Plasmonics (2017) 12:489-496
DOI 10.1007/s11468-016-0289-z

@ CrossMark

Analysis of Graphene-Based Photonic Crystal Fiber Sensor
Using Birefringence and Surface Plasmon Resonance

Xianchao Yang' - Ying Lu" - Baolin Liu’ - Jianquan Yao'

Received: 7 March 2016 /Accepted: 31 May 2016 /Published online: 20 June 2016

© Springer Science+Business Media New York 2016

Abstract We present and numerically characterize a photonic
crystal fiber (PCF)-based surface plasmon resonance (SPR)
sensor. By adjusting the air hole sizes of the PCF, the effective
refractive index (RI) of core-guided mode can be tuned effec-
tively and the sensor exhibits strong birefringence. Alternate
holes coated with graphene-Ag bimetallic layers in the second
layer are used as analyte channels, which can avoid adjacent
interference and improve the signal to noise ratio (SNR). The
graphene’s good features can not only solve the problem of
silver oxidation but also increase the absorption of molecules.
We theoretically analyze the influence of the air hole sizes of
the PCF and the thicknesses of graphene layer and Ag layer on
the performance of the designed sensor using wavelength and
amplitude interrogations. The wavelength sensitivity we ob-
tained is as high as 2520 nm/RIU with the resolution of
3.97 x 10~ RIU, which can provide a reference for devel-
oping a high-sensitivity, real-time, fast-response, and distributed
SPR sensor.
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Introduction

Surface plasmon resonance (SPR) technique has brought tre-
mendous advancements in different fields due to its label-free
and highly sensitive detection properties. In the SPR tech-
nique, a transverse magnetic (TM) or p-polarized light causes
the excitation of electron density oscillations (known as sur-
face plasmon wave, SPW) at the metal-dielectric interface.
When the energy and the momentum of the incident light
and SPW match, a resonance occurs [1]. The necessary con-
dition for SPR is
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where ) is the light wavelength, 6 is the angle of incident light,
€, represents the dielectric constant of the material on which
metal is deposited, and €, and ¢ are the dielectric constants of
the metal and the sensing medium, respectively. When SPR
occurs, the energy will be transferred from the incident light to
surface plasmons (SPs), which reduce the intensity of the
reflected light significantly and result in a sharp dip at the
particular wavelength. The resonance parameters (A and 6)
depend on the refractive index (RI) of sensing medium strong-
ly. Then we can detect analyte RI by monitoring the resonance
peak. Since the first sensing application of SPR technique was
reported in 1983 [2], numerous kinds of SPR sensors for
physical, chemical, and biochemical sensing have been report-
ed. The earliest SPR sensing devices are prism based [1, 3-5],
which can realize extremely high resolution of 10~® RIU. But
its bulky size and mechanical instability make it impossible
for remote sensing and highly integrate.

Optical fiber-based SPR sensors [6, 7] overcome these
shortcomings as the sensing probe can be miniaturized.
Usually, the fiber is tapered or side polished and then coated
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with a metal layer to form a sensing region. Gold and silver are
the most widely used SPR metals in sensing applications.
Gold is chemically stable and shows a larger shift of resonance
wavelength, but it has certain limitations like larger absorption
coefficient leading to a broader resonance peak, formation of
island in very thin layers, band to band transition, and surface
roughness arising due to thermal evaporation [§]. Silver shows
a sharper resonance peak compared to gold which can in-
crease the detection accuracy. However, it gets oxidized easily
when used in liquid or gaseous environments. To solve the
oxidization problem, some researchers proposed Au-Ag bi-
metallic structure SPR sensors [9, 10]. Ag is the major SPR
metal used to support SPs, and Au is the outer-protective layer
used to improve the sensor’s chemical stability. Recently,
graphene has been used as a coating on the metal surface for
SPR-based sensors due to its various advantages [11].
Graphene’s high electron density of hexagonal rings does
not allow atoms as small as helium to pass through it, which
can prevent oxidation of metal surface. Other features such as
high surface to volume ratio, broadband optical, and plasmon-
ic properties make it an appropriate candidate to be used as a
functional coating material for existing plasmonic devices [12,
13]. Moreover, graphene-based SPR sensors show higher ad-
sorption of molecules due to 7 stacking, which can be ef-
fectively used for biochemical sensing.

