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Analysis of the Characteristics of PVA-Coated
LPG-Based Sensors to Coating Thickness and
Changes in the External Refractive Index

Lourdes Alwis, Kort Bremer, Tong Sun, and Kenneth T. V. Grattan

Abstract—Recent research has shown that the transmission
spectrum of a long period grating (LPG) written into an optical
fiber is sensitive to the thickness and the refractive index (RI) of
a thin layer deposited on it, a concept which forms the basis of a
number of optical fiber sensors. The research reported herein is
focused, in particular, on sensors of this type to create a design
with an optimized thickness of the deposited layers of polyvinyl
alcohol (PVA) on LPGs forming the basis of a highly sensitive
probe. In creating such sensors, the dip-coating technique is used
to minimize deleterious effects in the attenuation bands resulting
from the inhomogeneity of the coated surface. In this paper, LPGs
with different coating thicknesses are uniformly coated with thin
layers of PVA and submerged in oils of known RI over the range
from 1.30 to 1.70, to create effective RI probes. It is observed
that when the coating thickness reaches a particular value that
enables a substantial redistribution of the optical power within
the overlay, a maximum sensitivity of the sensor can be achieved,
even when the overlay has a RI higher than that of the cladding.
The experimental results obtained through the characterization
of the devices developed are shown to be in good agreement with
the results of a theoretical model.

Index Terms—Long period grating (LPG), overlay thickness,
polyvinyl alcohol (PVA), refractive index (RI).

I. INTRODUCTION
A. Long Period Gratings for Sensing Applications

Long Period Gratings (LPGs) have a period typically in the
range 100 ym to 1 mm, and their structure promotes cou-
pling between the propagating core mode and co-propagating
cladding modes [1]. This coupling between the core and the
cladding modes results in the transmission spectrum of the
fibre which comprises a series of attenuation bands centred at
discrete wavelengths, where each attenuation band corresponds
to the coupling of the fundamental core mode to a different
cladding mode. The centre wavelengths of the attenuation
bands are sensitive to the period of the LPG and to the differ-
ence between the effective RI of the core and each cladding
mode. Thus, LPGs are sensitive to the local environment such
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as temperature, strain, bend radius and to the RI of the medium
surrounding the fibre [2], with these effects forming the basis
of a number of significant optical fibre-based sensors, as they
are important alternatives to the more widely used Fibre Bragg
Grating (FBG) devices. The advantages of the use of LPGs
over FBGs in a variety of sensor systems have been discussed
elsewhere [3] and are not reproduced in detail here.

In this work the LPGs used as the basis of the probe were
fabricated by irradiating a particular length of a photosensitive
fibre with light from an ultraviolet (UV) laser through a
selected amplitude mask with a known period of typically
several hundred microns. When the LPG in the fibre was
illuminated using a broadband light source, the LPG enabled
the coupling of light from the propagating core mode to the
co-propagating cladding modes at discrete known wave-
lengths, therefore producing several attenuation bands in the
transmission spectrum [4]. The mode coupling occurs between
the fundamental LP(; core mode and the co-propagating LPyp,
cladding modes (m = 1, 2, 3...) when the phase matching
condition given below is satisfied [5]
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Peore — Prigg = A (1)

where feore — Bl is the difference between the propagating
constants of the fundamental core and the m™ cladding modes
and A is the grating period. The propagation constants for the
fundamental core mode and the m™ cladding mode can be
expressed as [1]
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By combining the above equations, the resonance wave-
length, s, for the loss band can be obtained as

Ares = (nfgfe - neff )A 3)

clad,m

where ni‘éfe and ni‘lféf 4.m are the effective refractive indices

of the fundamental core mode and the m" cladding mode
respectively and A is the grating period of the LPG. This loss
band can be used to characterize the optical fibre sensor based
on the LPG.

The RI sensitivity of the LPG (and thus the basic sensor
characteristic) arises from the dependence of the resonance
band on the effective RI of the cladding modes. This RI value
results from the convolution of the RI of the cladding and of
its surrounding medium. The influence of the variation in the
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Fig. 1. Plot of the wavelength shift when a bare LPG with a period of
250 pm is exposed to various RI oil.

RI of a medium surrounding the cladding on a LPG can thus
be expressed as [6]

i di andl,, @
dngsyr dni{‘{d,m dngy,

where 4 is the wavelength of the attenuation band and ngy, is
the RI of the surrounding material.

