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Abstract—We report on an extrinsic surface plasmon-enhanced
refractometer based on cladding mode resonance excitation in a
photonic crystal fiber (PCF) equipped with a straight fiber Bragg
grating (FBG). First, we show that the lattice pitch and the air hole
diameter of the PCF microstructure define the spectral location
of the excited cladding mode resonances. Second, we demonstrate
that if the PCF parameters are properly selected, those resonances
are sensitive to increases in steps of 1 × 10−4 refractive index units
(RIU) of the refractive index value close to that of water. To the
best of our knowledge, this is the first time that the sensitivity
of PCF cladding mode resonances to refractive index changes
in water-based solutions is reported. We achieved experimental
values of 40.3 nm/RIU in terms of wavelength sensitivity and −801
dB/RIU in terms of amplitude sensitivity. The performance of our
sensor is therefore comparable to that of tilted FBGs in step-index
fibers used for water refractometry, which indicates the potential of
our PCF sensor for biosensing. In addition, the sensor fabrication
does not require any post-processing such as etching or polishing,
which allows preserving the integrity of the fiber probe. Finally, the
narrow spectrum within which the PCF operates, allows envisaging
multi-target detection with a single fiber probe by using cascaded
wavelength-multiplexed gratings.
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I. INTRODUCTION

O PTICAL fiber technology has been widely considered
for point-of-care diagnostics using so-called lab-on-fiber

probes [1]–[3], which are often based on fiber Bragg grating
(FBG) technology. Among various FBG-based sensors [4]–[6],
one type that has shown to be particularly promising exploits
tilted FBGs in standard step-index fibers [7]–[10]. Recent ap-
plications of tilted FBGs targeted in situ detection of cancerous
human lung tissue with potential for in vivo measurements [11]
and label-free sensing of breast cancer cells at ultra-low con-
centrations [12]. These applications exploit cladding mode res-
onances that are excited following the interaction of a forward-
propagating fundamental core mode and the tilted grating in-
scribed in the fiber core [13]–[15]. The highest sensitivities are
obtained for the resonance with an effective index that matches
the refractive index (RI) of the analyte. Biomedical sensing
therefore requires modes with effective indices close to the RI
values of water, phosphate-buffered saline, or other cell culture
media [16]. Since tilted FBGs in step-index fibers yield fre-
quency combs that cover a broad spectrum, the choice of avail-
able modal effective indices and, therefore, the range of analytes
that can be studied is wide. On the other hand, this also means
that only a limited number of resonances with a specific effective
index are sufficient to carry out a specific sensing task, whilst the
other resonances do not show meaningful sensitivities and just
consume the available spectral range of typical read-out devices.

The challenge to reduce the spectral width covered by broad
frequency combs down to a few resonances of interest can
be addressed by employing specialty fibers, such as photonic
crystal fibers (PCFs). It is well known that the guiding properties
of PCFs can be tuned by changing the lattice pitch and the
air hole diameter [17]–[19], which makes them attractive for
different applications including refractive index sensing [20]
and biosensing [3], [21], [22]. However, many reports on PCF-
based sensors were limited to numerical investigations [22], or
involved post-processing procedures that would complicate their
use in practice [23].

The majority of PCF-based refractometers use the funda-
mental core mode for sensing in view of accessing the highest
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intensity of the evanescent field of the core mode. Two sensing
approaches are commonly utilized in PCFs. The first approach
employs filling of air voids of the PCF microstructure surround-
ing the core with an analyte (intrinsic sensing configuration).
To achieve that, some probes require selective filling of air
capillaries with the analyte [24]. Despite the high sensitivities
that can be achieved owing to the proximity of the sensing
region to the core mode, the calibration process with the required
filling manipulations makes such sensors quite involved to work
with and, therefore, make it challenging to proceed to the final
biosensing applications.

The second approach is based on an extrinsic sensing config-
uration, which often requires modification of the fiber geometry
by ways of mechanical polishing, tapering, etching or drilling,
in order for the analyte to reach the PCF core region [25]–[27].
Whilst such extrinsic sensor architectures are easier to calibrate
and reuse, and are hence preferred over intrinsic sensors [22], the
required post-processing of such probes is time consuming, re-
quires special equipment, may lead to probe-to-probe variation,
and essentially also affects their mechanical integrity.

