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A Compact, Highly Sensitive pH Sensor Based on
Polymer Waveguide Bragg Grating

Nabarun Saha , Giuseppe Brunetti , Mario Nicola Armenise , and Caterina Ciminelli

Abstract—Accurate probing, monitoring, and controlling the pH
level is critical in different fields. In the last two decades, optical
fiber/waveguide-based pH sensors have been widely investigated
with the aim of further enhancement of sensitivity and miniatur-
ization. Here, we propose a novel and cost-effective pH sensor based
on polymer waveguide Bragg grating, addressing main aspects like
sensitivity enhancement, miniaturization, narrow band response,
and stable performance. The large evanescent field due to metal
under cladding and high index coating combined with excellent
penetration depth match with pH-sensitive polymer coating of
poly-acrylic acid/poly-allylamine hydrochloride (PAA/PAH) in an
aqueous medium, ensures a sensitivity of 10.4 nm/pH for a pH range
of 4 to 7, two orders higher than all reported Bragg grating pH
sensors to our knowledge. A narrow band (∼1 nm) response has
been ensured by low propagation loss of the TE mode. Further, the
variations in sensitivity and peak reflectivity are within 3% for a
±10% inaccuracy in various structural parameters, reflecting ex-
cellent fabrication tolerances. The proposed sensor is an important
development, especially for the perishable food industry in which
a high sensitivity in a pH range of 4 to 7 is highly desirable to
accurately determine the freshness of foods.

Index Terms—Gratings, photonic crystal, sensors, waveguides.

I. INTRODUCTION

R EAL-TIME and in-situ detection, monitoring, and con-
trolling the pH level are crucial in a wide range of fields

like environment, agriculture, food quality control, medical
diagnostics, water quality monitoring, railways, etc [1], [2],
[3], [4]. In the last two decades, remarkable attention has been
gained by the optical fiber/waveguide-based pH sensors over the
traditional ones such as pH-electrodes and acid-based indicators,
thanks to numerous beneficial features like immunity to elec-
tromagnetic interference, compactness, high sensitivity, ease of
fabrication, etc. The sensitivity of optical fiber/waveguide-based
sensors depends on the pH-sensitive functional layers and the
enhancement of the light-analyte interaction. Based on the func-
tional layers, these sensors can be categorized into two types,
pH-indicator-based and polymeric swelling material based. For
indicator-based sensors, the optical fiber/waveguide surfaces
are coated with various matrix materials such as ethyl violet,
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neutral red, thymol blue, acid chrome dye, etc [5], [6]. The
indicator-based pH sensors often suffer from drawbacks like
low self-life, instability, and source intensity fluctuations. The
pH sensors based on polymeric nano-coatings are relatively new
in which the polymeric thin coating like smart hydrogel [7], [8],
polyvinyl alcohol/polyacrylic acid (PAA/PVA) [9], [10], Poly-
acrylic acid/poly-allylamine hydrochloride (PAA/PAH) [11],
[12], [13] multilayers at the fiber/waveguide’s surface swells
or shrinks in accordance with the pH level of the surrounding
medium. These polymeric coating-based sensors can overcome
the aforementioned drawbacks of indicator-based sensors and
also possess fast responses. The sensitivity of these sensors
depends on the interaction of the evanescent field of the guided
modes with the sensing medium. The enhanced interaction
with the surroundings, i.e., the pH-influenced polymeric coating
results in high sensitivity and thus the accurate measurement
of pH. There are various pH sensors based on Bragg gratings
[14], [15], [16], [17], long period gratings (LPGs) [8], [11], ring
resonators [18], modal interferometers [9], [10], surface plas-
mon resonance (SPR) [19], [20], etc which have used different
mechanisms to enhance the pH sensitivity. Among these sensors,
the Bragg grating-based sensors are particularly promising due
to their amenability to miniaturization, narrow band response as
compared to LPG and SPR, and also unlike ring resonators and
modal interferometers they can provide free spectral range (FSR)
free spectrum. As a result, various pH sensors have been reported
over the years with Bragg grating inscribed polymer fibers [16],
micro-fiber [17], tilted grating fibers [15], etc. However, the
sensitivity of the Bragg grating-based sensors is found to be on
the lower side since the participating mode is well-guided within
the optical fiber’s core. Although the cladding of the fiber can
be etched or a microfiber can be used to enhance the interacting
modal field with the sensing medium, it puts the durability
of optical fibers at risk. In this context, an integrated optical
waveguide geometry can be an elegant solution as it provides
larger freedom in choosing geometry as well as materials [21].
In the last few years, it has been reported that the evanescent
field of an integrated optical waveguide can be enhanced signif-
icantly to the surrounding medium by incorporating a metal layer
underneath the waveguide core [22], [23], [24]. Recently, it has
been noticed that the evanescent field can be further improved by
considering high-index nanocoating on top of a ridge waveguide
[25]. In addition, it has been observed that the enhancement in
the evanescent field is more prominent for the quasi-TE modes of
the structure. Since the TE mode shows lower propagation loss
as compared to the TM modes, it provides a larger possibility of
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Fig. 1. (a) The 3D schematic diagram and (b) the cross-sectional view of the proposed structure. The values of the width (w) = 1.5 µm, height (h) = 1.5 µm,
high index layer thickness (tH) = 60 nm, metal layer thickness (tm) = 200 nm, grating period (Λ) = 510 nm, grating length (LG) = 0.9 mm.