Fig. 1 shows the result of an experimental characterization
of a typical LPG itself, showing the effect of the external RI
variation on the LPG resonance wavelength, when a bare LPG
is exposed to different oils with known refractive indices. It
can be seen that the external RI value changes over the range
from 1.30 to 1.45, where the resonance wavelength of the bare
LPG shifts towards the shorter wavelengths, with a highest
sensitivity being observed when it is approaching 1.45 (equal
to the value of the cladding RI). This is because under this
specific circumstance, the fibre core is effectively surrounded
by an “infinite” cladding, which does not support any discrete
mode and this leads to the disappearance of the resonance
bands as there are no cladding modes which can be coupled
to the core mode [7].

When the surrounding RI value is greater than that of the
cladding, the resonance bands reappear at wavelengths slightly
shifted towards longer wavelengths than those seen when the
bare LPG was surrounded by air. The increase in the value
of the external RI can, as a result, no longer change the
wavelengths (as shown in Fig. 1 when the RI varies from
1.48 and 1.7) but the intensity of the resonance bands. This is
because when the surrounding RI value is higher than that of
the cladding, the LPG does not support any of the cladding
modes and the core mode couples with the radiation modes and
the confined radiated field by the fibre forms leaky modes [8].
Therefore the intensity of the resonance bands of the coated
LPG forming the sensor increases as the leaky modes are better
confined with the increase of RI but making no change in
the resonant wavelength. It should be noted that these results
are obtained when the cladding is considered to have been
surrounded by a medium of infinite thickness.

The sensitivity of the bare LPG to the external RI variation,
as shown in Fig. 1, forms the basis of a suite of sensors using
LPGs, for example as a RI sensor [9], a chemical concentration

sensor [10], a biochemical sensor [11], [12], a liquid level
sensor and for tuneable spectral filters for various industrial
production quality control [13]-[15]. These applications, how-
ever, are mostly limited by the requirement that the external
RI needs to be smaller than that of the cladding. To address
this issue, further research has been undertaken to explore the
possibility of improving the sensitivity of the LPG to external
RI values greater than that of the cladding by using coating
materials that have a higher RI than that of the cladding
[16]—-[20]. Rees et al [16] showed for the first time that the
central wavelengths of the LPG attenuation bands exhibit a
dependence on the thickness and the RI of an overlay material
(with the RI higher than that of the cladding) by detecting
the resonance wavelength shift due to an incremental increase
in the thickness of a thin-film overlay of tricosenoic acid
surrounding a LPG.

When the fibre grating is coated with a material that has a
RI higher than that of the cladding, the cladding modes are
confined within the fibre structure, including the cladding and
the coating. Therefore there is a small portion of the optical
power radiated inside the overlay and the amount of optical
power within the overlay is determined by both the RI and
the thickness of the overlay. This causes the attenuation bands
of a particular grating to shift after it has been coated with
a material and the amount of shift in the attenuation band
of a particular cladding mode is determined both by the RI
and the thickness of the coating material. As the thickness of
the overlay (that has a RI higher than that of the cladding)
is increased, the overlay acquires the ability to guide one of
the cladding modes and thus the coating acts as a waveguide.
When the coating thickness approaches the condition where it
can guide a mode within the overlay, the optical power in the
overlay reaches its maximum value and so does the evanescent
wave, interacting with the surrounding environment. Due to
the maximized evanescent wave at this thickness, a higher
sensitivity to external RI variation is achieved compared to
other overlay thicknesses. At this particular thickness, the
original cladding mode is now guided inside the overlay and
its original “position” is thus replaced by the cladding mode
next to it causing a re-distribution of the optical power within
the overlay that leads to a reorganization of the rest of the
cladding modes.