In view of improving the sensitivity, the fiber sensing region
is also often covered with an additional functional layer to
excite specific resonances. For example, excitation of lossy
mode resonances requires metal oxide or polymer coatings [28],
whilst surface plasmon resonances (SPR) are commonly excited
in the presence of a thin (between 30 and 70 nm) layer of metal,
mainly gold or silver. The SPR waves generated at the boundary
between the metal layer and the surrounding medium, are highly
sensitive to changes in the surrounding medium refractive index
(SRI) [20]. Additionally, metal deposition is easier on the outer
fiber surface of the extrinsic sensors than on the inside of the PCF
air holes, which makes the extrinsic configurations advantageous
over the intrinsic versions.

Sensing with PCF cladding mode resonances instead of the
fundamental mode have been studied as well, but in a very
limited number of cases [29]–[32]. Cladding mode resonances in
hexagonal lattice PCFs excited following FBG inscription have
been reported only by B. J. Eggleton et al. [29] and C. Chen et
al. [32], with nearly zero sensitivity for an RI of 1.46 [29] and
a maximal sensitivity of 12 nm/RIU for the resonances with the
effective index matching the SRI in the range between 1.36 and
1.42 [32]. In both papers, the absence of cladding modes with an
effective index matching the RI of water may be the reason for
the low sensitivity in that SRI range, which in its turn renders
such devices unfit for biosensing.

To compare the performance of various fiber refractometers,
a figure of merit (FOM) defined as the ratio of the wavelength
sensitivity to the full width at half maximum (FWHM) of
the resonance is commonly adopted [8], [33], [34]. Numerical
studies of plasmon-enhanced tilted FBGs in step-index fibers
demonstrate high FOM values of ∼2500 RIU−1 calculated from
the sensitivity of ∼500 nm/RIU obtained from the slope of
wavelength shifts of all SPR resonances involved in sensing
over a wide RI range of 1.30–1.44, divided by the sub-nanometer
width of a single plasmon resonance responsible for sensing over
a short RI range [35]. When tilted FBGs are experimentally
applied to study small RI ranges of ∼1 × 10−3 RIU, which

are essential for biodetection, sensitivity calculations focus on
a single resonance close to the SPR-attenuated region leading
to wavelength sensitivities of ∼50–100 nm/RIU, and FOM val-
ues of ∼250–500 RIU−1 [36]–[38]. This approach has already
shown great potential for the biodetection of cells [12], proteins
[10], [36], and aptamers [39]. Another analysis method that
uses the fitting of an envelope curve to the SPR-attenuated
resonances, demonstrates sensitivities of a few hundred nm/RIU,
with the nanometer wide envelopes resulting in lower FOM
values of ∼50 RIU−1 [40], [41].

Plasmon-enhanced PCF-based refractometers have been ap-
plied to study wide RI ranges, in which they show high sensitiv-
ities of the order of ∼103–104 nm/RIU, but limited FOM values
of 100 RIU−1 due to the nanometer-level resonance widths [34].
The sensitivity across a large RI range is generally non-linear
due to the index mismatch between the fundamental mode and
the studied analyte, which especially affects the sensitivities at
lower RI values such as water [2]. Therefore, although some
PCF-based refractometers [34] and biosensors [42], [43] have
been reported, the majority of the theoretically proposed PCF
sensors still lack experimental demonstration.

The state-of-the-art reported above and the associated out-
standing issues prompted us to investigate and develop a robust
PCF-based RI sensor that:

- works in the extrinsic configuration whilst not requiring any
post-processing of the fiber that would affect its geometry
and mechanical integrity;

- displays resonances with effective index values close to the
RI of water;

- is sensitive to RI changes of the order of 1x10−4 RIU
of water-based solutions, and thus features potential for
biosensing;

- is characterized by a high figure of merit enabled by the
resonances with sub-nanometer FWHM values and the
sensitivity values comparable to those of the most efficient
fiber-based refractometers, in particular those using tilted
FBGs in step-index fibers;

- operates in a narrow spectral region and can therefore
be combined with multiple other probes by wavelength
multiplexing the gratings within a single PCF.

