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A new design of surface plasmon resonance (SPR) sensor employing circular-lattice holey fiber to achieve high-
sensitivity detection is proposed. The sensing performance of the proposed sensor is numerically investigated and the
results indicate that our proposed SPR sensor can be applied to the near-mid infrared detection. Moreover, the maximum
wavelength sensitivity of our proposed sensor can reach as high as 1.76x 10* nm/refractive index unit (RIU) and the max-
imum wavelength interrogation resolution can be up to 5.68x10~% RIU when the refractive index (RI) of analyte lies in
(1.31, 1.36). Thanks to its excellent sensing performance, our proposed SPR sensor will have great potential applications
for biological analytes detection, food safety control, bio-molecules detection and so on.
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1. Introduction

In recent years, surface plasmon resonance (SPR) sensors
based on photonic crystal fiber (PCF) or holey fiber (HF) have
attracted considerable interests due to their excellent sensing
characteristics including high detection accuracy, level-free
and real-time detection.!!~!!] In PCF-based SPR sensing tech-
nology, the crucial factor is that the phase matching condition
between the fiber core mode and the surface plasmon mode
is fulfilled. However, the phase matching condition is always
difficult to achieve since the difference of the refractive index
between these two modes is usually large. Furthermore, the
sensing property is highly dependent on the plasmon active
metal materials since the optical properties of the metal mate-
rials have a large influence on the sensing performance, and in
general, gold and silver are adopted.!1?-17]

Nowadays, for the purpose of realizing the SPR effect
and improving the sensing performance, a large number of
PCF-SPR sensors with various novel designs have been in-
vestigated. Several PCF-based SPR sensors with typical struc-
tures are as follows. Rifat ef al. designed a PCF-SPR sen-
sor by employing a hexagonal-lattice structure.!'3! Their sim-
ulation results showed that a maximum wavelength sensitiv-
ity of 3000 nm/refractive index unit (RIU) and a resolution of
2.4x107> RIU was achieved. In 2014, Otupiri et al. designed
a PCE-SPR sensor with a slotted structure.!'”! The resolution
values of the x-polarized and y-polarized modes were up to
5x1073 RIU and 6x 107> RIU, respectively. Moreover, the
amplitude sensitivities of these two polarized modes can be as
high as 3x 107 RIU and 4 x 1073 RIU, respectively. In 2015,
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Rifat et al. designed a new type of PCF-SPR sensor by keeping
the metallic film outside of the sensor structure.?”! The refrac-
tive index resolution of the sensor can reach to 2.5x 107> RIU.
In 2016, Huang designed a PCF-SPR sensor by using a D-
shaped fiber structure.?!! The results showed that a high sen-
sitivity of 6000 nm/RIU was realized through optimizing the
sensor design. In 2017, Liu et al. designed a PCF-SPR sensor
with two open-ring channels.[??! The resonance wavelength of
the sensor lied in (2.55, 2.9) um. The sensor maximum resolu-
tion and average wavelength sensitivity were 7.69x 10~° RTU
and 5500 nm/RIU, respectively. In 2018, Tong et al. pro-
posed a PCF-SPR sensor with muti-core design.[”>! An aver-
age wavelength sensitivity of 3435 nm/RIU with a resolution
of 2.91x107° RIU was achieved. In 2020, Wang et al. de-
signed a PCE-SPR sensor with dual fiber structure.**! The
maximum spectral sensitivity and index resolution were as
high as 17500 nm/RIU and 5.71x 10~ RIU correspondingly.
However, in order to induce the efficient SPR effect, most of
PCF-based SPR sensors are coated with gold or silver, which
have several obvious limitations. On the one hand, the reso-
nance bandwidth of these sensors coated with gold is always
so broad that decreases the sensing performance because gold
has a large absorption coefficient. Meanwhile, chemical prop-
erties of silver is unstable and is easily oxidized, which also
destroys the detection accuracy.