A fast shift of the resonance wavelength of each attenuation
band is caused due to the immediate re-organization of the
cladding modes in the transition towards the guiding/replacing
of a mode and this is termed as the “transition region” [17].
Thus the potential exists for the sensitivity of the LPG-based
sensor to be improved by more than one order of magnitude
if the deposition were stopped around this region. This has
been further justified by a theoretical model proposed by
Del Villar et al [21], [22] that uses the LP mode approximation
to prove that if an overlay of higher RI than the cladding is
deposited on a LPG, as the thickness of the overlay increases,
the cladding modes shift their effective index to higher values
and one of the cladding modes will be guided by the overlay
when the overlay is thick enough. Fig. 2 shows the output
from the theoretical model reported by Del Villar et al [22]
to explain the variation of the resonance wavelengths of a
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Fig. 2. Spectrum of a coated LPG as a function of the overlay thickness
(simulation) [22]. Refractive index of the overlay is 1.52 and the surrounding
medium is water (RI = 1.33).

coated LPG with a period of 320 um as a function of coating
thickness, over the range from being uncoated to having a
thickness of 5000 nm, under the condition that the RI of the
overlay is 1.52 and that the overlay is surrounded by water. The
mode re-organization that occurs is clearly visible at coating
thicknesses near to 500 nm and 2250 nm in particular. It can
be seen that at a coating thickness of around 500 nm where
one of the mode transitions occurs, the attenuation bands that
correspond to the HEj 1, mode shift to a value near to the
attenuation band of the HE; 19 mode and the attenuation band
of the HE{ 190 mode shifts to that of the HE{ g mode etc.

B. Coating Techniques

There are a number of publications in the literature that
verify the enhancement of the characteristics of a bare LPG
by the deposition of an overlay that has a RI greater than
that of the cladding. However, nearly all of them use either
Electrostatic Self-Assembly (ESA) monolayer process or the
Langmuir—Blodgett (LB) technique for the coating deposition.
The main reason for this is the ability in both these techniques
to control the thickness of the overlay at a molecular level.
However, none of the sensors prepared, either by the ESA
monolayer process or by the LB nano-deposition techniques,
is able to demonstrate the attenuation bands predicted by the
theoretical model, reported by Del Villar et al [22] as shown
in Fig. 2, when the overlay-thickness is within the transition
region [16], [23]. This has been explained by Del Villar et al
through the inclusion of an imaginary component in the RI of
the overlay [17]. In a recent publication by Cusano et al [20],
dip-coating has been used to deposit thin layers of polymer on
a LPG and the experimental results shows that the attenuation
bands did not suffer from the vanishing effect within the
transition region, making it possible to detect the wavelength
shift during the transition region.

Dip coating is a simple and an effective method to be
implemented for coating or depositing polymers in aqueous
form. The dip coating process also reduces the amount of

coating solution required and the thickness of the coated
layer deposited on the sample can be easily manipulated by
adjusting the withdrawal speed. However, a disadvantage of
dip-coating seen by some groups can be the difficulty in
achieving an exact and specified thickness, therefore there
have been limited reports showing the use of the dip-coating
technique to verify the theoretical predictions. ESA and LB
techniques, however, are more widely reported. In this work,
the utilization of the dip-coating technique has enabled the
observation of the attenuation bands, enabling the attenuation
band at the highest sensitivity region to be used and to
experimentally verify the results of the theoretical simulation
presented by Del Villar et al [22].

This work explores experimentally the overlay thickness
effect on the LPG-based sensor performance when Poly-
Vinyl Alcohol (PVA) is used as a coating material, based on
a comparison with the predictions of the theoretical model
reported by Del Villar et al and also to draw a comparison
with published work using other techniques. It was reported in
a previous paper by some of the authors [24] on a PVA coated
LPG device that a sensor coated with a thin overlay performed
in a different manner to that with a thick layer—providing
better humidity sensitivity for the smaller layer thickness. This
work is designed to explore further the underpinning sensing
mechanism that relate to the coating thickness and the RI of the
coating material, with an aim to explore the use of attenuation
bands predicted by the theoretical model but “missing” in the
experimental analysis when the results of using ESA or LB
coating techniques were reported.

II. EXPERIMENTAL PROCEDURE

A. Fabrication of the Sensor

The LPGs used in this work that formed the basis of the
probes were fabricated using a metal amplitude mask with
a period of 250 um, illuminated by light from a 248 nm
KrF excimer laser with a pulse energy of 8 mJ and a pulse
frequency of 100 Hz. The period of 250 um was chosen as
it is close to the grating period reported in the theoretical
model [22]. Following the fabrication, the LPGs were annealed
at 100 °C for 15 hrs before being ready for use in the
subsequent experiments.