The appearance of photonic crystal fibers (PCFs) is a
breakthrough in fiber-optic technology, leading to unprece-
dented properties that overcome many limitations [14]. The
flexible design and unique structure make it own many advan-
tages like single-mode propagation, high confinement, con-
trollable birefringence, and so on. Moreover, the effective in-
dex of the core-guided mode can be tailored by changing the
geometrical parameters of the structure, which helps in phase
matching of core-guided mode and plasmon mode. PCF can
potentially be made highly birefringent as the fabrication pro-
cess permits the formation of the required microstructure near
the fiber core [15], which can be widely used in fiber loop
mirrors [16] or polarization filters [17, 18]. PCF-based sensor
also has a better mechanical stability than ordinary fiber based
as it need not strip the fiber jacket and cladding, which destroy
the fiber integrity. Taking the advantages of SPR, graphene
coating, and PCF, the same type sensors have been very re-
cently reported. In [19], Dash et al. proposed a graphene-Ag-
based D-shaped PCF biosensor using SPR and the wavelength
sensitivity is 3700 nm/RIU with a resolution of
2.7x107° RIU. The PCF is side polished to form a D-
shaped structure, which is quite difficult to operate. In [6],
Hongyan Fu et al. presented a graphene-Au-based fiber-
optic SPR biosensor. The cladding of a single-mode fiber is
stripped to form a ring structure, and the graphene-Au bime-
tallic layers are deposited on the fiber core. The influence of
the thicknesses of Au film and graphene layer on the sensor is
analyzed. But the resonance wavelength and the effective
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index of the core-guided mode cannot be easily tuned as the
RI of the single-mode fiber core is fixed.

In this paper, we present a PCF-based SPR sensor coated
with graphene-Ag bimetallic layers. The asymmetrical struc-
ture leads to strong birefringence with x-polarized peak pro-
viding much higher peak loss and sensitivity than the y-polar-
ized. The central air hole is used to tune the effective RI (n.¢)
of the core-guided mode, which can affect the mode coupling
efficiently. We theoretically analyze the influence of the air
hole sizes of the PCF and the thicknesses of the graphene
layer and Ag layer on the performance of the designed sensor
using wavelength and amplitude interrogations. The wave-
length sensitivity obtained is as high as 2520 nm/RIU with
the resolution of 3.97 x 10> RIU by optimizing the
parameters.

Structure and Theoretical Modeling

As shown in Fig. 1, the cladding of the sensor consists of two
layers of air holes arranged in a hexagonal manner and the
core is a central air hole. The structure can be fabricated using
the standard stack-and-draw method. The central hole is used
to lower the RI of core-guided mode to facilitate the phase
matching with the plasmon mode. The asymmetrical structure
caused by the two larger holes in the first layer leads to strong
birefringence, which helps in coupling more light into a par-
ticular direction, resulting in x-polarized resonance peak more
sensitive and much stronger than the y-polarized. The larger
holes in the second layer are selectively coated with graphene-
Ag bimetallic layers as it demonstrates better signal to noise
ratio (SNR) compared with the entirely coated structure [20,
21]. Moreover, graphene-Ag bimetallic layer-coated sensor
shows a sharper resonance peak compared to graphene-Au
bimetallic layers [11, 22] and is more sensitive compared to
Au-Ag bimetallic layers [23]. Coating of the metal layer can
be performed with a chemical vapor deposition technique [24]
or a wet chemistry deposition technique [25]. A single or few
layers of graphene can be isolated and deposited on a silver
surface using several available techniques [26, 27]. Selective
coating and analyte filling are possible as described in [28]
and [29], respectively.

In Fig. 1, the optimized structural parameters are A =2 um,
dc//l = 05, dl/A = 05, dz//l = 08, d3//1 = 09, and tAg =50 nm,
where 74, is the thickness of the Ag layer. The fiber material is
fused silica and the RI is determined by Sellmeier equation
[30]:

AN
\-B,

A N2
\-B,

A3\
\>—B;

n(\) =1+ (2)

where A; = 0.696166300, A, = 0.407942600, A5 = 0.897479400,
B, =4.67914826 x 10> um?, B, = 135120631 x 10 2 um?, and
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Fig. 1 Schematic of the designed
sensor

B3=97.9340025 pum®. The RI of graphene can be obtained by
the following equation [19]:
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where C; =5.446 pm™ ' and \ is the vacuum wavelength. Each
single layer of graphene has a thickness of 0.34 nm. The total
thickness of the graphene layer is 0.34 x L where L is the number
of graphene layers. In Fig. 1, L=9. The RI of Ag is given by the
Handbook of Optics [31].

