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A double U-shaped PCF-SPR sensor is proposed for the detection of analytes with low refractive
indexes (RI). The U-shaped structure facilitates the penetration of analytes. Compared with a
single formant sensor, the sensor exhibits double formant characteristics. Therefore, the ana-
lytes to be measured can be identified more accurately. This study employs the finite element
method (FEM) to analyze the sensor. The findings suggest that the sensor is capable of
detecting analytes with low RI ranging from 1.15 to 1.33 over an ultra-wide wavelength range of
800-6400 nm. The maximum wavelength sensitivities of the first and second peaks of the sensor
are 54,300 nm/RIU and 60,000 nm/RIU, respectively. In addition, this paper introduces double
peak shift sensitivity (DPSS), the highest DPSS value is 55,700 nm/RIU. Owing to these
distinct characteristics, the sensor has great application prospects in the field of biosensing,
especially in drug detection.

Keywords: Photonic crystal fiber; gold nanowires; surface plasmon resonance; low refractive
index; double resonance.

1. Introduction

Surface plasmon resonance (SPR) is an important optical coupling phenomenon that
arises from the oscillation of free electrons as they propagate between an evanescent
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wave (EW) and the metal-dielectric interface.! The sensors based on SPR technol-
ogy possess a range of unique characteristics, including high precision, fast response,
tag-free detection, high sensitivity, and dynamic monitoring.? Therefore, SPR sen-
sors have great application potential in the field of biosensing. Such as the detection
of trace elements in the blood, the identification of cancer cells in biological bodies,
the detection of additives and pesticide residues in food, and the detection of drug
elements.? ®

The SPR was theoretically discovered by Ritchie et al. in the 1950s,” and
subsequently Kretschmann proposed a prism-coupled SPR sensor structure,'® but
it is large and bulky and not conducive to the miniaturization of the system.'!
SPR optical fiber sensors with small volume, simple structure and strong anti-
interference ability have been proposed.'?> Conventional optical fiber sensors, in-
cluding single-mode and multi-mode fibers, have solved some of the problems
associated with prism sensors, such as large volume and complex structure, but
poor mode coupling hinders their further development.!'®'* Compared to con-
ventional fibers, photonic crystal fibers have many merits, such as flexible
structures, high controllability and excellent mode coupling.'® Additionally, high
sensing performance can be easily achieved by varying the arrangement and size
of the pores in the cladding.'®

In recent years, although various high-performance PCF-SPR refractive index
(RI) sensors have been reported, most of these sensors detect large Rls rather than
small Ris.!” Y For example, the PCF-SPR refractive index sensor designed by Z. Yin
et al. is capable of detecting analytes with refractive indexes ranging from 1.35 RIU
to 1.41 RIU, possessing a peak wavelength sensitivity of 8400 nm/RIU.'? In another
study, Hossaina et al. presented a biosensor with a peak wavelength sensitivity of
15,000 nm/RIU for refractive indexes between 1.42 RIU and 1.46 RIU.!! Ahmed et al.
also proposed a single-mode eccentric core D-type PCF-SPR refractive index sensor,
achieving a remarkable sensitivity of 21,200 nm/RIU for refractive indexes spanning
from 1.33 to 1.42RIU.'® However, many drugs have small refractive indexes
(1.27-1.33),% and the design of PCF-SPR sensors capable of detecting small re-
fractive indexes has important practical implications.