obtaining a narrow band spectrum, facilitating the detection of
analytes.

In this paper, utilizing the beneficial feature of metal under
cladding and high index coating a highly sensitive, narrow-band,
compact polymer Bragg grating-based pH sensor has been re-
ported. The PAA/PAH polymeric coating has been used as the
functional layer to sense the PH level in the aqueous medium.
The thickness of the PAA/PAH layer has been chosen based on
the reported results and is found to be an excellent match with
the penetration depth of the evanescent field, resulting in high
sensitivity. The pH sensitivity is found to be 10.4 nm/pH for a
pH range of 4 to 7. Further, the 3-dB bandwidth is found to be ∼
1 nm with excellent stability in peak reflectivity for the entire pH
range. The proposed sensor is an excellent match for measuring
the pH level of perishable foods.

II. PROPOSED STRUCTURE AND OPERATING PRINCIPLE

The schematic of the proposed pH sensor is illustrated in
Fig. 1(a) and the corresponding cross-section is in Fig. 1(b).
It consists of a ridge shape polymer core waveguide made of
Polymethyl methacrylate (PMMA) which is situated on top of a
silver (Ag) coated fused silica substrate. The entire structure is
coated with a high index layer of Titanium dioxide (TiO2) fol-
lowed by a nano-coating of PAA/PAH. The aqueous solution has
been assumed as the cover medium. The metal layer underneath
the core pushes the modal field towards the sensing medium due
to its high negative dielectric constant and high reflectivity [22].
The high index layer of TiO2 pulls the mode further towards the
sensing medium as the guided mode is prone to move towards
the high index layer [25]. As a result, the combined effect
of metal under cladding and high index coating leads to the
enhancement of the evanescent field in the surroundings and
thus in the pH-sensitive PAA/PAH nano-coatings. The Bragg
grating has been realized by considering the periodic modu-
lation of the core refractive index which couples the forward
and backward propagating fundamental mode. The modulated

and unmodulated section of the core has been represented with
different blue shades in the schematic diagram.

The duty cycle of the grating is taken to be 0.5. Following
the coupled mode theory (CMT), the reflected spectrum can be
expressed as [22], [26],

R =

∣∣∣∣ κ tanh(γL)

γ + (α+ iδ) tanh(γL)

∣∣∣∣
2

(1)

where α is the field attenuation coefficient,
δ = (2πn00/λ − π/Λ) is the phase mismatch factor with
n00 being the real part of the modal effective index of the TE00

mode and γ =
√

(κ2 + (α+ iδ)2). In the above equation, κ is
the coupling coefficient defined as [22], [25],

κ =
1

2
ncowε0

∫∫
ΔnE ·EdA (2)

where Δn is the amplitude of the refractive index modulation
or the grating strength and E is the power normalized electric
field component. The analysis has been carried out by following
the basic boundary condition, i,e., the tangential component
of electric field component E, and magnetic-filed component
H should be continuous at each interface of the waveguide
structure. The Finite Element Method (FEM) based tool Comsol
Multiphysics has been used to study the modal properties of
the structure and next the CMT has been used to estimate
the spectral behavior and sensitivity of the proposed structure
through Matlab coding. At the resonance (δ= 0), the reflectivity
becomes maximum and its position depends on the pH level
of the surrounding medium. Depending upon the pH level, the
pH-sensitive polymeric layer of PAA/PAH swells or shrinks.
Accordingly, the modal evanescent field interacting with the
PAA/PAH layer modulates the modal effective index and thus
the resonance condition. As a result, the position of the peak
reflectivity shifts along the wavelength axis, measuring which
sensitivity has been calculated. Here we like to mention that
the proposed sensor has been modelled following [11], [27]
in which it has been shown that the nanolayer of PAA/PAH
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Fig. 2. Variation of FMP in the PAA/PAH and the grating coupling coefficient
as a function of high index layer (TiO2) thickness.

shrinks from 400 nm to 150 nm for a pH range of 4 to 7. As it
will be discussed later, this thickness range of the PAA/PAH
layer is found to be particularly promising for the proposed
structure as it matches well with the penetration depth of the
evanescent field. The wavelength dependency for the materials’
refractive indices has been taken into account by following the
corresponding Sellmeier relations [22], [28], [29] except for the
silver layer. For the silver layer, Johnson and Christy’s data have
been considered with the cubic fit and linear fit for the real and
imaginary part of the refractive indices respectively [30].