Finite element method (FEM) is used for calculation using
COMSOL Multiphysics software. We use perfectly matched
layers (PML) as the boundary condition, and the whole sec-
tion of the sensor is divided into many triangular subdomains.
The total number of mesh elements is 183,578. As shown in
Fig. 1, the simulation for modal analysis is done in the XY
plane while the light propagation is along the Z direction.

Results and Discussion

Figure 2a shows the 2-D and 3-D electric field distributions of
the sensor at the resonance wavelength A =590 nm. We can
see that the sensor exhibits strong birefringence due to the
asymmetrical structure, and the light mainly propagates along
the y direction. When SPR occurs, some of the energy will be
transferred from the core to the metal-dielectric interface and
the intensity of the reflected light will be reduced. To make a
better understanding, we plot the electric field intensity distri-
bution at the middle of the sensor along y-axis with SPR layers
and without SPR layers in Fig. 2b. As we have seen, the core-
guided modes are confined well into the fiber core and only a
part of energy is transferred to the metal-dielectric interface.
Moreover, both sides of the metal layer can excite SPs, but the
resonance intensity at the metal-sensing medium interface is
much stronger than that at the metal-dielectric interface. The
amplitude of electric field has a maximum value at the metal

Graphene

surface and decays exponentially away from it, which is in
good agreement with the excitation of SPs.

Figure 3 shows the dispersion relations and electric field
distributions of the core-guided modes and the plasmon mode
when analyte RI n, = 1.33. We use the Gaussian-like modes as
the core-guided modes which are best suited for the excitation
by standard Gaussian laser sources [32]. As shown in Fig. 3,
the core modes exhibit strong birefringence with two ngg
curves (black solid curve and black dotted curve) of the
core-guided modes, resulting in two intersections (dots (d)
and (e)) with the plasmon mode (red solid curve) and two
resonance peaks (blue solid curve and blue dotted curve) for
the same analyte RI. Resonance occurs at the point where the
real part of nes (Re(neg)) of the core-guided mode and plas-
mon mode matches. We define one component of the core-
guided modes being polarized essentially parallel to the y-axis
as y-polarized mode and the other orthogonal to it as x-polar-
ized mode. As we have seen, x-polarized mode is much stron-
ger than the y-polarized.

Figure 4a shows x-polarized and y-polarized peaks when n,
varies from 1.33 to 1.34. From the picture, we can see that x-
polarized and y-polarized peaks all redshift when 7, increases
because the increase of n, changes Re(n.) of the plasmon
mode, which in turn changes the phase matching point be-
tween the core-guided mode and the plasmon mode. When
n, is approaching fiber core 7., the peak losses all increase as
the mode coupling is enhanced. But the x-polarized peak has a
much sharper resonance peak and higher peak loss than the y-
polarized. For example, when 7, = 1.33, the confinement loss
of the x-polarized peak is 1.887 x 10% dB/cm, about 10 times
higher than the y-polarized peak of 1.88 x 10 dB/cm. The
confinement loss is defined as follows [32]:

Closs (dB /m) — 8.686+koIm|neq] 4)
where ky=2n/)\ is the wavenumber with A\ in meters and

Im(n,p) is the imaginary part of mode 7. A sharper reso-
nance peak improves the detection accuracy in terms of

@ Springer



492

Plasmonics (2017) 12:489-496

Fig. 2 a 2-D and 3-D electric
field distributions of the
fundamental mode at resonance
wavelength A =590 nm. b
Electric field intensity distribution
at the middle of the sensor along
the y-axis at resonance
wavelength A =590 nm
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SNR. Moreover, the x-polarized peak generates a larger shift

(23 nm) than the y-polarized (21 nm). In wavelength interro-
gation, the wavelength sensitivity is defined as [32]

Fig. 3 (Lef?) Dispersion relations
and electric field distributions of
core-guided modes and the
plasmon mode with n, =1.33.
(Right) Insets—a x-polarized core
mode at A =500 nm; b y-
polarized core mode at

A =500 nm; ¢ plasmon mode at
A=617 nm; d y-polarized core
mode at A =579 nm (phase
matching point); e x-polarized
core mode at A =590 nm (phase
matching point)
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Fig.4 a Loss spectra of x- and y-polarized peaks with n, = 1.33 and 1.34.
b Amplitude sensitivities of x- and y-polarized peaks with n, changes
from 1.33 to 1.34

where 2 \,cak is the wavelength shift and 27, is the variation of
analyte RI. Then x-polarized resonance peak has a higher
wavelength sensitivity (2300 nm/RIU) than the y-polarized
(2100 nm/RIU).

