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ABSTRACT
The role of optical fibres as a medium for information transfer has
found many applications. One of these is in environmental sensing,
where slight perturbations in the ambient environment can be
remotely detected through modulation of light at selected points
along the optical fibre. These perturbations exist in the form of
variations in refractive index (RI), temperature or strain. This paper
reviews our recent work on optical fibre-based RI sensors, in
particular long period fibre gratings (LPFGs), integrated with
carbon nano-materials. These carbon nano-materials with their
unique properties modified the sensing scheme of the conventional
fibre sensors, allowing them to gain immunity from certain free
spectral range limitations, extend their operation range and also
present the potential for efficient real-time environmental
monitoring applications.
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1. INTRODUCTION
Environmental sensors have many quality control applications in
various industries and water treatment plants. In particular, clean
water is crucial for the survival of many of the Earth’s living
organisms. However, with the advent of industrialization in the
world today, water can knowingly or unknowingly be
contaminated. Apart from that, it can also serve as a transport
medium for certain viruses, which have the potential to create
outbreaks or even epidemics. As such, efficient treatment and
detection of contaminants in water is required [1, 2]. This is
especially crucial for a country where water is not readily available
and various planning and management policies have been put in
place to sustain the demand for water. These sources of water are
either recycled, imported or from natural sources and have to be
checked for their purity and any contaminants before they can be
piped to the masses.
One good measure of the purity of water is its refractive index (RI),
where the RI of a particular solution can generally be measured by
a refractometer. Conventional refractometers can be calibrated to
measure the RI and thus the purity of water. However, most of them
are large and bulky due to the optical components that they use. As
such, real-time and continuous monitoring is not possible and
samples of water have to be obtained and transported to a laboratory
for measurements of their RI. This is often time consuming and
posts a lower limit on the processing time. The more compact and
portable refractometers still have to be transported to and from the
site, and due to their compactness, have a lower sensing resolution.
On the other hand, optical fibres can be modified at certain areas
along their length or at the ends to form sensing probes. Light

guided through an optical fibre can respond to various physical,
chemical or biological perturbations in the immediate environment
of these modified regions (ambient environment), to produce an
output in relation to these perturbations [3]. Apart from that, in what
is referred to as multiplexing, several of these sensing probes can
be located along a single or several optical fibre cables to form a
large array of sensors which can be monitored from a remote
location [4]. This coupled with certain inherent advantages over
their conventional and electronic counterparts allow optical fibres
to potentially be applied as real-time and continuous detectors in
water treatment plants as well as industrial processes with RI
specific requirements.
This paper reviews our recent work on water quality monitoring
system. A particular focus will be put on the RI sensing utilizing
specialty optical fibre sensors coated with carbon nanotubes
(CNTs), which can be further functionalized for different
measurands. The sensing mechanism and the fabrication of the
CNT-deposited long period fibre grating (LPFG) would be
presented. This would be followed by a discussion of the behavior
of the spectral features of its output to variations in RI of the
ambient environment. A discussion of the sensing performance,
repeatability and stability of the sensing probe will be provided.

2. SENSING MECHANISM
A LPFG in general is a single mode fibre (SMF) with a periodic
modulation in refractive index (RI) in a short segment of the fibre
core. Unlike common Bragg grating, the period of modulation is
usually in the order of 100 µm to 1 mm. The sensitivity of the LPFG
to perturbations in its ambient environment, is largely dependent on
the differential propagation of its core mode (LP01) and forward
propagating cladding modes (LP0m) in the cladding. Assuming a
symmetric fiber with a symmetric grating, as light propagating
through the core of the SMF is perturbed by the grating, energy
from the LP01 mode would be coupled to the LP0m modes. The
schematic of the CNT-deposited LPFG sensing probe and the light
propagation mechanism is shown in Fig. 1. The CNT coating can
be treated as an additional dielectric overlay of finite thickness with
a RI higher than that of the cladding of the LPFG and the behavior
of the LPFG would be similar to that when it is in a medium of
higher RI. In this case, the sensing probe can be modelled as a
cylindrical waveguide with four layers where the LP modes, crosscoupling coefficients and self-coupling coefficients can be
calculated. From here, assuming that there is no other azimuthal
variation in RI of the fibre profile, the power in each mode can be
expressed as [5]:
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where 0n is the propagation constant of the nth LP mode, 0 is
the permeability of free space, rcore is the radius of the fibre core,