An important feature of the PCF-SPR sensor designed in this study is its double
peak, which is rarely reported in PCF-SPR sensors. The dual resonance peak sensors

21,22 whereas

reported so far are generally caused by the use of two plasma materials,
in this paper, the proposed sensor uses only one plasma material, gold nanowires. The
sensor has an ultra-wide operating wavelength range covering the near-infrared, mid-
infrared and far-infrared bands, which leads to a splitting of the evanescent field?*
and hence a double resonance occurs, resulting in a double peak. This improves the
accuracy of the detection of the analyte RI as it provides the opportunity to verify
with another resonance peak. Furthermore, as the first and second peaks operate at
different wavelength bands, it is possible to detect analytes using a single peak by
controlling the range of operating wavelengths, in addition to using a double peak to
detect the analyte.
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The proposed sensor is capable of detecting analytes with refractive indices in the
range of 1.15-1.33, especially in the range of 1.15-1.32, where the loss curve exhibits
a double formation peak feature. In this paper, the sensing performance was analyzed
using the wavelength interrogation method. The results show that the wavelength
sensitivity (WS) of the first formation peak is 54300 nm/RIU, and the WS of the
second formation peak is 60,000 nm/RIU. In addition, this paper not only investi-
gates the displacement of single formation peaks, but also analyzes the double-peak
displacement, and introduces the concept of double peak shift sensitivity (DPSS),
and the maximal DPSS of this sensor is 55,700 nm/RIU. In view of these excellent
sensing properties, the sensor has great potential for applications in biosensing,
especially drug monitoring.

2. Structure and Principles

The two-dimensional cross-section of the proposed PCF-SPR sensor is shown in Fig,. 1.
The sensor’s cladding is composed of 16 large air holes of diameter Dy, 4 small air holes
of diameter Dy, and two U-shaped slots. The large air holes are arranged in a square
pattern, while the small air holes are arranged in a straight line. With rational ad-
justment of the size and position of the large air holes, the dimensions of the fiber core
can be altered, thus modifying the SPR effect. The small air holes break the symmetry
of the fiber structure, thus changing the polarization state of the fiber to optimize the
sensing performance of the Y polarization state. The U-shaped slot reduces the spacing
between the sensing layer of the Aunanowires and the fiber core, enabling the sensor to
respond to changes in the analyte RI near the sensing layer at a faster rate,>*?® thus
improving the sensing characteristics. The outermost green area in Fig. 1 is the perfect
matching layer (PML) of the sensor, which absorbs all the radiation. Gold nanowires
are placed in a double U-shaped slot to excite SPR, which replaces the conventional
coating methodology and reduces the manufacturing complexity and difficulty.

The 3D PCF model of the sensor is shown in Fig. 2. The preparation technology of

PCF has been quite mature.?5?” For example, Wang et al. fabricated PCF with six

Fig. 1. (Color online) Two-dimensional cross-section of the sensor.
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Fig. 2. 3D structure of the PCF.
air holes using brushed tala.? The PCF presented in this paper can be fabricated by
stack-drawing and polishing processes, and the gold nanowires of the plasma sensing
layer can be prepared by thermochemical vapor deposition and metal-organic vapor
deposition.?®

Au has been chosen as the plasmonic medium because of its stability and its
excellent resistance to oxidation. The Drude-Lorentz model'’ can be used to rep-
resent the dielectric constant of Au as indicated by

w]% Ae-QF

u = Coo T : - X . 1
FAnTE ww+iwp) (W —02)+ilw W)

Here, e, = 5.9673 is the dielectric constant at high frequencies. The weighting factor
value is Ae=1.09 and w 1is the angular frequency. Plasma frequency
w, = 4227.2r THz, damping frequency wp = 31.847THz, oscillator intensity
Q; = 1300.147 THz, spectral width I'; = 209.727 THz.

Molten silica serves as the primary material for the cladding region. The prop-
erties of fused quartz can be derived by the Sellmeier equation shown by?’

M; )2 My )\? My )\?
1 + 2 + 3 , (2)
N_N, N_N, N-N,

n?(\) =1+

where A represents the input wavelength in pym, n stands for refractive index, M,
My, M3, Ny, Ny, and N; are 0.696163, 0.4079426, 0.897794, 0.004679148, 0.01351206
and 97.93400 pm?, respectively.

