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Abstract—This paper presents a modification of the refractive-index (RI) response of an intermodal interferometer based
on photonic crystal fiber (PCF) using a thin plasma-deposited
silicon nitride (SiN ) overlay with a high refractive index. We
show that the film overlay can effectively change the distribution
of the cladding modes and thus tune the RI sensitivity of the interferometer. Thanks to the nano-coating we were able to increase
the RI sensitivity eightfold in the range required for biosensors
1.33 . Due to the extreme hardness of SiN films and their
excellent adhesion to the fiber surface, we believe that after the
film deposition the device will still maintain its advantages, i.e.,
lack of degradation over time or with temperature.
Index Terms—Fiber-optic sensors, intermodal interference, optical fiber devices, photonic crystal fiber, refractive-index sensing,
thin film.

I. INTRODUCTION

A

SIMPLE and cost-effective all-fiber structure based on
intermodal interference between the core and cladding
modes of a section of endlessly single-mode photonic crystal
fiber (PCF) sandwiched between a lead-in and lead-out SMF-28
fiber has been intensively studied recently [1]–[6]. The interesting features of this structure are its compactness, the broad
range of operation wavelengths, and its high stability over time.
Its sensitivity to temperature, pressure, strain, bending and external refractive index (RI) has also been investigated. In such
a structure, higher-order cladding modes of the PCF fiber are
highly affected by the external medium, resulting in high RI
sensitivity. Besides their RI sensitivity and simple fabrication,
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the structures offer low temperature-sensitivity (typically 5
pm/ C [2], [4]), and thus have two features that are highly desirable in the field of biosensing. Keeping in mind that the interferometers offer mainly relative measurements, the advantages
of the PCF-based intermodal interferometers allow for treating
them as more promising than Long-period Grating (LPG) or
Fiber Bragg Grating (FBG) based devices, which show usually
significant temperature cross-sensitivity or require complex fabrication procedures. However, the range of RI sensitivity does
not appear to be suitable for biosensing applications, where sensitivity of around
1.33 is typically required [7]. Experimental results reported so far have shown that this type of interferometer offers high sensitivity in the RI range over
1.4
[2]–[4].
The deposition of high-refractive-index overlays of nanometric thickness has been shown to significantly modify the
sensitivity of a number of optical fiber sensing structures to
certain external influences [8], [9]. Various plasma-deposited
films were applied in such structures for the first time by
the authors of this paper [10]–[12]. In the present paper, we
study the possibility of high-temperature radio-frequency
(RF) plasma-deposition of silicon nitride (SiN ) films on the
SMF-PCF-SMF sensing structure. Due to their extreme hardness ( 19 GPa) and excellent optical properties, SiN films
typically find application as antireflective coatings for solar
cells and as light-guiding layers in planar optical waveguide
systems [13]. The films also exhibit a high refractive index
(typically from 2 to 3.5) and negligible absorption in the
infrared spectral range, qualities which are required for optical
sensors [14]. Due to their high , even very thin SiN films are
able to tune the RI sensitivity of the sensing structures [12].
II. EXPERIMENTAL DETAILS
A 45-mm segment of endlessly single-mode fiber (Blaze
Photonics ESM-12-01), with the polymer coating mechanically
removed, was fusion-spliced (Ericsson FSU-975PM) between
two lead-in and lead-out SMF28 fibers, following the procedure described in [2]. Deposition of the films was performed
with the RF plasma-enhanced chemical-vapor-deposition (RF
PECVD) Plasmalab
system (Oxford Plasma Technology)
working at a frequency of
MHz. The SiN films
were deposited on samples suspended about 2.5 mm above the
RF electrode and simultaneously on the wet oxidized silicon
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Fig. 1. Schematic representation of the PCF-based core-cladding intermodal interferometer nano-coated with a silicon nitride (SiN ) overlay.