 is the azimuthal angle and R(r ) is the radial variation of the
modal field. c is a constant defined as the speed of light in vacuum
and  is the free space wavelength. From Fig. 1, at the claddingCNT interface, a portion of the power in the cladding modes
(dashed arrow) would be multiply reflected and transmitted (dotted
arrows) [6]. From here, a variation in the magnitude of the
attenuation bands in the output spectrum of the CNT-deposited
LPFG would be expected as the RI of the ambient environment
varied, where sensing capabilities can be obtained.

Fig. 1 Schematic of light propagation mechanism of a
CNT-deposited LPFG for sensing applications.

3. FABRICATION OF SPECIALTY FIBRE
SENSORS
In order to prepare the LPFG, the amplitude mask technique using
an excimer laser (Lambda Physik) was used to inscribe the long
period grating into the core of a SMF. To increase its
photosensitivity, the SMF was hydrogen loaded for 10 days before
the grating inscription. As shown in Fig. 2, an amplitude mask was
placed at a pre-calibrated distance from the hydrogen loaded optical
fibre and a Krypton Fluoride (KrF) laser with a laser output
wavelength of 248 nm was scanned normally across the amplitude
KrF Excimer Laser

mask. The laser beam was diffracted into several beams by the
amplitude mask and the constructive and destructive interference
of these beams on the fibre core resulted in the formation of a
periodic RI pattern in the fibre core [7].
The spray coating method is then applied for CNT deposition onto
the fabricated LPFG, which is one of the simplest methods of
depositing nano-material overlay over a substrate [8-10]. The setup
for depositing the carbon nanomaterials over an optical fibre
sensing probe (LPFG) is shown in Fig. 3. The fabricated LPFG,
connected in a transmissive configuration, is connected at one end
to a white light source and an optical spectrum analyser (OSA) at
the other end. The purpose of the light source and OSA is to
monitor any variations in the observable spectral features
throughout the deposition process and also to ensure that these
spectral features are observable throughout the deposition process,
as these spectral features would serve as crucial reference points
during the RI sensing process.
The LPFG was held straight over a silicon or glass substrate the
purpose of which was to characterize the thickness of the deposited
carbon nanomaterial. A spray gun (Harder and Steenbeck,
Evolution Two in One) was connected to a nitrogen gas supply, and
the pressure of the gas flowing into the spray gun was set at 5 Psi.
A small volume of carbon nanomaterial solution was transferred
into the solution cup connected to the spray gun. The nozzle of the
spray gun was then aligned directly over the sensing probe. To
deposit the carbon nanomaterials, a valve would be released and
nitrogen gas would be pumped into the spray gun and disperse the
carbon nanomaterials over the sensing probe via the nozzle. The
spray gun was moved in a horizontal direction along the length of
the sensing probe to ensure that the entire sensing probe was coated
with the carbon nanomaterials. The fibre was rotated after each
spray to ensure that the carbon nanomaterials were evenly
deposited on the entire surface of the sensing probe.
One important point to note about this method is that although the
various parameters like gas pressure and spray duration can be
controlled to give a homogeneous deposited layer, it is very
difficult to ensure that the homogeneity extends over the entire
surface. Hence the thickness of the deposited carbon nanomaterial
has to be measured by simultaneously spraying a silicon or glass
wafer and estimating the thickness from the scanning electron
microscope image of the wafer.
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Schematic of the grating inscription process.

Substrate

Sensing
Probe

Detector
SMF Cable

Fig. 3 Schematic of the setup for spray coating of carbon
nanomaterials over an optical fibre sensing probe (LPFG).
The optical microscope images focusing on the LPFG region before
and after deposition of the CNTs are shown in Fig. 4. Note that the
CNTs were evenly deposited over the entire surface of the LPFG.

the magnitude of the intensity of the attenuation band decreased as
the RI of the ambient environment increased.

