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Abstract

In this paper, a plasmonic refractive index sensor using a D-shaped photonic crystal fiber coated by titanium nitride has been
proposed. The interaction and interplay between fiber fundamental mode and plasmonic mode which lead to the formation of
resonance peaks depending on the analyte refractive index (RI) are explained in detail. Using both spectral and amplitude
sensitivity methods, the sensing performance of the proposed sensor for detecting high-index analytes is numerically investigat-
ed. The proposed PCF-SPR sensor has a RI detection range of 1.44 to 1.52 and exhibits two linear sensing regions with an
average spectral sensitivity of — 16,275 nm/RIU for analyte RI ranging from 1.44 to 1.48, and — 7571 nm/RIU for analyte RI
between 1.485 and 1.52, respectively. We also study the amplitude sensitivity of the proposed sensor which shows promising
value of 206.25 RIU ™" for 1650-nm excitation. The proposed RI sensor is an attractive platform for detecting various high RI
chemical and biochemical samples due to simple design, cost-effective plasmonic material, relatively large detection range, high

sensitivity, and promising linear sensing performance.
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Introduction

Plasmonics examines the interaction between electromagnetic
waves and surface electrons at the interface between metals
and dielectrics [1]. As a rapidly developing field, plasmonics
has opened the door to a wide range of interesting applications
including medical diagnostics via surface enhanced Raman
spectroscopy [2], subwavelength communication devices
[3], and highly sensitive sensors and biosensors [4]. Surface
plasmon resonance (SPR) refers to the excitation of surface
plasmons (SPs) which are collective and coherent oscillation
of the surface electrons due to the incident electromagnetic
field [1]. Excitation of SPs is usually accompanied by a strong
absorption or scattering of the incident electromagnetic field.
As this absorption/scattering is strongly dependent on the re-
fractive index (RI) of the surrounding medium at the
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dielectric/metal interface, RI sensing is possible by monitoring
the variations in the loss peak [4]. Between different plasmon-
ic sensors, photonic crystal fiber—based surface plasmon res-
onance (PCF-SPR) sensors are the most promising candidates
to satisfy the small probe size as well as ultrahigh sensitivity
requirements in biological, environmental, and medical appli-
cations [4, 5].

The most common plasmonic materials used in the previ-
ous reported PCF-SPR sensors are gold and silver because of
their optical properties and chemical stability [6]. However,
the relatively high cost of these metals is a major drawback to
the mass manufacture of the plasmonic devices with gold or
silver films. Furthermore, gold and silver can soften at rela-
tively low temperatures which can cause a complete loss of
the ability of material to excite SPs [6]. Therefore, an ideal
alternative plasmonic material should offer lower production
cost, higher melting point, lower intrinsic loss, compatibility
with standard nanofabrication processes, and tunability [6, 7].

In a quest to find alternative plasmonic materials, re-
searchers paid a great amount of attention to semiconductors,
transparent conducting oxides (TCOs), cheap metals, and
inter-metallics [6, 7]. To this end, PCF-SPR sensors based
on hybrid plasmonic materials such as copper/graphene [§],
graphene/gold, or graphene/silver [9] have been reported.
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Recently, titanium nitride (TiN)—coated [10] and titanium-
assisted [11] PCF-SPR biosensors with complex structure and
different airhole diameters have been studied. Between these
alternative materials, refractory metals have high melting point
and excellent chemical stability. Among different refractory
metals, TiN has already received great attention and has been
considered as a promising candidate for plasmonic applications
at optical frequencies and at high temperatures [12]. TiN has a
very high melting point and high chemical stability at tempera-
tures above 2000°C. TiN also has high conductivity, CMOS
compatibility, and corrosion resistance which makes it an ideal
material for plasmonic applications [10, 12].