The paper is further structured as follows: in section II, we
describe the details of FBG inscription in two types of PCFs
and analyze the cladding modes resonances revealed by their
transmission spectra. Then, we focus on one of the two PCFs,
for which we show the procedure for plasmon-enhanced water
refractometry. For one of the polarizations that corresponds
to the SPR-excited state, we show the detailed spectra of the
sensing region after the PCF was immersed in seventeen RI
solutions. In section III, we discuss the peculiarities of the
plasmon-enhanced cladding mode excitation in PCFs, and we
show that the proposed device is three times more sensitive than
similar PCF-based configurations without metal layer [29], [32],
and is comparable to state-of-the-art RI sensors in terms of the
wavelength sensitivity and the FOM value. Finally, we summa-
rize our results and briefly address perspectives for PCF-based
grating-multiplexed sensing.
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Fig. 1. Transmission spectra of straight FBGs inscribed in hexagonal lattice
PCFs (micrographs of the cross-sections are shown in the insets) with an air-
filling factor d/Λ = 0.4 and pitch values Λ = 3.6 µm (a) and 2.5 µm (b). For the
PCF shown in (b), spectra are shown before (black) and after (dashed purple)
gold deposition. The modes in the region 1490–1495 nm are used further in this
work for SPR sensing in aqueous solutions.

II. MATERIALS AND METHODS

We investigated two hexagonal lattice PCFs with six rings of
air holes and cladding diameters of 125 and 86 µm [44]. The
insets in Fig. 1 show the scanning electron microscope (SEM)
images of the PCF microstructures in their cross-sections. Both
PCFs have a core region doped with 8.5 mol% germanium.
The lattice pitches are Λ = 3.6 and 2.5 µm and the air
hole diameters are approximately equal to d = 1.4 and 1 µm,
respectively. This yields an air-filling factor d/Λ of around 0.4
for both PCFs. Note that the diameter of the germanium doped
portion of the core region is approximately equal to that of the
air hole diameter for both fibers.

Before grating fabrication, the PCFs were hydrogen loaded
at 60 °C for 60 hours at 205 bar to increase the photosensitivity.
Straight fiber Bragg gratings were inscribed in both fiber samples
using a 193 nm ArF excimer pulsed laser in a commercially
available Noria FBG manufacturing station (NorthLab Pho-
tonics [45]). We wrote gratings with an average laser power

of 250 mW, a repetition rate of 50 Hz, a pulse energy of 5
mJ, and a fluence at the photosensitive core of approximately
1.98 kW/cm2 for the first and 2.8 kW/cm2 for the second PCF.
The period of the phase mask was ΛPM = 1082 nm (sourced
from Ibsen Photonics [46]), resulting in a first-order FBG in
the C-band with a period of ΛFBG= ΛPM/2 = 541 nm. After
the photo-inscription, we annealed the fibers at 70 °C for 20
hours. The PCFs were spliced to conventional single-mode fiber
pigtails using a Fujikura LZM-100 Laser Splicing System [47]
to enable spectral interrogation in transmission.

A. FBG Transmission Spectra in PCFs

The transmission spectra of the straight FBGs (shown in
Fig. 1) reveal the cladding mode excitations for both fibers.
The resonances clearly feature different strengths and spectral
positions. Such spectral responses of FBGs in hexagonal lattice
PCFs are in agreement with those reported previously [29],
[32], and have resonances with similar strengths. In [32], the
authors showed simulated intensity profiles for the core and
cladding mode resonances excited in the PCF as a result of FBG
inscription.

We have previously shown that during grating writing in
PCFs, complex interactions of the grating-writing laser beam
with the holey cladding create a strongly non-uniform intensity
distribution in the fiber cross-section, which results in non-
uniform refractive index modifications in the core [48], [49].
The ability to excite cladding modes with straight FBGs in PCFs
can be attributed to this non-uniformity. A similar mechanism
is indeed responsible for the appearance of cladding mode
resonances in the transmission spectra of some point-by-point
[14] and eccentric gratings [50], [51] in step-index fibers, in
which refractive index modifications are formed only in a limited
region of the core. Note that our attempts to inscribe tilted FBGs
in PCFs resulted in significantly weaker cladding resonances
than the straight FBGs in the same PCFs.