In amplitude interrogation, the measurement is done at a
single wavelength and does not require spectral manipulation.
The operation is simple and low cost but has a lower sensitiv-
ity. Assume that the light wavelength is A, the transmission
length is L, and the loss of core mode as a function of wave-
length is a(\, n,). The amplitude sensitivity can be defined as
[32]

S(RIU™) = —(8av(\, ny) /0ng) (A, mg) (6)

Figure 4b shows the amplitude sensitivities of x-polarized
and y-polarized peaks when n, changes from 1.33 to 1.34. The
x-polarized peak has a higher amplitude sensitivity (44 RIU ")
than the y-polarized (33.8 RIU™') as it has a stronger mode
coupling.

In conclusion, the x-polarized peak is more suitable for RI
sensing as it has better SNR, larger confinement loss, higher

wavelength, and amplitude sensitivities. So we only consider
the x-polarized peak in the next section.

We calculate an analyte RI range from 1.33 to 1.35 with the
steps of 0.005 to investigate the sensor’s performance. As
shown in Fig. 5, the resonance peak shifts to the longer wave-
length and the peak loss increases with n, increasing.
According to Eq. (5), the wavelength sensitivities are 1800,
2000, 2600, and 3400 nm/RIU, respectively. The sensor
shows a higher wavelength sensitivity for the high analyte
RI change than the low. This is because when n, approaches
the neg of the core-guided mode (about 1.45), the coupling
between the core-guided mode and plasmon mode will be
enhanced, leading to a higher wavelength sensitivity and larg-
er peak loss.

The neg of the core-guided mode can be tuned effectively
by adjusting the central air hole size, which has a great influ-
ence on the sensor’s performance. As shown in Fig. 6a, when
d. increases, the resonance wavelength redshifts slowly but
the resonance intensity increases largely. With d, is increasing,
as shown in Fig. 6b, the resonance wavelength redshifts and
the resonance intensity increases continuously. But the peak
wavelength shift 4\, goes through a circle of rise and fall.
When d./A=0.5, it reaches the maximum value of 24 nm.
Whether the central hole gets larger or smaller, 2Apeq all
decrease. According to Eq. (5), the wavelength sensitivity will
change in the same way. This is because a larger central hole
will lower the n.¢ of the core-guided mode, making it close to
the analyte RI. Besides, the more expulsion of field from fiber
core leads to the increment in modal field at the metal-
dielectric interface then the mode coupling will be enhanced.
But when the central hole is too big, incident light will not be
confined well in the core then the mode coupling will weaken.
As to amplitude sensitivity, it increases slightly which can be
neglected. When d/A=0.3, 0.4, and 0.5, the amplitude sen-
sitivities are 42, 42.9, and 44 RIUfl, respectively.

2.5 T T T T T T T T T T T T T

2.0 -

1.5

Confinement Loss(dB/cm)><102

1 L 1 L 1 " 1 " 1 L 1 n 1

450 500 550 600 650 700 750
Wavelength(nm)

Fig. 5 Loss spectra of the designed sensor when #, varies from 1.33 to
1.35 with the steps of 0.005
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Fig. 6 a Loss spectra of the designed sensor when d/A=0.3, 0.4, and
0.5 with n,=1.33. b Peak loss and peak wavelength of the designed
sensor for various values of d. with n,=1.33 and 1.34

The asymmetrical structure of the sensor is mainly caused
by two larger holes in the first layer, which can affect the
birefringence of the sensor significantly. As shown in
Fig. 7a, when d,/A increases from 0.6 to 0.8, the resonance
peak redshifts from 586 to 588 nm and the peak loss increases
from 1.032 x 107 to 1.887 x 10? dB/cm, which means that d
mainly affects the resonance intensity of the sensor. Figure 7b
shows the amplitude sensitivities when d»/A=0.6, 0.7, and
0.8. We can see that the amplitude sensitivities are nearly
unchanged. As a result, the birefringence intensity can be tai-
lored by adjusting d,, which can be used in fiber loop mirrors
or polarization filters as described in [16—18].