Evaluating the performance of PCF-SPR sensors necessitates considering the
confined loss (CL), which serves as a crucial metric. The effective refractive index
consists of both a real part R[n.y| and an imaginary part Im[n.]. The attenuation of
the light wave propagating in the medium is related to Im[ng]. The calculation of CL

can be performed by?°

2
CL:&%Gx%@dmm@x1W@mmmL (3)

Here, ) is the incident wavelength in nm. According to Eq. (3), the CL at various
wavelengths can be accurately computed.

3. Optimal Structural Parameter Investigation

Once the structure of the PCF-SPR sensor is determined, factors such as the
thickness of the SPR material, the size and spacing of pores in the cladding, and the
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polished area of the U-shaped opening ring can have a significant impact on the
sensing characteristics of the sensor. In this paper, the influence of various structural
parameters on the sensing characteristics is thoroughly investigated using the control
variable method, and the optimal structural parameters are determined.

3.1. Diameter of gold nanowires

Figure 3(a) depicts the CL spectra for varying diameters (d) of gold nanowires. With
increasing d, the first peak experiences a blueshift, the second peak undergoes a
redshift, and the loss gradually decreases. The coupling strength between the plas-
monic and basic modes weakens. When d = 0.6 um, the loss of double peaks is large,
which is not conducive to long-distance transmission, and it has the largest full width
at half maximum (FWHM), so its performance is poorer. When d = 0.8 pm, the loss
peak decreases, indicating that resonance between the basic and plasmonic modes
weakens. By considering the overall situation, d is selected to be 0.7 ym.

3.2. Diameter and spacing of air holes

The CL curves of large air holes with different diameters (D) are plotted in
Fig. 3(b). As D, increases from 3.8 ym to 4.2 um, the loss peak gradually increases,
but the change is not significant. When D; is too large, the narrow gap between the
holes and the outer wall of the fiber cladding significantly increases the
manufacturing difficulty. If D, is excessively small, the capacity of the large pores to
confine light diminishes, evident in the electric field diagram as significant light
leakage. Consequently, 4.0 um is chosen as the optimal value for D;. As depicted in
Fig. 3(c), the RW and CL values associated with the double peak remain virtually
unchanged as the diameter (D) of the smaller air holes varies within the range of
1.6-2.4 ym. Nevertheless, additional computation indicates that when Dy = 2 um,
sensing characteristics such as wavelength sensitivity and resolution are improved.
Figure 3(d) depicts the loss spectra for different pore spacings (A). With increasing
A, the first peak blueshifts and the second peak redshifts. The loss diminishes
gradually, but the change is not obvious. When A is excessively small, the fiber core
will experience compression in both the horizontal and vertical directions, resulting
in a reduced core size and increased energy concentration inside the core. Conse-
quently, more energy will be transported from the core to the sensing layer, leading
to a rise in CL. The manufacturing of the sensor becomes more challenging if the
spacing between the pores is excessively great, as this shortens the spacing between
the pores and the fiber’s outer wall. After our comprehensive consideration, 5.0 ym is
the optimal value for A.

3.3. U-shaped depth and width

Figures 3(e) and 3(f) present the fundamental mode loss spectra for different
U-shaped depths (h) and widths (w), respectively. As h increases, the first peak
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Fig. 3. (Color online) Dependence of CL on wavelengths: (a) d, (b) Dy, (¢) Dy, (d) A, (e) hand (f) w
(n, = 1.32).
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redshifts and the second peak blueshifts. When h increases from 10 ym to 11 ym, the
first peak rises sharply and becomes very sharp, indicating that the coupling effect
between the plasma and the fundamental modes is better. When h goes up from
11 pm to 12 pum, the loss and RW of the double peaks do not change significantly.
A bigger polishing depth increases the manufacturing difficulty. Hence, h is selected
to be 11 pm. With increasing w, the loss of the first peak decreases sharply and then
slightly, and the second peak loss changes slightly. Therefore, here we only consider
the effect of w change on the sensing characteristics of the first peak. When
w = 7.0 pm, the first peak loss is the largest and very sharp, at this moment, the
plasma mode absorbs the most energy from the fundamental mode, indicating a
stronger mode coupling effect. Hence, SPR works better and w is determined to be
7.0 pm.