In this paper, we investigate the deposition of TiN nanofilm
on a simple D-shaped PCF and study the RI sensing perfor-
mance of the sensor in detail. To the best of our knowledge,
this is the first time that TiN nanofilms are being investigated
in a PCF-SPR biosensor with simple (single airhole size) D-
shaped structure for detecting high-index analytes. Simple
single-airhole-size D-shaped PCF-SPR sensors offer numer-
ous advantages including ease of fabrication [13, 14], compat-
ibility with existing optical communication systems, compact
size, and ultra-large sensitivity [13, 14]. We demonstrate the
superior characteristics of our proposed sensor to detect
analytes with RI between 1.44 and 1.52. We will also study
the effect of design parameters and any fabrication-induced
imperfections on the performance of the proposed sensor.

Sensor Design

We design our PCF-SPR sensor with a simple and well-
established quasi-D-shaped structure with single airhole di-
mension. Our PCF-SPR sensor has four design parameters
overall: airhole diameter (dpoics), core diameter (deore),
center-to-center spacing between holes (A1) and TiN layer
thickness (¢1in). The cross section of our proposed PCF-SPR
sensor with all of the design parameters and materials is
shown in Fig. 1.

To design the biosensor, we use silica as the cladding ma-
terial, the liquid analyte as the filling material in the hollow-
core which is surrounded by period array of airholes and TiN
nanofilm deposition on top of the structure as the plasmonic
material. To accurately simulate the structure, we took the
material dispersion of silica and TiN into account.
Wavelength-dependent RI of silica can be calculated using
the following Sellmeier’s formula [15, 16]:
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where A is the excitation wavelength in micrometer. The
wavelength-dependent complex RI of TiN has a form of

where n()) is the real part of the RI and &()\) is the imagi-
nary part of the RI which is called extinction coefficient. In
Fig. 2, we plot the complex RI of TiN, including real part of
the RI and imaginary part of the RI, as a function of excitation
wavelength according to the model presented in [17, 18]. The
analyte refractive index variation is between 1.44 and 1.52 in
our simulations. We used a finite element method (FEM) and
perfectly matched layers (PML) boundary condition applied
with Comsol Multiphysics software to simulate fiber modes
and plasmonic modes. To further minimize the computational
errors and ensure the accuracy of the results, an extra-fine
mesh size (minimum element size of 5 nm and maximum
element size of 500 nm) has been utilized. We also performed
rigorous convergence analysis (error threshold of 107°) and
manually checked the solutions to make sure every solution
meets our error criteria. The results for fundamental mode of
the fiber have been compared with finite difference time do-
main (FDTD) simulations using OptiFDTD software, and
similar mode indices have been obtained. Finally, RI calcula-
tions, modes, and the resulting data have been analyzed in
MATLAB R2015b.

Results and Discussions
Mechanism

The sensing mechanism in our proposed D-shaped sensor is
based on the coupling between plasmonic mode (TiN
nanofilm) and fundamental guiding mode of the PCF (ana-
lyte-guided mode). We now demonstrate the excitation of
these modes in our PCF-SPR sensor where excitation wave-
length is 1550 nm, dyges/4 =0.16, deore/A =0.66, 4 =6 um,
and ¢y = 50 nm. There is no guiding mode in the hollow-core
of the PCF when there is no analyte. By filling the core of the
PCF with a high-index analyte, the guiding mode will appear.
By increasing the analyte RI from 1.45 to 1.52, the effective
area of the fundamental guiding mode reduces significantly.
This reduced effective area will lead to less effective surface
plasmon excitation, resulting in a weak coupling between fi-
ber mode and plasmonic mode. If we further increase the
analyte RI by values larger than 1.52, the fiber mode will
not couple to plasmon mode anymore and the structure cannot
be used as a sensor. We also observed multi-mode operation
for analyte RI larger than 1.48 and single mode operation for
analyte RI between 1.44 and 1.48 which can contribute direct-
ly to efficient surface plasmon excitation at this RI range.
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Fig. 1 The cross section of the
proposed PCF-SPR sensor with
different design parameters: air-
holes diameter (djopes), core di-
ameter (d,or), holes pitch (A), and
titanium nitride layer thickness (¢)

611101425

During our simulations, we note that the coupling is much
stronger in the case of y-polarized light (see the y-axis in
Fig. 3), and therefore, we only studied this case in our
investigations.

