Inset
(c) shows the field distribution at resonant wavelength. The RI of an-
alyte is 1.40. Structure parameters: A} = 1.8 pm, Ay =A;=1.5pum,
r1=0.8pm, r, = 0.7 pm, 73 = 0.4 pm, . = 3 pm, 75, = 30 nm,
and #,,,;, = 0.5 pm.

3.2465 dB/cm to 8.2940 dB/cm, which indicates that 73 has
main effects on the resonance intensity of the sensor.

The asymmetrical structure caused by the different hole sizes
leads to the birefringence. The greater the difference of hole
size, the stronger the birefringence that will be induced. In
order to investigate the effects of 7; and 7, on the birefringence,
the variable 6 = r,/r| is introduced. Figure 5 shows the loss
spectrum for different 6 with 7, = 1.40, A; = 1.8 pm,
Ay = A3 =15 pm, r, =3 pm, £5, = 30 nm, and £, =
0.5 pm. It can be seen that the CL at the resonant wavelength
increases, and the resonant wavelength moves toward the
shorter wavelength (blue-shifted) with decreasing 8. It can
be understood, in that smaller § means stronger asymmetry
and high birefringence, weakening the limitation of the
optical field and increasing the leakage loss.
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Fig. 4. Loss spectra of the sensor for different hole sizes 73
with 7, = 1.40, A; = 1.8 pm, A, = A3 = 1.5 pm, r; = 0.8 pm,
7, = 0.7 pm, 7. = 3 pm, £5, = 30 nm, and #,,; = 0.5 pm.
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Fig. 5. Loss spectrum for different 6 = r,/r; with n, = 1.40,
Ay =18 pm, Ay, = A3 = 1.5 pm, . = 3 pm, #5, = 30 nm, and
tana = 0.5 pm.

The performance of the PCF-based SPR sensor can be
measured by the sensitivity. We analyzed the sensitivity of
the proposed fiber by using wavelength interrogation and
amplitude interrogation. The wavelength sensitivity can be
calculated as follows [13]:

Al cak
$() =—"= (am/RIU), 3
An,

where Al is the resonant wavelength shift, and An, is the
variation of the analyte RI. Figure 6 presents the peak wave-
length shift by varying the external analyte RI from 1.40 to
1.43. The real part of the effective index Re(7.g) of the plas-
monic mode changes with the analyte RI, resulting in a red shift
of the resonant wavelength [11]. It can be concluded that a
positive wavelength sensitivity as high as 15180 nm/RIU
can be achieved. From Fig. 7, it can be obtained that the linear
regression R” of the resonant wavelength shift is as high as
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Fig. 6. DPeak wavelength shifts of the sensor for different analyte
RIs  with  parameters: A; = 1.8 pm, A, = A3 = 1.5 pm,
r1 = 0.8 pm, 7, =0.7 pm, r3 = 0.4 pm, r, = 3 pm, 75, = 30 nm,
and #,,,; = 0.5 pm.
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Fig. 7. Linear fitting of the resonant wavelength as a function of
analyte RI for A; = 1.8 pm, Ay = A3 = 1.5 pm, r; = 0.8 pm,
7, =07 pm, 73 =04 pm, 7, =3 pum, £, =30nm, and
Lanal = 0.5 pm.
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Fig. 8. Amplitude sensitivity of the sensor with optimized param-
eters Ay =1.8pm, Ay = A3 = 1.5 pm, r; = 0.8 pm, r, = 0.7 pm,
73 = 0.4 pm, 7. = 3 pm, #5, = 30 nm, and #,,; = 0.5 pm.

0.9946 with the iteration of 0.01, showing a very high linearity
and providing the ability of accurate analyte detection.

The amplitude sensitivity of the PCE-SPR sensor is analyzed
and can be calculated as [5]

1 oda(l, n,)
“a(An,) on,

where a(4, n,) is the transmission loss corresponding to 7,, and
oa(A, n,) is the loss difference between two loss spectra [14].
Figure 8 shows that the amplitude sensitivity varies with the
wavelength at a refractive index of 1.40. The amplitude
sensitivity increases first and then decreases with increasing
wavelength, and S can reach up to 498 RIU!.

S RIUT) = , (4)

4. CONCLUSIONS

We propose a highly sensitive and simple SPR-PCF sensor to
achieve accurate sensing. Both thin Au film and analyte are at
the outer surface of the PCF, ensuring easy fabrication and
more practical detection. The asymmetric structure provides
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the sensor with high birefringence to enable high sensitivity.
Compared with existing multi-coating and inner-coating con-
figurations, our sensor is much simpler and more sensitive.
Besides the high linearity, the wavelength sensitivity of the sen-
sor is found to be as high as 15180 nm/RIU, the amplitude
sensitivity is up to 498 RIU™!, and the resolution of the sensor
can be 5.6818 x 10°¢ RIU, which is very competitive in
biochemical and biological analyte detection.
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