SPW is very sensitive to the thickness of the metal layer
and then different thicknesses of the Ag layers from 20 to
50 nm with the steps of 10 nm are analyzed. The loss spectra
of the sensor with different silver layers are shown in Fig. 8a.
We can see that the resonance peak damps obviously with 74,
increasing, which means that a thicker Ag layer leads to a
worse SNR. Also the amplitude sensitivity decreases from
72.47 to 32.57 RIU™" as shown in Fig. 8b. But in Fig. Sc,
the average wavelength sensitivity increases from 1900 to

@ Springer

T T T T T T T T T

2.0
18[
16}
14}
12}
1.0
0.8
0.6
0.4
0.2

—a— dy/A=0.6
—o— dy/A=0.7
—0—dy/A=0.8

Confinement Loss(dB/cm)xlO2

1 L 1 " 1 L 1 L 1 L 1

0.0 . -
400 450 500 550 600 650 700 750
Wavelength(nm)

50 T T T T T T T T T T T T T T T T T T

0F  —m—dy/A=0.6

7; ol —e—dya=07 |
=z —0—dy/A=0.8

S 20f :
z de/A=0.5

£ 10f .
= L

a

P 0F 7
=} L

=

£ 10t 1
=3

|

< 20t i

1 " 1 " 1 " 1 " 1 " 1 n 1 n 1 n 1

420 450 480 510 540 570 600 630 660 690 720
Wavelength(nm)

Fig. 7 a Loss spectra of the designed sensor when d»/A=0.3, 0.4, 0.5
with n,=1.33 and d,/A=0.5. b Amplitude sensitivities of the designed
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2520 nm/RIU with 75, increases from 20 to 50 nm.
Therefore, there is a trade among confinement loss, wave-
length, and amplitude sensitivities which can be optimized
as the specific requirement. If the spectrograph resolution is
0.1 nm, the highest resolution of the sensor is 3.97 x 107>,
which is comparable to the same type sensors [19].

Figure 9a shows the loss spectra of the sensor with increase
in the number of graphene layers. The resonance intensity
decreases from 1.89 x 10? to 1.73 x 10? dB/cm, and the reso-
nance wavelength shifts from 590 to 630 nm with L increases
from 9 to 15. Moreover, the amplitude sensitivity will also
decrease as shown in Fig. 9b because the graphene layer will
screen the core-guided mode from the plasmon mode. The
increase in graphene thickness leads to the increase in the 7
at the metal-dielectric interface which results in the resonance
condition satisfied at a longer wavelength as shown in Fig. 3.
The peak loss damp is caused by the imaginary part of the
dielectric constant of the graphene layer. Therefore, a thinner
graphene layer can get a sharper resonance peak and a higher
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sensitivity. In practice, to get a better performance, the
graphene layer should be as thin as possible.
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Fig. 9 a Loss spectra of the designed sensor when the number of
graphene layer L =9, 12, 15 with n,=1.33, d/A=0.5, d)/A=0.8, and
tag =50 nm. b Amplitude sensitivities of the designed sensor when the
number of graphene layer L=9, 12, 15 with n,=1.33, d/A=0.5, d»/
A=0.38, and 14, =50 nm

Conclusion

A graphene-based PCF-SPR sensor has been analyzed
through FEM by utilizing the COMSOL Multiphysics soft-
ware in this paper. Wavelength and amplitude interrogations
are used to evaluate the sensor’s performance, and the numer-
ical results show that an optimal value of central hole size is
existed making the designed sensor most sensitive. The asym-
metrical structure only affects the resonance intensity of the
sensor, and a trade among confinement loss, wavelength, and
amplitude sensitivities is reached when the Ag layer varies.
Moreover, a thinner graphene layer can get a sharper reso-
nance peak and a higher sensitivity. The wavelength sensitiv-
ity we obtained is as high as 2520 nm/RIU with the resolution
0f3.97 x 107> RIU, which can provide a reference for devel-
oping a high-sensitivity, real-time, fast-response, and distrib-
uted SPR sensor.
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