Generally speaking, the PCF orientation in the inscription
setup affects the index modulation in the core region. Our
previous studies of laser-based inscription of FBGs in hexagonal
lattice PCFs [48], [49], [52] showed that the PCF’s microstruc-
ture with respect to the laser beam indeed causes a non-uniform
index modulation across the core region, although it does not
necessarily affect the average index modulation much. Hence,
FBGs in PCFs can still yield strong core resonances. To check the
reproducibility of the cladding mode resonances, we inscribed
gratings into 15 PCF samples without controlling the fiber
orientation during the inscription. The cladding modes in 10 PCF
samples returned reproducible amplitude dips of 10 to 15 dB for
the strongest cladding mode resonance. For the other 5 PCF
samples, we observed weaker transmission dips of 4 to 7 dB.
These differences most likely result from the influence of the
fiber orientation in the inscription setup.

The number of cladding modes in the transmission spectra of
PCFs with straight FBGs (Fig. 1) is relatively small compared
to that in step-index fibers equipped with tilted FBGs [8], [9].
The PCF microstructure indeed limits the amount of the modes
that can exist in the cladding. The microstructure geometry also
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determines the spectral location of the cladding mode resonances
with respect to the fundamental Bragg resonance and, therefore,
their modal effective index. Since the air-filling factor is fixed
for two PCF microstructures, the reason for specific spectral
locations of the resonances originates from their different pitch
values. Indeed, the lattice pitch change leads to variations in the
modal intensity profile [31]. As a result, the spatial overlap of the
modal intensity field with the microstructured cladding as well
as with the medium outside the fiber, changes. Hence, the modal
effective index also varies as a function of the lattice pitch [53].
Said effect of the geometry on the modal effective index can be
supported by calculating the effective index of a fundamental
space-filling mode nFSM in a hexagonal lattice unit cell using
COMSOL Multiphysics software [54]. The fundamental space-
filling mode corresponds to the resonance with the maximal
effective index allowed in the PCF microstructure. The values
calculated for the PCFs shown in Fig. 1(a) and (b) are nFSM =
1.428 and nFSM = 1.417, respectively. These are very close to
the measured values of 1.426 for PCF (a) and 1.412 for PCF
(b), indicated in Fig. 1 with the arrows. The spectral distance
between the core mode and the fundamental space-filling mode
differs for the two fibers, which results from the difference in
the pitch and the air hole diameter values.

Whether a PCF operates in a single-mode or multimode
regime, can be assessed by considering the V-number given
by [55]:

(2πΛ/λ) · (n2FM − n2FSM
)1/2

, (1)

with nFM the effective index of the fundamental mode and
nFSM the effective index of the fundamental space-filling mode.
These values can be obtained from the spectra shown in Fig. 1.
The Bragg resonance that corresponds to the reflected funda-
mental core mode is centered around λFM, which gives an
effective index nFM = λFM /(2 · ΛFBG) = 1.439 for PCF (a),
and nFM = 1.430 for PCF (b). The calculated V-numbers are
therefore ∼2.85 for PCF (a), and ∼2.27 for PCF (b). Values of
V smaller than π correspond to a single-mode guidance regime
[55], and hence both PCFs are clearly endlessly single-mode.

The strong resonances at 1540 nm for PCF (a), and at 1511
nm for PCF (b) correspond to the cladding modes confined in
the core that show a negligible sensitivity to the surrounding
RI. Similar resonances have been reported in literature and
were attributed to cladding modes with most of their power
concentrated in the core and within the two-three inner rings
of the microstructure, resulting in a high overlap with both the
fundamental mode and the grating perturbations [29], [32].

The spectrum in Fig. 1(a) reveals other cladding mode res-
onances in the wavelength region 1530–1535 nm. These res-
onances correspond to effective index values between 1.389–
1.398, as calculated from the (2) for the effective index of any
cladding mode coupled via a straight FBG given by:

neff, cladding = ( λcladding/ΛFBG) − nFM, (2)

where λcladding is the wavelength of the corresponding reso-
nance in the transmission spectrum. The second PCF shows two
regions with strong cladding mode resonances located in the

Fig. 2. Scheme of the experimental setup for SRI measurements. The PCF
sensor is immersed in lithium chloride (LiCl) salt solutions. The read-out
equipment consists of a tunable laser source (TLS), a half-waveplate (λ/2), an
oscilloscope (Osc.), and a photodetector (PD).

spectrum on either side of the resonance at 1511 nm. The region
1519–1537 nm corresponds to the modes with effective index
values between 1.379 and 1.413. The resonances from the region
1490–1495 nm have effective index values between 1.322 and
1.344 which are very close to the RI of water. Therefore, we
will only use PCF (b) for refractometry in water-based solutions
described below.

