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Abstract: A surface plasmon resonance (SPR) sensor based on side-polished two-mode
fiber (TMF) coated with indium tin oxide (ITO) film is proposed. ITO enables tuning of reso-
nance wavelength of the sensor through changing its carrier concentration. The advantages
of the TMF and ITO are combined in the sensor, which can achieve high sensitivity and
plasma frequencies in the near-infrared region. The impact of ITO film thickness and resid-
ual fiber thickness on the sensing performance are numerically investigated with LPo; and
LP+1a modes coupled to specific surface plasmon modes. The results show that the res-
onance wavelength locates in 1500—2200 nm and an average sensitivity of ~10149 and
~10400 nm/RIU can be achieved for LPy; and LP41, modes, respectively, when the environ-
mental refractive index varies between 1.33 and 1.39. The penetration depths of evanescent
wave for the LPy; and LP414, modes are 460 and 502 nm, respectively. Both the sensitivity
and penetration depth of the sensor are larger than those of single-mode fiber and multi-
mode fiber based SPR sensors. The proposed sensor can play an important role in various
applications, including environment, medicine, and security.

Index Terms: Surface plasmon, two-mode fiber, fiber optics sensors, near infrared.

1. Introduction

Surface plasmon resonance (SPR) occurs at a particular wavelength when the phase matching
between the light and the surface plasmon (SP) wave is satisfied. The resonant wavelength is
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sensitive to the refractive index of the surrounding medium, which is applied in sensing of chemical,
environmental and biological fields [1]-[3]. The fiber-based SPR sensors have many advantages
compared with the prism-based SPR sensors, such as easy for alignment, online measurement,
miniaturized probe and remote sensing [4]-[6]. The performance of the sensor relies on interactions
between the evanescent fields escaped through the fiber cladding and the surrounding medium.
Many sensor configurations have been proposed to enhance the evanescent field, ranging from
chemically etched fibers [7], to side-polished fibers [8], [9], D-shaped fibers [10], tapered fibers
[11], hetero-core structures [12], bent fiber probes [13]. Among these fiber configurations, the side-
polished fiber is simple in fabrication, and its planar surface provides an ideal platform for film
deposition.

In order to improve the sensing performance of SPR sensors, it is important to develop the
fiber architectures and plasmonic coatings [14]. Various fiber architectures have been proposed
for realizing miniaturized SPR sensors, including single-mode fiber (SMF) [15], [16], multimode
fiber (MMF) [17], [18], photonic crystal fiber (PCF) [19]-[23], polarization maintaining fiber (PMF)
[24], and multiple-core fiber SPR sensors [25]. SPR sensors based on SMF have been reported
with a typical sensitivity of 3150 nm/RIU [24]. MMFs are commonly used to construct the SPR
sensor because fabrication of the sensor is relatively simple. An SPR sensor based on MMF with a
sensitivity of 4989 nm/RIU was demonstrated [17]. However, the large number of modes in the MMF
can excite many SP modes, which results in a broadened linewidth of the SPR spectrum and hence
cause reduced sensing performance. In order to overcome this limitation, reducing the number of
guided modes that are phase matched with the SP modes is required. This can be realized by
using few-mode fiber (FMF) for constructing the SPR sensor, where only several guided modes
satisfy the resonant condition. The FMF is able to generate narrower linewidth of the SPR spectrum
than the MMF. In addition, the FMF is much easier for fiber processing such as side-polishing and
tapering in comparison with the SMF [26].