PVA is a water soluble polymer which has excellent adhe-
sion properties and was chosen in particular in this work as
the RI of PVA (1.53 for the pure dried product at 589.3 nm
[25], [26]) is higher than that of the fibre cladding and its RI
value (1.53) is very close to the figure of 1.52 simulated in
Fig. 2 in the theoretical model published by Villar et al. The
PVA used was supplied by Kuraray Specialties Europe (KSE)
in granular form and has a degree of hydrolysis of 98-99%.
The PVA granules (dry) were mixed with de-ionized water
to form a 15% (wt/wt) PVA solution, which was placed in
an oven at 90 °C for ~ 3 hrs to allow the PVA granules to
fully dissolve. Thus the PVA/water solutions were prepared
for coating the LPGs as thin films through a slow evaporation
process of a solvent.

Prior to the coating, the LPG samples were cleaned using
Isopropyl Alcohol and carefully dried using lint-free tissue.
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Fig. 3. SEM images of the uniformly PVA-coated LPG of the coating
thickness of 1 xm. (a) Longitudinal view (arrows indicate the diameter of the
fiber with the coating). (b) Magnified cross-sectional view (arrows indicate
the PVA layer on the fiber).
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Fig. 4.  Experimental setup to study the RI effects on the coated LPG
transmission spectrum by varying the surrounding RI value using various oils
of different RI values.

The samples were first dipped into the solution and then drawn
from the solution at a speed of 217 um/sec (optimized from
a series of tests undertaken to achieve a smooth and uniform
coating) and this process was repeated when a thicker coating
was required. To achieve consistency in this process, an auto-
mated dip coating device (Holmarc Slides and Controls Ltd.)
was used. Subsequently these coated LPGs were placed in
an oven to be dried at 80 °C for one hour. The RI of the
PVA liquid solution (15% wt/wt) was measured to be near
to that of water and also confirmed to be around 1.35 from
the manufacturer’s data sheet. During the curing of the coated
LPG at high temperature, the water content of the PVA film
was expected to evaporate and therefore the film RI would be
near to that of its dried RI value of 1.53.

B. LPG Coating Evaluation

It was important to confirm that, after curing, a uniform
layer of PVA had been deposited on the surface of a LPG and
Fig. 3 shows typical images captured using a Scanning Elec-
tron Microscope (SEM) after the coating process is completed.
These images show the characterization and the high level of
uniformity of the coatings on the fibres using the dip-coating
technique.

After the coating process was completed, one end of the
coated LPG that formed the key element of the probe was
connected to a broadband light source, Halogen Source (Ocean
Optics LS-1), and the other to an Optical Spectrum Analyzer
(OSA), as shown schematically in Fig. 4. The spectrometer
offers a wavelength measurement range from 600 nm to

1700 nm and a spectral resolution of 0.6 nm. To evaluate
the performance of the sensor to different values of RI, each
coated LPG sample was carefully placed between two fibre
holders which were mounted on an optical bench as illustrated
in Fig. 4. A microscopic slide was placed on a lab jack with
its height being adjustable and the coated LPG was placed
carefully on the top to enable the oils with known refractive
indices (supplied by Cargille Laboratories) to be applied on
the surface. Since PVA is oil resistant [27], penetration of
oil into the PVA layer is considered to be negligible. After
each test, the LPG and the microscopic slide were cleaned
carefully before being exposed to the next oil sample. To
ensure that no residue of the oil used remained, prior to the
next oil sample being used, the output was monitored using
the OSA until the spectrum of the coated LPG returned to
its original state (when it was exposed to air). Throughout
the experiment, the temperature and relative humidity were
maintained constant and recorded to be 25 + 1 °C and
33% =+ 2% respectively. Under these conditions, prior work
has shown that the impact on the resonance wavelength of the
PVA coated LPG due to variations in temperature or relative
humidity is insignificant [7].

ITI. RESULTS AND DISCUSSION
A. Effect of the PVA Coatings

Fig. 5 summarizes the results obtained before and after
the LPG probes were coated with PVA layers of different
thicknesses. Fig 5(a) shows that the attenuation band of the
coated LPG (in air) has experienced a blue shift of ~ 35 nm
after coating compared to that of the bare LPG in water, for a
coating thickness of 500 nm. The attenuation band is further
shifted by ~40 nm when the coated LPG is submerged in
water and the shift between the coated and the uncoated LPG
in water is ~75 nm (blue shift). Fig. 5(b) shows the spectra
obtained from a LPG before coating (in water) and after
coating of 1 um of PVA (in air) and finally when the coated
LPG is submerged in water. The attenuation band experiences
a red shift of ~ 70 nm upon coating (in air) compared to that
of the bare LPG in water and then blue shift by ~ 30 nm
when submerged in water. The shift of the attenuation band
between the coated and the uncoated LPG in water is ~ 40 nm
(red shift).