To exploit surface plasmon resonance excitation, we de-
posited a layer of gold with a thickness of ∼35 nm using a
sputter-coater chamber with argon at a pressure of 10−4 mbar
(Leica EM SCD 500). This thickness was found to be an optimal
value for tilted FBGs in single-mode fiber SPR refractometers
[56]. The transmission spectrum of the gold-coated PCF (b)
in air is shown with a dashed purple line in Fig. 1(b). Gold
deposition reduced the strength of the transmission resonances
with several dBs (∼6 dB for the strongest resonance from the
wavelength span 1490-1495 nm). The external position of the
gold layer allows for realization of an extrinsic sensing configu-
ration which has an advantage of simpler calibration (and later,
surface bio-functionalization) compared to the internally filled
PCF-based sensors.

B. Plasmon-Enhanced Refractive Index Sensing With a PCF

For the refractive index sensing experiments, we prepared
anhydrous lithium chloride salt (LiCl) dissolved in distilled
water at seventeen different concentrations. The RI value of
each solution was measured at 436.6 nm using an Abbemat MW
refractometer with a resolution of 10−6 RIU. The RI difference
between the solutions was around 1x10−4 RIU. We applied a
Sellmeier fit for distilled water [57] to extrapolate the RI values
to 1550 nm, resulting in the following values (limited to the
fifth decimal): 1.31582, 1.31593, 1.31602, 1.31612, 1.31622,
1.31633, 1.31642, 1.31653, 1.31672, 1.31703, 1.31713,
1.31723, 1.31733, 1.31743, 1.31752, 1.31763, and 1.31773.
The index of distilled water at 1550 nm was extrapolated to
be 1.31495.

For the RI sensitivity measurements, the PCF sample was
fixed using two fiber clamps with the grating held straight in
a small reservoir. We added RI solution to the reservoir until
the grating was completely covered with the liquid and then
recorded the transmission spectrum. In between successive RI
measurements, we rinsed the grating with distilled water and
recorded the transmission spectrum in air to ensure that the
sensor had returned to its initial state.

Fig. 2 shows the experimental setup. A tunable laser source
(TLS) Santec TSL-710 was programmed to make a wavelength
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sweep between 1480 and 1550 nm in steps of 0.6 pm at a tuning
speed of 60 nm/s. The transmitted power was recorded with a
Thorlabs PDA20CS photodetector (PD) with a built-in trans-
impedance amplifier. An oscilloscope (Osc.) was synchronized
with the wavelength-swept system and the PD output to retrieve
the transmission spectrum. We used a MATLAB script to control
the setup and record the spectrum. The linear polarization angle
of the laser source was controlled using a half-waveplate (λ/2).
After recording the transmission spectra of the PCF immersed
in all RI solutions, we processed the data in MATLAB by
tracking the wavelength and the intensity level of all the dips
in the transmission spectra. The resonances in the wavelength
range 1488-1500 nm generally showed larger sensitivities than
the resonances from the rest of the spectrum. The proximity of
effective indices to the refractive index of water allows them to
fulfil the phase matching condition to couple to the SPR wave.
On the other hand, the modal field distributions that extend up to
the cladding boundary, allow obtaining the largest wavelength
and amplitude shifts as a response to the varying external index.
A detailed discussion of the most sensitive resonances is given
in section III.

C. Temperature Dependence of the PCF Cladding Modes

Fiber-based RI sensors are known to exhibit cross-sensitivity
to temperature changes, which therefore affect the RI measure-
ments. A priori knowledge of the modal sensitivity to temper-
ature changes allows correcting the final RI measurements for
spectral shifts due to temperature variations.

To perform the temperature calibration, we immersed the
gold-coated FBG-equipped PCF in a temperature-controlled
bath filled with distilled water. The immersion allows for a stable
and uniform temperature and avoids air circulation that may af-
fect the measurement accuracy. In addition, this situation mimics
the actual conditions for our target RI sensing experiments as the
fiber probe will be immersed in aqueous solutions. Temperature
control and monitoring was enabled by placing the bath on a
hot plate (Torrey Pines Scientific HS40) and measuring the tem-
perature with an external needle-type digital thermometer (IKA
ETS-D5) with a resolution of 0.1 °C placed next to the grating.
Fig. 3 shows the resulting wavelength shifts for four resonances
in the transmission spectrum for temperatures between 19 up to
40 °C. The core mode in our PCF has the highest temperature
sensitivity of 9.3 pm/°C. This value is close to the values for
straight FBGs in PCFs that have already been reported [32],
[58]. Note that because this mode is highly confined in the core
region, it is not affected by any index changes in the surrounding
medium [8], [32]. Therefore, the spectral shift of the core mode is
solely due to temperature variations in the surrounding medium.