In order to understand underlying coupling mechanism be-
tween fiber mode and plasmonic mode, we tracked the varia-
tions in the effective index (ngg) of fiber fundamental mode
and plasmonic mode inside the PCF-SPR structure. As seen in
Fig. 4, by changing the excitation wavelength, n.g of fiber
mode and plasmonic decreases with different rates. As a re-
sult, there is a specific wavelength in which these two values
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Fig. 2 Complex refractive index of TiN as a function of excitation
wavelength. The solid blue curve is the real part of the refractive index,
and the red dash-dotted curve represent imaginary part of refractive index
or extinction coefficient
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(Met-fiber AN 7ef plasmonic) are both equal to each other. At this
point, we have the maximum coupling between fiber mode
and plasmonic mode which can in turn result in a peak in
confinement loss spectra of the guiding mode. Confinement
loss is directly related to imaginary part of n.s and can be
calculated from [19].
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where ) is excitation wavelength in nanometer. This exci-
tation wavelength which results in a maximum confinement
loss is called resonance wavelength (Aesonance) Of the struc-
ture, which is strongly dependent on the PCF-SPR design
parameters and particularly, analyte RI. Therefore, by tracking
changes in resonance wavelength of the structure, we can
casily detect an unknown analyte in the PCF core.

In order to further realize the effect of analyte RI on the
confinement loss spectra of the sensor, we simulate the real
and imaginary part of the effective mode index of the fiber
fundamental mode and plasmonic mode when analyte RI is
1.47. As seen in Fig. 5, real parts of the effective mode index
of the fiber mode and plasmonic mode are both equal to each
other around 1235 nm. We can clearly see that increasing the
analyte RI from 1.45 in Fig. 4 to 1.47 in Fig. 5 causes a
blueshift of resonance peak from around 1640 to 1235 nm.

The Role of Design Parameters
We first analyze the impact of the design parameters of the

proposed sensor on the location of the A csonance OF Maximum
point of loss spectra. As seen in Fig. 6, the resonance
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Fig. 3 The electric field
distribution of the proposed PCF-

1 max

SPR sensor at 1550 nm for a fiber
fundamental guiding mode with
analyte RI of 1.45, b fiber funda-
mental guiding mode with analyte
RI of 1.48, ¢ fiber fundamental
guiding mode with analyte RI of
1.52, and d plasmonic mode for
analyte RI of 1.45. Note that the
design parameters are dyg)es/4 =
0.16, deore/A =0.66, A =6 pm,
and ;=50 nm
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wavelength of the structure depends on the design parameters
of the PCF-SPR sensor including TiN layer thickness (#), air-
hole diameter (d}1es), and core diameter (do.). AS seen in
Fig. 6a, by increasing ¢ from 40 to 60 nm, the resonant wave-
length blueshifts from approximately 1730 to 1580 nm. The
same trend exists for d,,,. in Fig. 6¢, where increasing core
diameter ratio (d.ore/A) from 0.6 to 0.72 results in a resonance
wavelength blueshift from 1686 to 1592 nm. However, as
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Fig. 4 Real part of effective index of fiber core fundamental mode (7¢
fiber) and plasmonic mode (72eft-plasmonic) @ @ function of wavelength. The
design parameters are dygjes/4 = 0.16, dioro/A = 0.66, A = 6 pm, and tiy =
50 nm; analyte RI is 1.45. The resonance peak (peak of confinement loss)
appears where the real part of effective index of fiber mode and plasmonic
mode matches (Megr-fiber = 7efr-plasmonic)- Insets show electric field
distribution at different points in spectra for fiber mode, plasmonic
mode, and the coupled core-plasmonic mode at resonance wavelength
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seen in Fig. 6b, an increase in airhole diameter ratio will result
in a resonant wavelength redshift from 1595 to 1681 nm.
According to our extensive simulations, these are the opti-
mized ranges of variation for design parameters of the PCF-
SPR sensor as the most effective mode coupling between the
fiber and plasmonic modes can happen at these values.

Next, we fix the design parameters at dye/A = 0.16, deore/
A=0.66, 4=6 pum, and ¢r;y =50 nm and focus on analyzing
the performance of the proposed biosensor. We analyzed both
spectral sensitivity and amplitude sensitivity of the sensor
where analyte RI changing from 1.44 to 1.52.