It can be observed in Fig. 5(c) that there is only a small red
shift of around ~ 10 nm resulting from the coating of PVA
(in air), compared to that of the bare LPG in water. When the
coated LPG probe is submerged in water the attenuation band
of the spectra then shifts to the blue by ~ 8 nm. The shift
between the coated and the uncoated LPG in water is ~ 2 nm
(red shift).

The above results obtained from the 250 gm LPG show very
good agreement with the theoretical prediction published for a
LPG with a period of 320 xm by Villar et al [22] and which is
illustrated in Fig. 2. Fig. 6 is a reproduction of Fig. 2 with the
resonance wavelength shift highlighted for the three coating
thicknesses which were examined in detail in this work. As
shown in these simulation results, when the overlay thickness
was 500 nm, there was a blue wavelength shift of ~75 nm
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Fig. 5. Transmission spectra of LPG samples before and after being coated
with PVA with thicknesses of (a) 500 nm, (b) 1 x#m, and (¢) 2 gm.

when the sensor was submerged in water. As can be seen from
Fig. 5(a), a resonance wavelength shift of 75 nm was obtained
for the 500 nm PVA coating between the uncoated and coated
LPG attenuation bands when both were submerged in water.
It is apparent from Fig. 6 that the 500 nm thickness lies
within a transition region, as explained in the introduction, and
would therefore result in a relatively larger wavelength shift
compared to the other two coating thicknesses. Consequently,
for the same reason, the 500 nm PVA coated LPG would be
expected to have a higher sensitivity in sensor use.

When the coating thickness is increased to 1 #m, a red shift
of ~ 40 nm is observed. Similarly, when the coating thickness
was increased to 2 um, a negligible or small red shift of only
~ 2 nm is seen. Both these coating thicknesses (i.e. 1 xm and
2 pum) do not lie within the transition region and therefore
would not produce as significant a wavelength shift as that of
the 500 nm.

1500 . HE“d HE1 16 Tranmission (dB)
~2nm Bare
= 40nm ‘\ \\
320 um
ug, ol ‘\ LPG in
By 12—

~ 75nm

avelength (nm)
=
[=]
o

W,

-
N &
=]

HE, 1¢’
1300

HE; g—

1250

1200 ==
/ 500 10p0 1500 200 2500 3000 3500 4000 4500 5000
HE1,6 Oveflay thickness (nm)
~1 pm

~500 nm ~2 um

Fig. 6. Tllustration of the wavelength shifts with different coating thickness
when the LPG period is 320 um [22].

In this work, the 8" cladding mode of a 250 um LPG
whose attenuation band falls at a wavelength around 1500 nm
has been chosen for the sensing purposes. The external RI
sensitivity of the sensor depends on both the grating period
and the particular cladding mode involved. Given the close
proximity of the two periods from the experimental work
presented in this paper and the published simulated results
(i.e. for 250 and 320 microns respectively) and the selection
of the most sensitive resonance wavelength of the 8 cladding
mode for the 250 xm grating, the impact arising from the small
difference of 70 um in the LPG periods is not significant.
Therefore the experimental data obtained (at 250 pm) are
not expected to be very different from the theoretical data
predicted for the period of 320 pum grating [28]. The study
carried out confirms this - the experimental results obtained
from the 250 xm LPG-based sensor has shown to be in good
agreement with the simulation for a 320 xm LPG reported by
Villar et al [22].

B. Optimization of the RI Sensor Probe Using Coated LPGs

Building on the above experimental results, the coated LPGs
were subsequently evaluated in terms of their RI response
by being exposed to a series of different oils of known RI,
using the setup shown in Fig. 4. The transmission spectra of
these coated LPGs when they were thus subjected to these
known RI variations over the range from 1.30-1.70 were
monitored using the OSA and the results obtained are shown in
Fig. 7(a) and 7(b), together with that of a bare LPG (0 coating
thickness) for comparison. Fig. 7(a) shows clearly the greater
spread seen at a thickness of 500 nm and the sensitivity arising
from this is shown in Fig. 7(b) in comparison to the other
thicknesses.