In this paper, with the aim of overcoming the above lim-
itations, a new type of SPR sensor based on circle lattice HF
coated with indium tin oxide (ITO) is designed. By using of
the full-vector finite element method, the sensing characteris-
tics of our proposed sensor including wavelength sensitivity,
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wavelength interrogation resolution, and amplitude sensitivity
are numerically investigated carefully. The results show that
the SPR effect can be efficiently enhanced by using a groove
design, and the maximum wavelength interrogation sensitivity
can reach to 1.76x10* nm/RIU.

2. Fiber design and theory

The structure diagram of our proposed HF-based SPR
sensor is given in Fig. 1. The proposed sensor design in-
cludes two layers of air holes arranged in a circular lattice
and a groove. For the purpose of enhancing the interaction
between the core-guided mode and the SPP mode, there is a
layer of ITO film located at the bottom of the groove. The
main parameters of our proposed sensor are inner air hole di-
ameter dj, outer air hole diameter d,, the pitch in the inner
ring R, the pitch in the outer ring R, the spacing between the
bottom of the groove and the central of the HF &, the width
of the groove w, and the thickness of the ITO layer 7. The re-
fractive index (RI) of analyte is n,. As the host material, the
chromatic dispersion of silica is obtained by using the Sell-
meier equation.?>! The permittivity of ITO is calculated by
employing the Drude model?!]

£=€s— /(0 +il), (1)

a)g = ne’/(&.m"), (2

where € is the permittivity of ITO, &, = 3.9 is the high fre-
quency permittivity, @ is the angular frequency, @, is the
plasma frequency, I' = 1.8 x 10'% rad/s is the electron scat-
tering rate, m* = 0.35mq, my = 9.1 x 103! kg is the rest mass
of electrons, n = 1.8 x 10?! ¢m™3 is the carrier concentra-
tion of ITO, and e is the electron charge. Note that our pro-
posed HF can be drawn by using the stack-and-draw technol-
ogy while the groove structure can be achieved by using the
focused ion-beam milling technology. The ITO layer can be
deposited by employing the high-pressure chemical vapor de-
position method.

Fig. 1. The cross-structure of the proposed HF-based SPR sensor.

With the aim of investigating the sensing performance
precisely, the sensor loss CL, wavelength sensitivity Sy, de-
tectable index resolution R and amplitude sensitivity S, are
calculated by adopting the following formulas: 1

CL(dB/cm) = 8.686 x (21r/A)Im (negr) x 10*,  (3)

Sa (nm/RIU) = A)'peak (na)/Ana7 @
R (RIU) = A”aAﬂfmin/A)l'pea.k7 )
Sa = — (ACL/An,) /CLinitial (6)

where A and Im (neg) are the wavelength and the imaginary
part of the n.g, correspondingly. A]Lpeak stands for the res-
onance wavelength variation. An, denotes the RI changes.
AAmin is the wavelength resolution of the instrument. ACL
is the sensor loss changes while CLjy;i, is the sensor loss at
initial state.

3. Simulation results and discussion

For the purpose of calculating the electric field distribu-
tion and its modal effective index, we use a full-vector finite
element method with the PML boundary conditions to solve
Maxwell equations on the fiber structure and output the com-
plex eigenvalues, and then the complex modal effective index
can be obtained. The real part of the complex modal effec-
tive index (Re(nefr)) represents the modal dispersion property
while the imaginary part of the complex modal effective index
stands for the modal loss. Note that there are 118715 degrees
of freedom over the whole holey fiber cross-section. Further-
more, the triangular and edge elements are 16934 and 1281,
respectively. Firstly, we study the resonance properties of the
sensor with parameters d; = 1 um, dp =2 pm, Ry = 2.5 um,
Ry =5.5um,w=2.6 um, h =2.86 um, t =70 nm, n, = 1.34,
and the simulation results indicate that only y-polarized funda-
mental mode can effectively interact with the surface plasmon
polaritons (SPP) mode. Hence, the coupling properties be-
tween these two modes are investigated in this work. Figure 2
gives the modal profiles at different wavelength and dispersion
properties of our proposed sensor. It is apparent from this fig-
ure that the real part of the refractive index of the y-polarized
mode (Re(ny)) is much smaller than that of the SPP mode
(Re(ngpp)) in the short wavelength region. However, if the in-
cident light wavelength increases to 1.555 pm, we can find that
Re(ny) = Re(ngpp) since the SPR effect can modulate the phase
of the electromagnetic wave. It means the phase-matching
condition of the sensor is met. This resonance phenomenon
can also be proved by the loss curve of the y-polarized mode,
which exists a sharp loss peak at 1.555 pm. Moreover, the
coupling property of the sensor can be studied from the mode
distributions of the y-polarized fundamental and SPP modes,
which are inserted in Fig. 2. Such as when A = 1.47 pum,
these two modes can not interact with each other because the