Spectral Sensitivity

By measuring the amount of shift in the resonance peak
(AMesonance) due to a change in the analyte RI (Anapaiyee)s
the spectral sensitivity of the sensor can be determined in RI
units (RIU) as [20].

A)\resonance

Ssp(nm/RIU) = A
analyte

(4)

Here, we study analyte RI ranging from 1.44 to 1.52. For
analyte RI smaller than 1.44 and larger than 1.52, the sensi-
tivity is not enough to detect a small change in RI. For any
analyte RI higher than 1.52, most of the laser energy will be
confined in the PCF core which leads to a weak coupling
between plasmonic mode and fiber mode and therefore a
low sensitivity. Therefore, the range of operation of our
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Fig.5 Real part of effective index 1.461
of fiber core fundamental mode
(Mefrfiver) @and plasmonic mode
(Mefiplasmonic) @s a function of
wavelength. The design
parameters are dyojes/A =0.16,
deore/4=0.66, A =6 um, and

trin = 50 nm; analyte RI is 1.47.
The insets show electric field
distribution at different points in
spectra for fiber mode, plasmonic
mode, and the coupled core-
plasmonic mode at resonance
wavelength
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plasmonic biosensor is 1.44 to 1.52 (0.8 RIU). In Fig. 6, we
analyzed the sensitivity of the proposed PCF-SPR refractom-
eter with the analyte RI ranging from 1.44 to 1.52.
According to Fig. 7, the resonance peak location and sen-
sitivity of the PCF-SPR sensor strongly depend on the analyte
RI. Based on the sensitivity, we can divide the performance of
our sensor into two linear sensing regions. The first region is
for analyte RI ranging from 1.44 to 1.48 which shows a prom-
ising linear behavior (coefficient of determination for linear fit
is 0.998) with an ultrahigh average linear sensitivity of —
16,275 nm/RIU. The second region is for analyte RI ranging
from 1.485 to 1.52 which shows an average linear sensitivity
of —7571 nm/RIU. The sensitivity outside this RI range de-
cays exponentially to zero, and therefore, the sensor is only
appropriate for sensing analyte with RI ranging from 1.44 to
1.52. As seen in Fig. 7, by increasing analyte RI, the resonance
peak blueshifts significantly. The blueshift of resonance wave-
length by increasing analyte RI is an interesting behavior of
analyte-filled PCF-SPR sensors which directly contradicts the
behavior of other PCF-SPR sensors in which the resonance
wavelength redshifts by increasing analyte RI [20, 21]. The
reason for this contradiction is the way we fill the analyte into
PCF-SPR sensor [22]. The analyte is filled into airholes or

1.3 1.35
Wavelength (pm)

1.4

channels in most of the PCF-SPR designs [19, 23] whereas
here we filled the analyte directly into the PCF core. This is
also why we can sense a wide range of high-index analyte
liquids. In airhole-filled or channel-filled PCF-SPR sensors,
the analyte RI should be lower than that of the silica (1.44) to
keep the total internal reflection guiding mechanism of the
fiber. As we fill the core of our fiber with analyte, we are not
limited to 1.44 as the upper limit of RI detection.

Amplitude Sensitivity

By measuring the loss of optical power at a fixed wavelength
(Aa) due to a change in analyte R (Antypaiyee), the amplitude
sensitivity of the PCF-SPR sensor can be determined as [20]

Aa ()\, nanalyte)/Ana-“alyte

Sa (R[Ufl) = 0] ()\, nanalyte)