3.4. Double resonance and polarization states

The principle of coupling between the fundamental and plasmonic modes is illus-
trated in Fig. 4. Specifically, the intersection of the black solid line representing the
Rn.g] of the fundamental mode and the blue solid line representing the R[n,| of the
SPP mode occurs at 1.565 um and 3.680 pm, the loss spectrum represented by the red
dashed line produces resonance peaks at these two intersection points, as seen in
Fig. 4(A), which shows that the phase matching criterion is met. When the wave-
length A < 1.565 pm, the solid blue line is above the solid black line, indicating that
the energy of the SPP mode is higher than that of the fundamental mode. When the
wavelength A = 1.565 um, the propagation constant of the evanescing wave (EW) is
equal to the propagation constant of the surface plasma wave (SPW) of the gold
nanowires. The fundamental mode photon energy is continually absorbed by SPW as
a result of the collective oscillation of free electrons on the metal surface, significantly

(A) B)
Fig. 4. (Color online) Mode coupling principle: (A) Curve and (B) Electric field distribution: (a) Fun-

damental mode, (b) SPP mode of the first peak, (c) Resonance mode of the first peak, (d) SPP mode of the
second peak, and (e) Resonance mode of the second peak (n, = 1.30).
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boosting the energy of SPP mode.?' When the wavelength falls between 1.565 um
and 3.680 um, photons shift to the fundamental mode, which lowers the energy of the
SPP mode. When the wavelength A > 3.680 pm, the blue line is above the black line,
which means that the energy of the SPP mode once again becomes higher compared
to the fundamental mode. This leads to the double peak nature of this sensor and is
also the reason for the redshift of the first formant and blueshift of the second
formant.

Figure 4(B) shows the electric field distribution diagram of the sensor, in which
(a) is the fundamental mode at the nonresonant wavelength, (b) and (d) show the
SPP patterns near the first and second peaks, (c) and (e) show the resonant modes of
the first and second peaks at the resonant wavelengths, respectively. It is not difficult
to see that energy can be stably transmitted in the photonic crystal fiber.

As the structure is designed asymmetrically, the sensor has X-pol and Y-pol states.
The CL curve and WS of the two polarization states are shown in Figs. 5(a)-5(c).

(©)

Fig. 5. (Color online) (a) X-pol CL, (b) Y-pol CL and (c) X-pol and Y-pol WS.
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Both states display bimodal characteristics, with the sensitivity of the second formant
being greater than the first. Furthermore, it can be observed that the sensitivity and
loss of Y-pol are higher than those of X-pol, suggesting that Y-pol modes exhibit
superior coupling, and the double peaks in the Y-pol are obvious and stable. Here,
Y-pol is chosen for the subsequent analysis.

4. Results and Discussion
4.1. Refractive index (RI) detection range

The sensor can operate in the ultra-wide wavelength range between 800 nm and
6,400 nm, and within this spectral range, the sensor is capable of detecting analytes
with refractive indexes (RI) spanning from 1.15 RIU to 1.33 RIU. The CL is calculated
by Eq. (3). The variation of the CL spectra for different RIs with wavelength is illus-
trated in Fig. 6(a). Figures 6(b) and 6(c) show the CL spectra of the first formant and
the second formant, respectively. With the gradual increase of analyte RI, the CL
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Fig. 6. (Color online) Dependence of CL on the wavelength at different RI. (a) Double peak CL spectra,
(b) CL spectra of the first peak and (c) CL spectra of the second peak.
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showed an upward trend. The RW of the first peak redshifts with increasing RI, and the
RW of the second peak blueshifts with increasing RI. When the refractive index
increases to 1.33, the two peaks merge into one peak. In the RI range of 1.15-1.32, since
the resonance occurs twice, it provides the opportunity to verify using another reso-
nance peak, which improves the accuracy of detecting the RI of the analyte. In addi-
tion, since the first and second peaks operate at different wavelength ranges, a single
peak can be selected for RI detection by controlling the operating wavelength range.