060701-2



Chin. Phys. B 31, 060701 (2022)

phase-matching condition is not met. But at 1.555 pum, the
mode energy of the y-polarized mode is largely transferred
into the SPP mode. Further increasing the light wavelength
to 1.62 um, these two modes become decoupled again since
the coupling condition is destroyed.

1.45 : ' ' -
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o 1.42 "5
E a E J
\ 8
1.41 \i |
1.40 J

1.35 1.43 151 1.59 1.67 1.75
Wavelength (pm)

Fig. 2. The real parts of the effective indices and loss with n, = 1.34.
Insets are the electronic field profiles of two resonance modes.
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Fig. 3. Loss of the y-polarized fundamental mode by changing r, from
1.31 to 1.33 when ¢ = 65 nm and 75 nm.

Secondly, the effect of # on the sensing property with pa-
rameters dy = 1 um, d, =2 um, Ry = 2.5 um, R, = 5.5 pum,
w=2.6 um, and & = 2.86 pm is investigated. ~Accord-
ing to Fig. 3(a), it indicates that the resonance wavelength
shifts to the longer wavelength by increasing n, from 1.31
to 1.33 when ¢+ = 65 nm. For instance, the resonance wave-
length is 1.364 pm at n, = 1.31 while the resonance wave-
length moves to 1.442 um at n, = 1.33. This is because

Re(ngpp) increases with the increment of n, while Re(n,) al-
most keeps unchanged. Thus the phase matching point moves
to the longer wavelength region. On the contrary, the peak
loss decreases with increasing n, from 1.31 to 1.33 when ¢ is
equal to 65 nm. The reason is that the interaction strength
between the y-polarized fundamental mode and SPP mode de-
creases with the increment of n,, and then less mode energy
of the y-polarized mode is coupled into the SPP mode. Fig-
ure 3(b) gives the resonance property of our proposed sensor at
t =75 nm when n, increases from 1.31 to 1.33. One can learn
that the resonance and loss properties at ¢t = 75 nm is simi-
lar to that of at = 65 nm. However, compared Figs. 3(a) with
3(b), it can be found that the resonance wavelength at the same
n, shifts to the longer wavelength if ¢ changes from 65 nm to
75 nm. According to Eq. (4), the wavelength sensitivities of
3800 nm/RIU and 4400 nm/RIU at t = 65 nm are obtained
when n, changes from 1.31-1.32 and 1.32-1.33, respectively.
But if 7 increases to 75 nm, the wavelength sensitivities of the
sensor increases to 4500 nm/RIU and 5500 nm/RIU when n,
changes from 1.31-1.32 and 1.32—1.33, respectively.