wafers used as reference samples, which in turn were placed
directly on the electrode. The deposition procedure is similar
to the one we previously reported [10]–[12]. We employed a
high (SiH :N )/(NH ) flow ratio (2% SiH diluted in N ) equal
to 285/15 in order to obtain high- SiN films. The other parameters for deposition were as follows: the RF power was 15
W, the pressure in the chamber was 0.53 mBar, the deposition
time was from 5 to 9 minutes and the electrode temperature
was from 300 to 325 C. The parameters of the films deposited
on the reference samples, such as the refractive index
, the
extinction coefficient
and the thickness
were determined
by a Horiba Jobin-Yvon UVISEL spectroscopic ellipsometer
with a procedure described elsewhere [14].
For RI measurements, several mixtures of glycerin and water
were prepared and their RIs
were determined using a
VEE GEE PDX-95 refractometer working with an accuracy
of
refractive index units (RIUs). The structures were
kept under a constant tension and at a constant temperature
during all the investigations. The response of the structure was
monitored using an Agilent 86142B optical spectrum analyzer
and an Agilent 83437A broadband light source. The schematic
representation of the investigated structure is shown in Fig. 1.
Numerical simulations were performed using the
FIMMWAVE software suites from Photon Design.
III. RESULTS AND DISCUSSION
Thanks to the fusion splices between the SMF and PCF fibers
and the collapsing holes in the short length of PCF, it is possible
to independently excite the core and the higher-order modes
in the PCF section (Fig. 1). Such modes propagate at different
phase velocities, and at the second splice the modes interfere
with an accumulated differential phase shift. Because of intermodal dispersion [2], the phase velocities and the phase difference are wavelength-dependent, the optical power transmitted
in the device will show periodical changes versus wavelength
as expressed in (1), where
and
are the intensities of
the core and cladding modes,
is the difference between
the effective refractive indexes of the core and cladding modes,
and
is a length of the PCF segment. Since only the cladding
modes are sensitive to the external environment, when the core
mode propagates unperturbed, it is possible to detect variations
in the external medium present on the surface of the PCF section.

(1)

A. Experimental Results
nm) on the referThe of the films deposited (at
ence samples was determined to be from 50 to 85 nm and the
, from 2.27 to 2.44. The increase in the films’ with their
has been discussed elsewhere [13]. Measurements in the present
work established that films show a negligible in the infrared
spectral range. The effect of the variations in external RI within
a narrow range (
from 1.332 to 1.342) for a sample without
nano-coating and selected samples with coating is compared in
Fig. 2. The spectral range has been selected arbitrarily in order
to clearly show the variations in the interference pattern.
When there is no coating on the fiber, the shift of the interference is higher when the external index gets closer to that of the
fiber (Fig. 3). Above that value, the cladding mode becomes a
radiation mode and the interference pattern disappears. At a certain and of the nano-coating, as the external RI increases, an
increase can be seen in the visibility of the fringes (Fig. 2(c)).
We believe that the interference pattern experiences a shift of
over one period, due to the presence of the nano-coating. The
relation between the sensitivity and the film properties is not
straightforward. For films that are 53 nm thick and have an
of 2.31, we were able to increase the device sensitivity 8 times
over that of the sample with no coating in the external RI range
around
1.33. It can be seen that both the and the of
the coating must be precisely adjusted in order to optimize the
RI sensitivity of the device (Fig. 3).
B. Simulation Results
As show above, when the film is deposited, the interference
patterns experience a higher wavelength shift than does the
sample with no coating. The effect is observed due to the
fact that when the nano-coating is deposited on the PCF segment, the effective indexes of the cladding modes increase,
simultaneously increasing the
. The increased sensitivity
due to the presence of the overlay can also be explained by
the corresponding shift in the energy of the cladding modes
toward the radial edge of the device. The resulting interference
distribution of the modes inside the PCF structure presents
more light energy toward the radial edge, thus increasing its
susceptibility to the sensed media. Fig. 4 displays the simulated
radial interference pattern at the end of the PCF fiber without
the overlay (Fig. 4(a)) and with an overlay having a of 65 nm
(Fig. 4(b)). The inference pattern at the end-face of a 45-mm
length of ESM PCF fiber was obtained from the propagation
of the first 50 modes (core mode
cladding/overlay modes)
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Fig. 3. Sensitivity to changes in external RI for samples coated with SiN film
of different and . The is given in nm and the is determined at
nm.