Modes that are less confined in the core region are affected
by changes in both temperature and external index. The con-
fined cladding mode has a slightly lower thermal sensitivity of
9.0 pm/°C but close to that of the core mode. This mode is
partially affected by the surrounding index due to leakage of
the optical power in the mode through the microstructure to the
interface between fiber and surrounding medium [32]. Modes 1
and 2 that we exploit for SPR sensing in aqueous solutions (a

Fig. 3. Resonance wavelengths for selected modes show different dependen-
cies on temperature variations in water. The core mode that is insensitive to the RI
changes in the surrounding medium, shows the highest temperature sensitivity.
Mode 1, which is most sensitive to the RI of the surrounding medium in aqueous
solutions, features the lowest temperature sensitivity.

detailed description of these modes is provided further down the
manuscript, including Figs. 4–6) show even lower sensitivity to
temperature. In addition to an intrinsic thermal sensitivity, these
modes are strongly influenced by the thermo-optic coefficients
of water and gold. Whereas the effect of temperature changes
on the permittivity of gold is small [59], distilled water features
a large negative thermo-optic coefficient of approximately −1.4
× 10−4 RIU/°C [60], which lowers the slope of the temper-
ature sensitivity line for modes 1 and 2. Study of other PCF
samples (both with and without a gold coating) immersed in
water showed that generally the resonances with an effective
index value around the refractive index of water demonstrate
temperature sensitivities that are ∼20–25% smaller than that of
the core mode.

Although we carried out refractive index measurements with
the PCF probe at room temperature, small fluctuations in the
temperature still affected the experiments. We noticed picome-
ter spectral shifts of the core resonance. Nevertheless, self-
referencing to the core resonance together with the temperature
sensitivities of the modes shown in Fig. 3 allowed to correct for
those fluctuations.

III. RESULTS AND DISCUSSION

Usually, only p-polarized light leads to the SPR excitation and
to the highest sensitivity for tilted FBGs in step-index fibers [8].
To obtain the polarization state that resulted in the resonances
with the largest spectral shift and amplitude change for this
sensor configuration, we rotated the input polarization with the
half-waveplate (λ/2) and carried out measurements in the set of
RI solutions for several polarization angles. Fig. 4(a) shows the
PCF transmission spectra measured when the input polarization
is optimized for the SPR excitation (pol 1, red curve), and when
the polarization orthogonal to the first one is considered (pol 2,
black curve).

Fig. 4(b) shows transmission spectra of the grating immersed
in the set of refractive index solutions, at the SPR-optimized
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Fig. 4. (a) Transmission spectra of the grating in the gold-coated PCF at
the input polarization optimized for the SPR excitation (pol 1, red) and at the
polarization orthogonal to pol 1 (pol 2, black). Modes 1 and 2 indicated with
the dotted lines correspond to the cladding mode resonances with the highest
wavelength and amplitude sensitivity (see Figs. 5 and 6). (b) Transmission
spectra of the gold-coated PCF grating after immersion in seventeen refractive
index solutions at the SPR-optimized polarization. The dashed line indicates the
position of the SPR-attenuated mode.

Fig. 5. Transmission spectra of modes 1 and 2 after immersion of the gold-
coated PCF grating in seventeen refractive index solutions. The modes show the
largest wavelength (a) and amplitude (b) shifts in the SPR-excited state.

polarization. The mode at 1495 nm indicated with a dashed line
shows a behavior similar to that of the plasmonic modes in tilted
FBGs [12]. When the gold layer is introduced, resonances with
a specific effective index are phase-matched to the plasmonic
waves and, as a result, are attenuated in the transmission spec-
trum. The plasmon-coupled area is then easily spotted as a region