On the other hand, plasmonic coatings have important effect on the sensing performance. Gen-
erally, aluminum (Al), copper (Cu), gold (Au), and silver (Ag) are coated on the fiber for SPR sensor
applications. Although Ag provides narrow spectral width, the Ag-based sensor is vulnerable to
oxidation which limits its sensing applications such as refractive index sensor [27]. In addition,
thin layers of Au cause islands and intraband transitions in the visible range [28]. Moreover, the
Cu-based sensor gets oxidized quickly and it is vulnerable to corrosion, which limits the sensitivity
and accuracy in sensing applications. These metal materials provide resonance wavelengths that
locate in the visible wavelength region. SPR sensors that have plasma frequencies in near-infrared
(NIR) region are required in chemical and biomedical applications [29], [30]. For example, an SPR
sensor operating in the NIR has been developed for real time monitoring the dynamic processes of
living cells [29]. This SPR sensor provides a penetration depth of ~2 um, which is much larger than
the probe depth of the SPR sensor in the visible wavelength (~200-300 nm). The SPR sensors
in the NIR offer several advantages for sensing. Firstly, the evanescent wave in NIR can penetrate
deep into the analyte, indicating higher sensitivity. Secondly, photodamage and phototoxicity to the
living materials can be avoided using sensors in the NIR. Thirdly, the fiber-based SPR sensor in
NIR has lower loss because the fiber transmission loss in this region is much lower. Graphene has
been used to enhance the sensitivity for gas sensing in the NIR [31], [32]. In order to construct
SPR sensors operate in the NIR, indium tin oxide (ITO) has been used as the plasmonic coating
[20], [21], [33], [34]. The resonance wavelength of the sensor can be tuned by changing the carrier
concentration of ITO [30], [35]. ITO provides certain advantages in comparison with the typical
metal materials. ITO has large dielectric constant that can improve the sensitivity of the sensor.
It was reported that the ITO-coated SPR sensor is ~ 60% more sensitive in comparison with the
gold-coated SPR sensors [34]. In addition, islands and intraband transitions can be avoided using
the ITO thin film. Moreover, ITO is able to react with different kinds of gases and chemicals, which
can be applied for detection of various materials.

In this paper, we propose and numerically investigate an SPR sensor based on a side-polished
two-mode fiber (TMF) coated with ITO. For enhancing the evanescent field and improving the
sensitivity of the sensor, the TMF fiber with a D-shaped configuration is adopted. The TMF is easy
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Fig. 1. (a) Schematic of the side-polished SPR sensor. (b) Cross section of the sensor. (c) The real and
imaginary parts of the ITO permittivity.

for fiber processing. In addition, the ITO based sensor can operate in the NIR taking advantage
of its tunable refractive index. The advantages of the TMF and ITO are combined to improve the
sensing performance. The sensor can achieve high sensitivity and large penetration depth in the
NIR. The effects of ITO film thickness and residual fiber thickness on the sensing performance are
investigated.

2. Simulation Model

The proposed SPR sensor is shown in Fig. 1(a), and the cross section of the sensor is shown in
Fig. 1(b). A portion of cladding of TMF is removed to form a D-shaped structure. The flat surface
of the side-polished fiber allows coating of ITO film, which provides an ideal platform for interaction
between evanescent wave and the analyte. The software COMSOL Multiphysics based on finite
element method is used to numerically calculate the electric field intensity and the effective index of
mode along the transverse plane of the side-polished fiber. The main design parameters are length
of the sensor (L = 3mm), radiuses of the core and cladding (9.5 um and 62.5 um, respectively),
refractive indices of core and cladding (1.449 and 1.444, respectively), residual fiber thickness dger,
ITO film thickness dito, and refractive index of the environment medium ne. The permittivity of ITO
can be tuned by varying the carrier concentration, which can be described by the Drude-Lorentz
model [36]. Both the resonance wavelength and sensing performance of the sensor depend on the
permittivity of ITO. The carrier concentration of ITO is chosen to be 2.48 x 10%' cm~2 for tuning
the sensor operation wavelength to NIR. Fig. 1(c) shows the real and imaginary parts of the ITO
permittivity in the wavelength range from 1.0 to 2.0 um. The real part of the permittivity is negative,
while the imaginary part is positive, and there is a crossing point near 1.6 um.

3. Results and Discussions
3.1 Optimization of the Sensor

Firstly, dispersion properties of the core modes LPg1, LP11a, LP11p, LP21a, LP21p are analyzed, with
diro = 150 nm, drer = 72 um, ne = 1.34. Fig. 2(a) and (b) show the real and imaginary parts of
effective indices of the TM core modes as a function of wavelength, respectively. The real parts
of effective indices for different modes decrease with wavelength ranging from 1.3 to 2.0 um. The
imaginary parts of effective indices reach their peaks near 1.6 um, which are the SPR resonance
wavelengths for different modes. As shown in Fig. 2(b), the maxima values of the imaginary parts
are different for different modes, and the LP11, mode has the largest value. The SPR resonance
is characterized by the peak of the imaginary part of effective index, where the phase matching
for coupling between the core mode and SP mode is achieved. The resonance wavelength is