Fig. 4. Simulated interference distribution at the end-face of the PCF fiber
mm, external RI of 1.332, and
nm): (a) with no overlay and
(
nm
.
(b) with an overlay of predetermined
Fig. 2. Spectrum evolution induced by changes of external RI in the range from
nm;
)
1.332 to 1.342 in three samples: (a) bare sample, (b) S5 (
nm;
).
and (c) S7 (

along the fiber. A higher density of energy toward the radial
edge of the fiber is clearly visible for the nano-coated fiber.
In order to further correlate the experimental results with
computer simulations, we modeled the PCF component using
the improved effective-index method (IEIM) described in detail
in [15]. With the IEIM, a PCF is accurately modeled as a simple
standard step-index fiber (SIF), where the core radius

is calculated as in (2), where
, d is the diameter of the PCF holes, and is the
PCF pitch. Using the information found in the ESM-12-01 PCF
datasheet, we have computed an effective core radius value of
m

(2)
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Fig. 5. Five-layer structure of the SIF used to model a coated ESM-12-01 PCF.

The index of pure silica and the index of the fundamental spacefilling mode (FSM) of the corresponding PCF fiber are used as
the respective indexes of the core and cladding SIF model. The
index of the FSM for the ESM-12-01 PCF was calculated in the
wavelength range of interest ( from 1500 to 1600 nm) using
the finite-element based mode solver of FIMMWAVE. The dispersion of the FSM was then modeled using the fitting curve
expressed in (3), where
, and the
is given in m
(3)
The coated ESM-12-01 PCF in an external medium was modeled as the SIF five-layer structure illustrated in Fig. 5. The core,
cladding, and coating modes of that structure were then computed using the finite-difference based mode solver available
in FIMMWAVE. Finally, the propagation simulation along the
SMF-PCF-SMF device was performed using the FIMMPROP
modeling tool available in the FIMMWAVE software suite. The
propagation algorithm of the FIMMPROP tool is the Eigenmode Expansion Method [16].
It should be noted that the splice regions between the SMF-28
fiber and the PCF were not modeled per se. Instead, the input to
the PCF was taken as a broad Gaussian beam (15 m FWHM) in
order to model the collapsing of the PCF holes due to splicing.
The interface between the PCF and the output SMF-28 fiber
in our propagation model did not consider the effects resulting
from the splicing process. The output of the system was simply
taken as the total power coupled to the fundamental mode of the
SMF-28 fiber.
The model approximation at the first interface is the cause
of the shallower interference pattern in the simulated transmission spectrums. The input Gaussian beam is believed to generate more energy in the core mode of the modeled PCF than
the actual splicing does and thus to reduce the interference pattern contrast as can be assessed from (1). The approximation

Fig. 6. Results of the simulations showing influence of changes of external
RI in the range from 1.332 to 1.342, where (a) is an interference pattern when
nm and (b) is sensitivity-dependent on . Simulations were performed
.
for

made at the second interface of the device results in simulated
transmission spectrums with larger values than those found experimentally. This is due to the collapse of the PCF holes caused
by the splicing which results in the excitation of leaky modes in
the output SMF-28 fiber which will leak out. This effect is not
taken into account in our model. However, it is the authors’ belief that those limitations do not affect the modeling of the observed effects and improved sensitivity due to the coating layer
on the device.
For simulation purposes we assumed the
of the
nano-coating to be 2.31, and the
to be 30, 50 and 70
nm. The obtained interference pattern is illustrated in Fig. 6(a).
The significant influence of the external RI on the interference
pattern is evident. The wavelength shift is strongly dependent
on the coating properties, and has its highest values when the
thickness is around 50 nm for
. The obtained simulation results are in good agreement with the measurements.
IV. CONCLUSION
A plasma-deposited thin SiN overlay can effectively modify
the RI sensitivity of a PCF-based intermodal interferometer.
Thanks to this nano-coating we were able to increase the RI

SMIETANA et al.: INLINE CORE-CLADDING INTERMODAL INTERFEROMETER

sensitivity eightfold in the range typically required for biosensors. We found that both the thickness and the refractive index
of the coating must be precisely adjusted in order to optimize
the RI sensitivity of the device. We believe that due to its extreme hardness and excellent adhesion to the fiber surface, the
SiN overlay will enable the device to maintain its robustness,
i.e., there will be no degradation of its properties over time or
with temperature.
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