Intensity (1 dB/div)

From here the thickness of the CNT coating was estimated to be
approximately a few micrometers. Fig. 5 shows the output
transmission spectrum of the CNT-deposited LPFG. The output
spectrum before and after deposition remained relatively the same
with only a decrease in magnitude of the attenuation band at a
wavelength of 1463.2 nm after deposition. This can be explained
by treating the CNT-deposited LPFG as a LPFG surrounded by a
medium with a higher RI as described in the previous section. The
high RI of CNT resulted in the coupling of energy from the core
modes to the radiation modes resulting in a variation in the
magnitude of the intensity of the attenuation band.
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Optical microscope image of the LPFG (a) before
and (b) after deposition of CNTs.
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Fig. 4

Behavior of the attenuation band at 1463.2 nm to
variations in RI of the ambient environment.

The variation in wavelength in relation to variations in RI of the
ambient environment is shown in Fig. 7. The wavelength remained
relatively constant, deviating within the wavelength range of
1460.80-1463.2 nm as the RI of the ambient environment varied.
This deviation was insufficient to draw any conclusions on the
encoding of RI variations of the ambient environment in the
wavelength. The slight fluctuations observed can be attributed to
errors from the detector and also the strain on the LPFG caused by
minor differences in the volume of each test solution used. It can
be seen that there is little wavelength dependence of the attenuation
band with RI of the ambient environment implying that the
variation in RI of the ambient environment can be solely encoded
by the intensity variations of the attenuation band.
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Output transmission spectrum of the CNTdeposited LPFG.

4. SENSING PERFORMANCE AND
RESULTS
The CNT-deposited LPFG was connected to a white light source
and an OSA in the transmissive configuration. The RI
characterization procedure was carried out with the sensing element
immersed in different RI solution. The behavior of the CNTdeposited LPFG to variations in RI of the ambient environment is
shown in Fig 6. The behavior to the range RIs shown in the figure
was obtained continuously with no need for any reference points to
be taken. From the figure, it can be seen that there were clear and
distinct variations in the magnitude of the intensity of the
attenuation band at 1463.2 nm. The slight ripple-like fluctuations
in the attenuation band can be attributed to the light source and can
be overcome by using a more stable light source. As can be seen,
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Variation in wavelength of the attenuation band
at 1463.2 nm to variations in RI of the ambient
environment.
In order to further test the repeatability of the sensor, a second RI
characterization trial was carried out. The variations in intensity of
the attenuation band of both trials (diamonds for the first trial,
circles for the second trial) were normalized and are shown in Fig.
8. As can be seen, the change in intensity for both trials increased
as the RI of the ambient environment increased. A single fitting line
was plotted through the experimental data from both trials and it

can be seen that there is a nonlinear relation between the intensity
of the attenuation band and the RI of the ambient environment. The
achieved sensitivity was calculated to be approximately 31 dB/RIU
and 47 dB/RIU for the RI ranges of 1.33-1.38 and 1.38-1.42,
respectively. Based on these values, the minimum achievable
resolution for the CNT-deposited LPFG for the RI range of 1.331.38 was calculated to be approximately 3.23 × 10-4. The maximum
error due to the repeatability was calculated to be approximately
0.4 dB and this error can be attributed to fluctuations from the
source and errors from the detector. These results indicate that the
sensor has good repeatability over time and is capable of
demonstrating distinct variations in intensity as the RI of the
ambient environment varied.
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5. SUMMARY
In summary, the behavior of the CNT-deposited LPFG to variations
in RI of the ambient environment has been presented. The
sensitivity and repeatability have also been discussed. Through the
modification of the sensing scheme, the sensing capabilities of the
CNT-deposited LPFG have been enhanced further. Applications
into chemical sensing would also be explored. It has been shown
that CNTs can be functionalized to allow certain molecules to bind
to functionalized sites on the CNTs [11]. By functionalizing the
CNTs before deposition, various analyte specific optical fibrebased sensing probes can be fabricated, opening up the possibility
for applications in chemical sensing. Also, the multiplexing
capabilities of the fibre sensing probes would also be explored. This
would involve the arraying of the sensing probes into a sensing
network using wavelength division or time division multiplexing
techniques to monitor a large area or several areas localized
simultaneously.
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