Vol. 9, No. 6, December 2017 4801309



IEEE Photonics Journal Indium Tin Oxide Coated Two-Mode Fiber Enhanced SPR

1.448 .
H—‘-_‘_‘_"‘—-—-—‘_‘_‘___‘_‘_’_‘_‘- 4.0X10 d
1.447
o \ 3.0x10"
£1.445) &
= 1.444 =7, @ £ 2,0x10%]
« 1.443 ~r.0 £
B i 1.0x10°%
1.442 P, B
144 %l 00 & 0
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1
Wavelength (um) Wavelength (um)
(a) (b)

Fig. 2. Dispersion properties of TM core modes with dito = 150 nm, dger = 72 um and ne = 1.34.
(a) Real parts of effective indices for the modes LPg1, LP11a, LP11p, LP21a, LP21p. (b) Imaginary parts
of effective indices for the modes LPg1, LP11a, LP11p, LP21a, LP21p.
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Fig. 3. (a) Electric field intensity for coupling between the LP114 mode and an SP mode and (b) the
corresponding 1D electrical field amplitude. (c) Electric field intensity for coupling between the LPgq
mode and an SP mode and (d) the corresponding 1D electrical field amplitude.

considered for investigating the dependence of sensing performance on the ITO film thickness and
residual fiber thickness.

Next, we focus on the LPy; and LPy1, modes in investigating the sensing performance as they
can be selectively excited in the TMF. In order to verify the SPR, the electric field distributions of
the D-shape section with diro = 150 nm, dgrr = 72 um and ne = 1.34 are plotted in Fig. 3. Fig. 3(a)
illustrates the electric field intensity for coupling between the LP414 mode and an SP mode at the
resonant wavelength of 1609 nm, where the arrows specify the orientation of electric field. The
corresponding 1D electrical field amplitude in the optical fiber is shown in Fig. 3(b). As shown in
Fig. 3(b), at X = 9.64 um, corresponding to the plane of the ITO film, a sharp peak in the electrical
field amplitude is apparent, indicating the existing of SPR. The electric field distribution at the
surface of the ITO film in Fig. 3(a) corresponds to the peak of the 1D electrical field amplitude at
X =9.64 um in Fig. 3(b). Fig. 3(c) plots the electric field intensity for coupling between the LPg;
mode and an SP mode at the resonant wavelength of 1598 nm, the corresponding 1D electrical
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Fig. 4. (a) Dependence of resonant wavelength on ITO film thickness with dgrr = 72 um and ne varied
from 1.33 to 1.34. (b) Sensitivity variation with ITO film thickness for LPy; and LP{1; modes with ne
increased from 1.33 to 1.34.

field amplitude is shown in Fig. 3(d). Note that the evanescent filed of the LP11o mode is larger
than that of the LPy1 mode, and the LP1, mode has a larger resonance peak in the electrical field
amplitude. As can be seen in Fig. 3(b) and (d), the penetration depths for the LP114 and LPy1 modes
are 502 and 460 nm, respectively, which are much larger than the penetration depth of the SPR
sensor in the visible wavelength.

We then investigate the impact of ITO film thickness on the sensing performance. The sensitivity
S of the SPR sensor with spectral interrogation is defined as

_ A)\res

S= . (1)

where Al is the resonance wavelength shift and An, is the change of ne. The resonance wave-
length and sensitivity of the sensor vary with the ITO film thickness. In order to obtain the optimized
ITO film thickness, the film thickness is varied from 110 to 150 nm, with the residual fiber thickness
fixed to 72 um. The phase matching condition for coupling between the guided mode and the SP
mode is changed when the ITO film thickness is varied. As shown in Fig. 4(a), the resonance
wavelengths of the LPyy and LP11a modes increase with ITO film thickness. In the thickness range
from 110 to 150 nm, the resonance wavelengths of the LPy1 and LP{1; modes change from 1475
to 1539 nm and from 1486 to 1546 nm with ng = 1.33, respectively. In addition, the resonant wave-
lengths shift to longer wavelengths with n. varied from 1.33 to 1.34. At an ITO film thickness of
150 nm, the resonant wavelengths shift from 1539 to 1598 nm and from 1546 to 1609 nm for the
LPo1 and LP11a modes, respectively, when ne is increased from 1.33 to 1.34. Note that resonant
wavelengths of LP11, mode locate at longer wavelengths compared with those of the LPyy mode.
Fig. 4(b) shows the variation of sensitivity with ITO film thickness with ng increased from 1.33 to
1.34. The sensitivity is the same for several values of ITO film thickness, which is caused by the
5-nm wavelength step used in our calculations. The sensitivity increases from 5628 to 5979 nm/RIU
for the LPoq mode with the ITO film thickness varied from 110 to 150 nm. In comparison, the LP11,
mode has a higher sensitively, which increases from 5979 to 6332 nm/RIU in the same range of
ITO film thickness.