Fig. 6. Wavelength (a) and amplitude (b) sensitivity of modes 1 and 2,
calculated from the linear fits (black lines) applied to Gaussian-fitted inverted
resonance dips as a function of SRI values. Sensitivities for the modes in
two orthogonal polarization states (pol 1, pol 2) are calculated. The error bars
correspond to one standard deviation for three repeated measurements with the
PCF refractometric probe immersed in the same RI solution.

of modes with sharply decreased amplitudes, as is the region
around 1495 nm for our PCF. When the incident polarization
is optimized for the SPR excitation, the resonances on the side
of the shorter/longer wavelengths from the SPR mode show a
peak-to-peak amplitude increase/decrease as a function of the
increasing SRI value [12], which is shown with the arrows in
Fig. 4(b). Similarly to what has been reported for tilted FBGs
[12], [36], [61], the resonance wavelength located just below the
plasmon-attenuated region, is the one that is the most affected
by the amplitude changes induced by the SPR excitation. This
mode (labelled ‘mode 2’ and indicated in Fig. 4(a) with a dotted
line) experiences the most significant peak-to-peak amplitude
change under variations in the external index. The mode with
the largest wavelength shift (this is the mode labelled ‘mode
1’) is positioned at 1492 nm, i.e., a few nanometers below the
SPR-attenuated mode what is also characteristic for tilted FBGs.
The effective index of mode 1 calculated from equation (2) is
neff = 1.328, which is slightly larger than that of the medium
under test, which is another similarity to the approach using
SPR-enhanced sensing with tilted FBGs [35].
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Fig. 5 shows the behavior of modes 1 and 2 for the SPR-
optimized polarization in a narrower wavelength range, after
smoothening the spectra with a Savitzky–Golay filter [62]. The
small changes of the order of 1x10−4 RIU in the surrounding
index result in small differences between the spectra and hence
in spectral shifts of a few picometers. The black arrows indicate
the direction of the spectral shift of the resonance wavelength
and of the resonance loss with increasing SRI values. To extract
both wavelength and amplitude values, these transmission dips
were inverted to obtain peaks instead of dips, and the tip of every
peak was fitted with a Gaussian curve in view of applying a peak
search algorithm. The slopes of the linear regression equations
applied to the wavelength/amplitude varying as a function of
the SRI values in Fig. 6, result in the sensitivity values as shown
for modes 1 and 2 and for both polarizations. The error bars in
Fig. 6 refer to±‘one σ’ standard deviation from the mean values
obtained after three repeated measurements when the grating is
immersed in the same RI solution.

At the SPR-optimized polarization 1, mode 1 shows the
highest wavelength sensitivity of 40.3 nm/RIU with a linear fit
with R2 = 0.9941, Fig. 6(a). On the other hand, the wavelength
of mode 2 does not follow a linear trend but features the highest
amplitude shift with a slope of -801 dB/RIU (R2 = 0.9937),
Fig. 6(b). Polarization 2 excites the orthogonal polarization of
both modes 1 and 2 (as also shown in Fig. 4(a)) leading to a
red-shift in their spectral positions, Fig. 6(a). For the orthogonal
polarization, mode 1 has a smaller sensitivity of 16.5 nm/RIU,
whereas for mode 2 this is 35.1 nm/RIU. For the intermediate
polarization states between two orthogonal polarizations, both
modes 1 and 2 deliver values of wavelength and amplitude
sensitivities that lie in between the values reported in Fig. 6
for pol1 and pol2. Thus, when the incident polarization angle is
changed in the range between 0° and 360°, excitation of the most
sensitive modes (with the corresponding largest sensitivities) is
periodically repeated over 180°.

Non-zero sensitivities for the orthogonal polarization might
originate from the fact that the FBG inscribed in the PCF is
not tilted. Unlike tilted FBGs that lead to an ideal break in
the cylindrical symmetry and, as a result, uniquely defined p-
and s-polarizations [8] with the maximal/zero sensitivity for the
p-/ s-polarization, our PCF sensor does not appear to have a
polarization state with zero sensitivity. Resonance modes for
tilted FBGs in regular step-index fibers can be grouped into
families within which all the resonances show similar polar-
ization and intensity distributions [63]. In PCFs, however, the
modes do not demonstrate the same polarization, as can be
seen in Fig. 4(b). However, modes 1 and 2 show maximally
available amplitude dips in both polarizations pol 1 and pol 2.
Considering that these two modes yield the highest sensitivities
among all the resonances for the input polarization states within
90° (including pol 1, pol 2, and intermediate polarization states),
we confirm that the polarization pol 1 provides the most sensitive
SPR response available for the proposed probe configuration.