It can be seen from Fig. 7(b) that when the overlay thickness
is ~1 um, the shift in wavelength was slightly less than
that of the bare LPG over the external RI change from
1.30 to 1.45. There is no measurable wavelength shift of
the coated LPG when the external RI is higher than that
of the cladding (in a way similar to that of the bare LPG
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different thicknesses of PVA to the external RI variation (a) thickness effect
and (b) external RI effect.

performance). When the overlay thickness is ~2 um, its
performance is similar to that of the ~1 um coated LPG
over the external RI change from 1.30 to 1.45. However,
when the external RI is larger than that of the cladding,
there is a continuous red shift of the attenuation band
wavelength with the increase of the external RI, showing a
higher sensitivity to the external RI variation as a RI sensor
compared to that of the bare and the 1 xm thickness coated
LPGs.

When the overlay thickness was ~ 500 nm and the external
RI varies from 1.30 to 1.70, two distinct regions, sepa-
rated by a value closer to the cladding RI, are observed.
Compared to the performance of all the other LPGs, the
500 nm PVA coated LPG has demonstrated a much higher
sensitivity throughout most of the RI range used. It shows
~ 100 nm of blue shift when the external RI changes from
1.30 to 1.44. A significant blue shift (of ~ 160 nm) was
observed when the external RI varies from 1.44 to 1.60,
although when the external RI is higher than 1.60, there
is no significant wavelength change. The average sensitivity
over the RI range between 1.44 and 1.48 was calculated
to be ~3 um/RIU which is the highest sensitivity reported
in the literature for a single layer coating within this particular
region [4], [29], [30]. The reason for the higher sensitivity of
the 500 nm PVA coating is because its thickness has been
created to lie within the transition region. The other two
coating thicknesses, i.e. 1 gm and 2 um examined in some

detail do not lie within this region and therefore would not
involve as significant a wavelengthshift with the variations in
the external RI.

Thus for sensor applications where a high sensitivity and
wide operation range are preferable, the work shows that a thin
layer of polymer with a RI higher than that of the cladding
and a coating thickness that is set to lie within the high
sensitivity region (depending upon the particular RI of the
coating material) proves to be most suitable. It should also
be noted that the required thickness for optimum performance
depends both on the refractive index as well as on achieving a
uniform coating, such as has been demonstrated with the use
of the dip coating approach used in this work.

IV. CONCLUSION

In this research, a series of tests has been undertaken to
achieve a better understanding of the impact of the overlay
thickness and its uniformity on the performance of a LPG for
its ultimate use as a high sensitivity, reproducible RI sensor.
The experimental data obtained have confirmed the theoretical
prediction that the relationship between the wavelength shift
and the sensitivity of the device is related to the refractive
index as well as the deposition of a uniform coating of the
overlay.

Building on the theoretical and experimental evaluations
of the LPGs at the core of the device (with and without an
overlay), the coated sensors were submerged in oils of known
refractive indices from 1.30 to 1.70 to characterize their behav-
iour to variations in the external environment. It was observed
that when the coating thickness was ~ 500 nm, the highest
sensitivity has been demonstrated, compared to the other two
coating thicknesses considered, showing promise for use as a
RI sensor and offering a high sensitivity. Operational ranges
of more than 100 nm and more than 160 nm were achieved
for the RI variations over the range between 1.30 to 1.44
and 1.44 to 1.70 respectively—these being amongst the highest
sensitivities achieved for polymer-coated LPGs for external RI
sensing reported in the literature. This highest sensitivity has
been demonstrated through a coating thickness that lies within
the transition region of a LPG coated with a material that
has a refractive index of ~ 1.53. The dip-coating technique
has demonstrated its value to control effectively the coating
thickness and the coating quality to enable the observation of
some specific attenuation bands predicted by theory but not
achieved by either using ESA or LB techniques.

It can be concluded that the sensitivity of a bare LPG
to variations in the external RI can be greatly enhanced by
depositing a polymer that has a RI greater than that of the
cladding and by careful control of the thickness of the layer.
Research is still on-going to refine the above sensor design
to ensure its optimization for a range of practical applications
for RI sensitivity.
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