Residual fiber thickness of the sensor has important effect on the sensing performance. The
optimized dget is obtained by varying it from 72 to 76 um, with dito = 150 nm. Similarly, variation
of the residual fiber thickness results in changes of the phase matching condition. Fig. 5(a) depicts
the resonance wavelength versus the residual fiber thickness. When dget is changed from 72 to
76 um, the resonance wavelengths of the LPy1 and LP11; modes increase from 1539 to 1569 nm
and from 1546 to 1571 nm with ng = 1.33, respectively. When ny is varied from 1.33 to 1.34, the
resonant wavelengths shift to longer wavelengths for both the LPy1 and LP115 modes. At a residual
fiber thickness of 72 um, the change of refractive index induces resonant wavelength shifts from
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Fig. 6. (a) Depth of resonance dip versus residual fiber thickness, with diro = 150nm and ne = 1.34.
(b) Depth of resonance dip as a function of ITO film thickness, with dger = 72 um and ne = 1.34.

1539 to 1598 nm and from 1546 to 1609 nm for the LPy¢ and LP14, modes, respectively. The LP14
mode has a larger resonant wavelength than the LPyy mode. The sensitivity as a function of residual
fiber thickness is plotted in Fig. 5(b). The sensitivity decreases from 5979 to 5730 nm/RIU and from
6332 to 5898 nm/RIU for the LPyq and LP411, modes when dger is increased from 72 to 76 um,
respectively. The largest sensitivity is obtained when the residual fiber thickness is 72 um for both
the LPo¢ and LP{1, modes, and the sensitivity of the LP11, mode is higher than that of the LPg,
mode. The ITO film is in direct contact with the core when the residual fiber thickness is 72 um,
which gives the largest evanescent filed.

3.2 Performance of the Sensor With Optimized Design

The optimized ITO film thickness and residual fiber thickness are 150 nm and 72 um, respectively,
which are used for the analysis of the sensing performance. The transmitted power of the sensor
is calculated using the transmission function [37]:

T() = exp (—i—:imag (nef) L) @)

where T(A) is the normalized transmission, A¢ is wavelength of the light source, ngx is the effective
index of the SP mode, L is sensor length. The length of the sensor is 3 mm in the calculations. The
resonance strength of the sensor is determined by the depth of resonance dip. Fig. 6(a) depicts the
depth of resonance dip versus the residual fiber thickness with diro = 150nm and n, = 1.34. The

Vol. 9, No. 6, December 2017 4801309



IEEE Photonics Journal Indium Tin Oxide Coated Two-Mode Fiber Enhanced SPR

1 1
0.9 0.8-\/———
[} o
20.8 20.6-
£ £
=0.7 =04
g —L=1mm-LP,, % —L=1mm-LP
s 0.6 —L=3mmLP,, E;()'Z'—L:?,mm-u:Ha
= —L=5mm-LP,, = —L=5mmLP,,
F0.5- —— L=7mmLP, = 0-—L=7mm-LPm
0.4 L=2mmLPy —L=9mm-LP,
1300 1400 1500 1600 1700 1800 1300 1400 1500 1600 1700 1800
Wavelength (nm) Wavelength (nm)

(2) (®)

Fig. 7. Transmittance spectra with ne = 1.34 when L is increased from 1 mm to 9 mm for (a) the LPg4
mode and (b) the LP{1, mode.

—_

§2200 21.0 LP
- ) a Ly
£21007 o Simulated Data-LP,, [ ;py//
=) _|— Exponential Fit o i g
5 2000 ° S;(mulatedI Datla-LP11a g 0.8
) 1900 1— Exponential Fit s
3 2
£ 1800 $0-61
817001 bo)
o (o] |
51600 £
Qo
215001 802
2 1.331.341.351.36 1.37 1.38 1.39 "~ 1.331.341.351.36 1.37 1.38 1.39

n n

e

(@ b)

Fig. 8. (a) Numerical values of resonance wavelength as a function of ne for the LPg1 and LP114 modes.
(b) The depth of resonance dip as a function of ne for the LPgq and LP{15 modes.