Besides wavelength interrogation sensitivity, amplitude
sensitivity is another important factor to evaluate its sensing
quality. Therefore, we study the influence of # on the ampli-
tude sensitivity according to Eq. (6), and the numerical results
are given in Fig. 4. Note that the sensor parameters are set to
di=1um,d, =2 pum,R; =2.5um, Ry =5.5 um, w=2.6 um
and h = 2.86 pm. It is apparent from this figure that the value
of the amplitude sensitivity is almost unchanged if ¢ varies
from 65 nm to 75 nm. For example, the maximum amplitude
sensitivity is 83.29 RIU™! at = 65 nm while the maximum
amplitude sensitivity is 82.39 RIU™! at # = 75 nm. This is be-
cause if ¢ varies from 65 nm to 75 nm, the coupling efficiency
between these two modes is almost unchanged except that the
coupling wavelength shifts to the longer wavelength, which is
proved by Fig. 3. Moreover, the amplitude sensitivity curves
move to the longer wavelength when the thickness of ITO film
increases from 65 nm to 75 nm. Similar phenomena can be
found in Refs. [26,27].
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Fig. 4. Influence of the thickness of ITO film on the amplitude sensitiv-
ity with n, varying from 1.31 to 1.32.
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Table 1. Comparison of the sensing quality within n, range from 1.31 to 1.36 when # = 65 nm, 70 nm and 75 nm, respectively.

Peak wavelength (nm) Peak loss (dB/cm) Wavelength sensitivities Max.ir‘nl‘lr.n amplitude Waveléngth for t?l‘e @aximum
(nm/RIU) sensitivities (RIU™!) amplitude sensitivity (nm)
. ! 65nm 70nm 75 nm 65nm 70nm 75 nm 65nm 70nm 75nm 65nm 70nm 75 nm 65nm 70 nm 75 nm
a
1.31 1364 1403 1442 1485 1447 1467 3800 4100 4500 83.29 82.78 82.39 1402 1445 1487
1.32 1402 1444 1487 1242 1229 1254 4400 5000 5500 69.09 6747 66.78 1447 1494 1542
1.33 1446 1494 1542 1044 1036 1054 5400 6100 6800 58.28 56.02 53.97 1501 1555 1611
1.34 1500 1555 1610 866.3 860.2 879 6900 8000 9600 48.7 45.12 41.87 1570 1636 1706
1.35 1569 1635 1706 701.2  696.3 700.3 9800 12600 17600 38.24 3278 25.19 1668 1761 1882
1.36 1667 1761 1882 5425 5247 5173
Table 2. Influence of / on the sensing quality when 7, varies from 1.31 to 1.36.
Peak wavelength (nm) Peak loss (dB/cm) Wavelength sensitivities Max'ir'mfr?“l amplitude Wavele.ngth for t?u'e t'naximum
(nm/RIU) sensitivities (RIU~") amplitude sensitivity (nm)
n h 276 yum 2.86 pm 296 um  2.76 um 2.86 pm 296 um  2.76 pm 2.86 pm 296 um  2.76 pm 2.86 um 2.96 um  2.76 um 2.86 um 2.96 um
1.31 1396 1403 1410 1522 1447 1389 4000 4100 4300 80.28 81.48 82.55 1437 1445 1453
1.32 1436 1444 1453 1290 1229 1179 4800 5000 5000 66.48 67.47 67.94 1485 1494 1504
1.33 1484 1494 1503 1086 1036 995.3 6000 6100 6400 55.32 56.02 56.25 1544 1555 1567
1.34 1544 1555 1567 898.2 860.2 827.2 7700 8000 8300 44.98 45.12 45.1 1621 1636 1651
1.35 1621 1635 1650 724.9 696.3 672.1 11900 12600 13300 32.98 32.78 3227 1740 1761 1784
1.36 1740 1761 1783 546.4 524.7 506.6