, (5)

where (A, analyee) 18 the fiber mode confinement loss at a
particular wavelength and RI. The sensitivity and range of
detection are usually higher in the case of spectral method,
but the main advantage of amplitude method is reduced costs
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Fig. 6 Resonance wavelength location as a function of a TiN layer
thickness where di,g1e/4 = 0.16, deore/A =0.66, and 4 =6 pm; b airholes
diameter ratio where dqo/4 =0.66, 4=6 pm, and ¢y =50 nm; and ¢

core diameter ratio where dyojes/4=0.16, 4 =6 pum, and frjy =50 nm.
Analyte Rl is fixed at 1.45 in all simulations
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for the experiment. The method is cost-efficient because we
simply do not need the spectral detection and adjustable laser
sources which can be expensive depending on the setup. For
example, we can only utilize a commercially available single
wavelength low-cost laser and measure the amount of loss for
different analyte RIs and detect an unknown analyte. The op-
eration range and sensitivity strongly depend on the excitation
wavelength of the laser source. In Fig. 8, we analyzed the
amplitude sensitivity of the proposed sensor in vicinity of
analyte RI of 1.45 with 1550- and 1650-nm excitations.
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Fig. 8 Confinement loss of the proposed PCF-SPR sensor as a function
of analyte RI in two different excitation wavelengths. The sensor param-
eters are dyoes/A = 0.16, deore/A4=0.66, A =6 um, and ¢y = 50 nm
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As seen in Fig. 8, the amplitude sensitivity can vary signif-
icantly with respect to different excitation wavelengths and
analyte RIs. The detection range is also limited compared with
the spectral method as loss variations are only significant close
to the resonance wavelength. The amplitude sensitivities of
the proposed biosensor are 206.25 RIU™" with a 1650-nm
excitation close to analyte RI of 1.45, and 72.72 RIU ! with
1550-nm excitation close to analyte RI of 1.455. Using the
sensitivity value and the full width at half maximum (FWHM)
bandwidth of the confinement loss spectra of our sensor, we
can calculate the figure of merit (FOM) [19] of the proposed
biosensor as

S (nm/RIU)

FOM =
© FWHM (nm) ’

(6)

Using Eq. 6, we calculated the average FOM of our sensor
in high sensitivity region for analyte RI between 1.44 and 1.48
(maximum FOM) to compare the performance of our sensor
to other similarly reported PCF-SPR biosensors in the litera-
ture. We also calculate the average FOM of our sensor for
analyte RI between 1.44 and 1.52 which is equal to 21. In
Table 1, the simplicity of the design, detection range, sensitiv-
ity, and maximum FOM of our proposed sensor are compared
to some of the previously reported high-index PCF-SPR sen-
sors based on gold as the plasmonic material [19, 20, 23]. As
we can clearly see in Table 1, the proposed TiN biosensor has
a relatively broad detection range, simple design, and high
sensitivities compare with the gold-based high-index PCF-
SPR sensors which make it an attractive device for the
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Table 1 Comparison of the

design and performance of the Properties Ref[19] Ref [20] Ref [23] This work

recent proposed PCF-SPR bio-

sensors for high-index analyte Plasmonic material Gold Gold Gold TiN

detection Sensor design Channel-filled D-shaped Channel-filled Simple D-shaped
Detection range 1.44-1.57 1.43-1.48 1.46-1.52 1.44-1.52
Max S, 4400 nm/RIU 7200 nm/RIU 6100 nm/RIU —16,275 nm/RIU
Max S, - 91 RIU! - 206.25 RIU ™!
Max FOM 62.2 /RIU - - 147.9/RIU

detection of chemical and biochemical samples in different
applications.

Conclusion

A simple D-shaped photonic crystal fiber coated with titanium
nitride is proposed as a plasmonic refractive index sensor. The
sensor can detect high refractive index (RI) liquid analytes
with a detection range of 0.8 RIU, ranging from 1.44 to
1.52. Using spectral and amplitude sensitivity methods, the
resonance wavelength location and amount of confinement
loss are numerically calculated. Our studies revealed that the
proposed biosensor show two linear sensing regions with an
average spectral sensitivity of — 16,275 nm/RIU for analyte RI
ranging from 1.44 to 1.48, and — 7571 nm/RIU for analyte RI
between 1.485 and 1.52, respectively. The amplitude sensitiv-
ities of the proposed sensor also exhibit promising value of
206.25 RIU™" for 1650-nm excitation. We also introduced a
figure of merit and compare the performance of our sensor to
similar RI sensors based on PCF. As our proposed RI sensor
has a rather simple structure and it shows promising linear
sensing performance, it can be an interesting platform for de-
tecting various high RI chemical and biochemical samples in
chemical, biological, and medical applications.
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