For comparison between non-SPR and SPR sensing config-
urations, we have observed that PCF samples without a gold
layer result in a decrease of the wavelength sensitivity by ∼15%
and of the amplitude sensitivity by ∼50% (in absolute value).

Implementing a gold film thus mostly affects the modal ampli-
tude sensitivity. In non-coated PCF samples, all the resonances
from the sensing spectral region demonstrate positive amplitude
shifts as a function of an increasing refractive index outside
the fiber. After a gold layer is introduced, the modal amplitude
behavior changes. Some resonances experience an increase in
the amplitude level with an external index increment, resulting
in negative amplitude shifts. These modes are reported with the
maximal amplitude sensitivities in the SPR configuration.

The wavelength sensitivity of 35.4 ± 9.2 nm/RIU (standard
deviation) was obtained from ten gold-coated PCF samples in
which one straight first-order FBG was inscribed using the phase
mask with the period of ΛPM= 1082 nm, without controlling
the PCF orientation during inscription. The FOM calculated
for resonance 1 with the FWHM of 260 pm (in pol 1) is 157
RIU−1 which is of the same order of magnitude as for plasmon-
enhanced tilted FBGs, but higher than the values reported for
other PCFs that have been considered for water refractometry
so far [20], [34]. The resolution of our PCF-based refractometer
is 1.02x10−4 RIU, as calculated using the approach given in
[64], which is comparable to the value of 10−4 RIU reported for
tilted FBGs in regular step-index fibers [8].

IV. CONCLUSION

This paper shows a practical application of hexagonal lattice
photonic crystal fiber for refractometry in water-based solutions.
In contrast to other PCF-based refractometers, we do not apply
any post-processing to the fiber (such as etching or polishing)
to preserve the fiber’s integrity. The fabrication of our probe
consists of the inscription of straight instead of tilted fiber Bragg
gratings, and of the deposition of a gold layer on the outer surface
of the fiber cladding. An extrinsic sensing configuration allows
for simple calibration and reuse of the fiber sensor which be-
comes much more challenging for intrinsic PCF-based devices.
For the first time to our knowledge, we show the excitation of
PCF cladding mode resonances with effective index values close
to the refractive index of water, which enables refractometry in
aqueous solutions. Our plasmonic PCF sensor is clearly sensitive
to changes of the RI of aqueous solutions in steps of 10−4 RIU,
with maximal wavelength and amplitude sensitivities of 40.3
nm/RIU and −801 dB/RIU, and a linearity better than 99%.
The performance in terms of sensitivity, FWHM, FOM, and
resolution is comparable to that of tilted FBGs in step-index
fibers used for sensing of water RI increments of the order of
10−4 RIU [38], [56], [65], and for biosensing [37]. Both sensing
mechanisms (wavelength and amplitude) are exploited in liter-
ature to estimate the performance of refractive index sensors
and both have their own strengths and weaknesses. In general,
the amplitude sensitivity is more likely to be affected by power
fluctuations of the light source. Wavelength shifts typically
do no suffer from power fluctuations and are therefore often
preferred. Our sensitivity of 40.3 nm/RIU is 3.4 times larger
than that for FBG-excited cladding modes in a non-plasmonic
architecture with different lattice pitch/air hole diameter values
[32]. The PCFs studied here also evidence that the features of
the microstructure largely influence the spectral position and
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spectral separation of the cladding modes, as also indicated in
previous reports [29], [32]. This suggests that PCFs with even
higher sensitivities can be obtained.

The applicability of tilted FBGs in step-index fibers for RI
sensing in low index analytes such as water [8] or gases [66]
is also limited by the width of their spectra that extends over
tens of nanometers. The narrow spectral widths offered by PCFs
allow envisaging multi-target sensing by ways of wavelength
multiplexed FBGs cascaded within a single fiber probe [67]. The
use of multiplexed gratings would indeed open possibilities for
simultaneous measurements of different analytes/biomarkers,
for ensuring measurement repeatability and improving accuracy,
or for including reference measurements.

Disclosures. Patent application entitled “Microstructured op-
tical fiber sensing device” GB2015547.9 was filed on September
30, 2020.
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