For the purpose of further investigating the sensing prop-
erty of our proposed sensor, Table 1 gives the summary of sev-
eral performance indexes within n, range from 1.31 to 1.36
when ¢t = 65 nm, 70 nm, and 75 nm, respectively. One can
find from this Table that ¢t has large influence on the peak
wavelength, wavelength sensitivities and wavelength for the
maximum amplitude sensitivity, but has small influence on
the peak loss and maximum amplitude sensitivities. The res-
onance wavelength and the wavelength sensitivity of the de-
signed sensor increase with increasing ¢ from 65 nm to 75 nm
when n, lies in (1.31, 1.36). Such as when n, is equal to
1.35, the peak wavelength and the wavelength sensitivity at
t =65 nm are 1.569 pm and 9800 nm/RIU while the peak
wavelength and the wavelength sensitivity at + = 75 nm are
up to 1.706 um and 17600 nm/RIU, respectively. By using
Eq. (5), we can obtain that the detectable index resolution can
reach up to 5.68x107% RIU if the wavelength resolution of
the instrument is 0.1 nm. Moreover, the changing trend of
the wavelength for the maximum amplitude sensitivity is the
same as that of the peak wavelength. The main reason is that
the maximum amplitude sensitivity is proportional to the max-
imum ACL, which always happens nearby to the resonance
wavelength. Benefiting from its excellent sensing property,
our designed sensor should be very suitable for chemical and
biological sensing applications. Note that the other parameters
aresettod; =1 um, d, =2 pum, Ry =2.5 um, R, = 5.5 um,
w=2.6 um, and 2 = 2.86 pum.

Finally, we study the effect of & on the sensing perfor-
mance with parameters d; = 1 um, dp =2 pm, R; = 2.5 um,
R, =55 um, w = 2.6 um, and t = 70 wm when n, varies
from 1.31 to 1.36, and the simulation results are given in Ta-
ble 2. According to this Table, we can learn that the peak loss

decreases with increasing 4 from 2.76 pm to 2.96 um when n,
keeps unchanged. The reason is that the interaction strength
between these two modes becomes weaker if i changes from
2.76 pm to 2.96 um. However, other performance parameters
increase with the increment of A, especially the wavelength
sensitivity. For example, the wavelength sensitivity increases
from 11900 nm/RIU to 13300 nm/RIU with the increment of &
from 2.76 um to 2.96 um when n, changes from 1.35 to 1.36.

Table 3. Comparison of other PCF-SPR sensor sensitivity.

Authors Rirange Wavelength Reference
(RIU) sensitivities (nm/RIU)

Rifat er al. 1.33-1.40 3000 [18]
Dash et al. 1.33-1.35 2000 [28]
Chen et al. 1.20-1.29 11055 [29]
Zhang et al. 1.31-1.37 11750 [30]
Wu et al. 1.37-1.40 4240 [31]
Abdullah eral.  1.33-1.40 48269.5 [32]
Bing et al. 1.33-1.44 11600 [33]
This work 1.31-1.36 17600 N/A

Table 3 gives a comparison of other PCF-SPR sensor sen-
sitivity. Commonly, high sensitivity and high-accuracy detec-
tion makes our proposed sensor much more competitive than
these traditional PCF-based SPR sensors.[!®28] Compared to
these grooved PCF-based SPR sensors coated with gold or sil-
ver film,?°=3!1 the cost of our proposed HF-based SPR sensor
coated with ITO is much lower. Furthermore, although other
designs including inner-coated PCF-based SPR sensors have
high sensitivity,?>33] our proposed open-groove structure has
the obvious advantages that an open-groove design is easier
to fabricate and has an open sensing channel, which makes it
very suitable for the real-time sensing.
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4. Conclusion

In this paper, a new type of SPR sensor based on circular-
lattice HF with an open sensing channel is proposed to achieve
high sensitive sensing. The coupling resonance properties
and sensing performance of our designed sensor are stud-
ied carefully. The research findings indicate that only the y-
polarized fundamental mode can effectively interact with the
SPP mode, which can efficiently eliminate the crossing inter-
ference between two fundamental polarized core modes. Fur-
thermore, the maximum wavelength sensitivity and the de-
tectable index resolution can reach as high as 17600 nm/RIU
and 5.68x10~° RIU, respectively. Benefiting from its excel-
lent sensing characteristics, our proposed HF-based SPR sen-
sor is of great potential for chemical and biological sensing
applications.
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