4.2. Mazximum wavelength sensitivity and resolution

The wavelength sensitivity (WS) is an important performance indicator of SPR
sensors. The higher the WS, the more sensitive the sensor is to changes in the RI of
the analyte. The WS is calculated according to the following equation:3?

_ A)‘peak

S An,

(4)

The difference in resonant wavelengths and refractive indexes is expressed in terms of
AXpeax and An,,, respectively. Figure 7(a) shows WS for different RI of the first peak
and second peak of the sensor. As can be seen from the figure, as the RI rises, the WS

(©)

Fig. 7. (Color online) (a) WS of two peaks, (b) R of two peaks and (c) linear fitting of two peaks.
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of the two formants also increases. The maximum WS of the first resonant peak is
54,300 nm/RIU, with an average WS of 8,227.778 nm/RIU. For the second resonant
peak, the minimum WS exceeds 10,000nm/RIU, with an average WS of
19,094.444 nm /RIU, and the maximum WS reaching 60,000 nm/RIU. While both
peaks deliver good performance in detecting the RI of analytes, the second peak is
better than the first.

The resolution (R) can reflect the degree of sensitivity of the SPR sensor to subtle
variations in RI; the smaller the resolution, the better the sensing performance. R can
be determined using the following equation?3:3%:

Ang X Adpin Al

R= S0 = S RIU). (5)

The minimum detectable wavelength difference AM;, is typically instrument-
dependent. In this case, it has been set to 0.1 nm to align with the spectrometer’s
specifications. An, is the RI difference of the analyte, A\, is the resonance
wavelength difference, and S, is the wavelength sensitivity.

Figures 7(b) and 7(c) show the resolution curves and linear fitting of the two
formant peaks, respectively. The expression for R is depicted in Fig. 7(c). With
increasing RI, the R of the two formant peaks decreases gradually. The minimum R
of the first formant and second formant is 1.842 x 1076 RIU and 1.667 x 10~ RIU,
respectively.

4.3. Resonance wavelength and sensing length

The higher the linearity of the sensor’s resonant wavelength (RW), the easier it
becomes to predict the RW under different analyte refractive indices.?” Figure 8(a)
illustrates the RW of the first formant and the linear fit. Figure 8(b) plots the RW of
the second formant and the linear fit. The linear fitting equations of bimodal RW are
shown in Figs. 8(a) and 8(b). The first formant regression coefficient is R? = 0.99687

and the second formant R? = 0.99959, both of which are close to 1.
The sensor length (SL) can be calculated from the following equation,! and it is

evident from the equation that a smaller loss results in a larger SL.
SL = ﬁ (cm), (6)

where the analyte loss is represented by «(A,n,). The link between SL and the
analyte’s RI is displayed, as seen in Figs. 8(a) and 8(b). As the RI rises, SL
progressively falls, as the figures demonstrate. The maximum SL is 0.10428 cm, in-
dicating that the sensor is conducive to long-distance sensing.

4.4. Figure of merit

The figure of merit (FOM), a crucial metric reflecting the sensor’s quality, is cal-
culated by dividing the WS by the full-width at half-maximum (FWHM), as shown

2450500-11
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(©)

Fig. 8. (Color online) (a) RW and SL of the first peak, (b) RW and SL of the second peak and (c) FOM of
the first and second peaks.

in the following equation'>:

_ S
FWHM

Essentially, a higher FOM translates to superior overall sensor performance. Figure 8
(c) shows the FOM values of the two peaks and variations, which indicates that the
FOM values of the two formants are positively correlated with the RI. When
n, = 1.32, both the first and second formants exhibit the maximum FOM of
333.744 RIU! and 80.960 RIU™!, respectively, indicating that the detection accu-
racy of the first peak is higher.