depth of resonance dip is defined in the inset of Fig. 6(a). The large residual fiber thickness leads
to decreased depth of resonance dip for both the LPyy and LP14, modes, indicating the resonance
strength is reduced. The LP114 mode has a larger depth of resonance dip than the LPy1 mode. The
dependence of depth of resonance dip on ITO film thickness is investigated. The thickness range
from 110 to 150 nm is adopted taking into account the sensitivity and resonance wavelength. The
depth of resonance dip decreases with the ITO film thickness for both the LPy; and LP11; modes
with dger = 72 um and n, = 1.34, as shown in Fig. 6(b). The depth of resonance dip of the LPq14
mode is larger than that of the LPy1 mode.

The dependence of transmittance spectrum on sensor length is investigated with optimized ITO
film thickness and residual fiber thickness. Fig. 7(a) and (b) show the transmittance spectra with
L varied from 1 mm to 9 mm for the LPyy and LP1;, modes, respectively. The depth of resonance
dip increases with the sensor length, but the transmittance spectrum becomes asymmetric and
degenerate when the sensor length is increased.

Then, the performance of the sensor is analyzed by changing the refractive index of the analyte
from 1.33 to 1.39. The dependence of resonance wavelength on the refractive index of the analyte
is analyzed. As shown in Fig. 8(a), the resonance wavelength of the LPyy mode shifts from 1539
to 2148 nm for a change in ne from 1.33 to 1.39, while for the LP114, mode the shift in resonance
wavelength is from 1546 to 2170 nm. The resonance wavelengths increase exponentially with
increase in refractive index of analyte for both the LPyy and LP{14 modes. The average sensitivity
for the ne ranging from 1.33 to 1.39 is 10,149 and 10,400 nm/RIU for the LPyq and LP{15 modes,
respectively. The sensor exhibits higher sensitivity for higher refractive index. In the ne range
from 1.38 to 1.39, the sensitivity reaches 16,355 and 16,453 nm/RIU for the LPyy and LPqq,
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TABLE 1
Comparison of the Characteristics of Various Fiber SPR Sensors

Sensor Configuration Detection Range (RIU)  Sensitivity (nm/RIU) ~ Wavelength Range (nm)
ITO coated TMF [This paper] 1.33-1.39 10,400 1300-2400

Gold nano-column coated SMF [38] 1.33-1.39 5,318 600-800

Gold film coated MMF [17] 1.33-1.40 4,989 600-800

Gold film coated PMF [22] 1.33-1.35 3,150 770-880

Gold film coated PCF [19] 1.32-1.36 3,186 600-800

Gold film coated PCF [22] 1.43-1.46 7,700 1100-1500

modes, respectively. Larger ne gives rise to enhanced evanescent field, enabling sensing with
higher sensitivity. Note that the LP11, mode has higher sensitivity than the LPy1 mode, this is
because the LP11, mode provides larger evanescent filed and subsequently enhances interaction
of SP wave with the surrounding medium. The depth of resonance dip versus refractive index of the
environment medium from 1.33 to 1.39 is shown in Fig. 8(b). Both the LPy; and LP{1, modes show
an increase in the depth of resonance dip when the refractive index is increased, and the LPq14
mode has larger depths of resonance dip than the LPy; mode.

The sensitivity as well as the operating wavelength range for SPR sensors with various fiber
architectures is tabulated in Table 1 for comparison. The sensitivity of the present sensor is much
higher than the sensitivity of the gold-coated fiber sensors. In addition, the present sensor operates
in the NIR. The higher sensitivity of the present sensor can be attributed to the ITO that allows
sensor to be operated in NIR, because the larger penetration depth of the evanescent wave in NIR
can enhance the interaction between the SP wave and the surrounding medium.

4. Conclusion

We have proposed and numerically investigated an SPR sensor based on side-polished TMF coated
with ITO film. Results proved that the sensing performance of the sensor is influenced by the ITO
film thickness and residual fiber thickness. Coupling between the LP11, mode and an SP mode can
achieve an average sensitivity of ~10400 nm/RIU in the refractive index range from 1.33 to 1.39.
The penetration depth of evanescent wave for the LP11, is 502 nm. The sensitivity and penetration
depth of the proposed sensor are larger than those of SMF and MMF based SPR sensors. This
sensor can operate in the NIR region with high sensitivity and large penetration depth, which makes
it promising for biological and chemical applications.
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