FOM = (RIUY). (7)

4.5. Double peak shift sensitivity

Within the range of 1.15-1.32 RIU, the sensor produces two resonance peaks on the
same spectrum. Observing Fig. 9(a), it is evident that as the RI increases, the RW
difference between the two peaks diminishes, which is attributed to the redshift of the
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(c) (d)

Fig. 9. (Color online) (a) RW difference, (b) DPSS, (¢) CL difference and (d) linear fitting of CL
difference and RW difference.

first formant and the blueshift of the second formant. In addition, the double-peak
displacement sensitivity (DPSS) was introduced by extending the relationship be-
tween the distance between the two forming peaks and the RI. It can be calculated by
Eq. (8).2! A higher DPSS value corresponds to superior sensing properties.

(Ap2n, = Ap2iny) — (Ap1s, — Api,)

Ny — Ng

Sp_p= x 10 (nm/RIU), (8)
where Ap; ,,, and Apy ,,;, are the first resonant wavelengths of refractive indexes n, and
ny, respectively, and Apy,,, and Apg,;, are the resonant wavelengths of the second
peak in um. The DPSS of the sensor is all higher than 11,800 nm/RIU, with maxi-
mum and average DPSS of 55,700 nm/RIU and 22,206 nm/RIU, respectively.
They are better than those in the literature.?':3% The DPSS for different RlIs is shown
in Fig. 9(b).

According to the double formant loss spectra, it is evident that for the same
analyte RI, the losses of the two formants are different. This is because, despite the
same RI of the analyte, the maximum energy absorbed by the SPP mode from the

2450500-13
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fundamental mode is not equal at different resonance wavelengths due to light
scattering. Figure 9(c) depicts the relationship between the loss difference of the two
formants and the RI for the same analyte RI. As the RI varies from 1.15 to 1.32, the
loss difference between the two formants gradually decreases. During this process,
the loss of the first formant increases slightly and then increases significantly, while
the loss of the second formant remains almost unchanged. This unique property can
distinguish analytes with different RlIs.

Figure 9(d) displays the linear fits of the double peak RW difference and loss
difference versus analyte RI. The maximum RW difference is 4.918 ym, and the
maximum loss difference is 103.384 dB/cm. The regression coefficients R? of the RW
difference and loss difference of the twin peaks are 0.99917 and 0.99844, respectively,
indicative of high linearity, which is of great help in analyzing the sensing properties
of the sensor.

5. Conclusion

In this paper, a PCF-SPR RI sensor with double polished U-shaped openings is
proposed to excite SPR by placing gold nanowires inside the U-shaped openings. The
sensor is capable of detecting analytes with RI in the range of 1.15-1.33. The loss
spectra when the RI is in the range of 1.15-1.32 exhibit bimodal characteristics, with
the first peak redshifted in the 800-2250 nm band and the second peak in the
2250-6400 nm band blueshifted. The wavelength sensitivities of the first and second
peaks were as high as 54300 nm/RIU and 60000 nm/RIU, respectively, and the op-
timal resolutions were 1.842 x 107 RIU and 1.667 x 1076 RIU, respectively. The
maximum FOM of this sensor was 333.744 RIU~!, and the optimal SL was 0.104 cm.
In addition, the resonance wavelengths of the sensor were obtained as ultra-high
linearity of R? = 0.99959, which ensures a stable sensor performance. Finally, the
double peak displacement is investigated, and the DPSS is introduced. The maxi-
mum DPSS is 55,700 nm/RIU. This sensor enhances the possibility of accurately
detecting a wide range of analytes and has great potential in biosensing, especially for
the detection and monitoring of drugs.
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