III. RESULTS AND DISCUSSIONS

A. Performance Optimization & pH Sensitivity

The core of the proposed structure is considered to have a
square cross-section with a dimension (w × h) of 1.5 × 1.5 μm,
which supports only the fundamental mode [22]. The single-
mode operation is generally preferred in Bragg grating-based
structures to avoid inter-modal coupling and interference. A
thickness of the metal layer (tm) of 200 nm has been assumed
to minimize the power leakage in the substrate [22], [24]. The
thickness of the high index layer plays the most important role.
The variation of fractional modal power (FMP) in the PAA/PAH
layer and the grating coupling coefficient as a function of the high
index layer’s thickness tH is plotted in Fig. 2. The thickness of
the PAA/PAH is taken to be 400 nm. The FMP in the PAA/PAH
nanolayer is defined as [25],

FMPPAA/PAH =

∫∫
PAA/PAH (E ×H) · ẑdA∫∫
All Area (E ×H) · ẑdA (3)

where E and H are the power-normalized electric and mag-
netic field components. As shown in Fig. 2,vv the FMP in
the PAA/PAH layer initially increases as tH increases up to
tH = 60 nm and then FMP decreases. This behaviour can be
attributed to the modal property of the TE00 mode. The mode is
mostly guided in the PMMA core at lower thicknesses, resulting
in a lower evanescent field at the PAA/PAH layer. At higher
thicknesses, the mode becomes more confined in the high index
layer, reducing the interacting power in the PAA/PAH layer
again. The FMP in the PAA/PAH is found to be maximum around
tH = 60 nm. As shown in Fig. 2, at this optimum thickness
almost 41% of modal power is available to interact with the

pH-sensitive layer, resulting in potential high sensitivity. It is
also worth noting that the coupling coefficient is reducing as the
thickness of the high index layer increases. With the increase in
thickness, the TE00 mode becomes more confined in the TiO2

layer, reducing the interacting modal power with the grating
inscribed PMMA core. Therefore, choosing a lower thickness
of the high index layer also ensures a higher coupling coefficient.
As a result, a significant peak reflectivity can be obtained with a
lower grating length. Fig. 3(a) represents the cross-sectional field
distribution of the TE00 mode, by assuming the aforementioned
features and a 400 nm thick PAA/PAH layer.

The modal field is mostly pushed towards the high index
layer and a large amount of field is available to interact with
the pH-sensitive layer. In order to find out the penetration depth
and its compatibility with the PAA/PAH layer’s thickness, the
field distribution in the vertical direction corresponding to the
white line in Fig. 3(a) has been plotted in Fig. 3(b) (blue graph).
The evanescent field penetration depth is found to be 438 nm,
which is matching well with the thickness of the PAA/PAH
layer. Therefore, not only the enhancement in the evanescent
field but also a large portion of the evanescent field is available
to interact with the pH-sensitive layer, ensuring a high pH
sensitivity. In order to point out the importance of the metal
under cladding in Fig. 3(b) we have also plotted the vertical
field distribution without the metal layer (grey graph). The figure
clearly shows that the metal layer pushes the mode upwards
from the substrate. It should be noted that in the absence of
the metal layer since a significant amount of power is in the
substrate, the metal layer increases the fractional modal power
in the pH-sensitive PAA/PSAH layer. The FMP in the PAA/PAH
layer is found to be 0.37 and 0.41 with and without the metal
layer, showing an enhancement of around 10% due to the metal
layer. From Fig. 3(b), it is also clear that the penetration depth
of the evanescent field is decided by the high index layer.

It is to be noted that the resonance wavelength depends on two
quantities, the grating period (Λ) and the modal effective index
(n00) of the waveguide. The two most important parameters
deciding the modal effective index are the width of the core (w)
having a square cross-section (w = h) and the thickness of the
high index layer (tH). Therefore, in order to design the grating
period two graphs have been plotted in Fig. 4(a) and (b), showing
the variation of resonance wavelength with the grating period for
three different values of width and high index layer thickness
respectively. In both cases, resonance wavelength shows a red
shift with the increase in the grating period. The effect of the
high index layer thickness is found to have a greater impact
on the resonance wavelength as compared to the waveguide’s
width. The grating period is chosen to be 510 nm for w =
1.5 μm and tH = 60 nm, to have the resonance wavelength
around 1550 nm. The grating length (LG) has been optimized
following the behaviour of peak reflectivity and full width at half
maximum (FWHM). The variation of peak reflectivity and the
FWHM has been plotted simultaneously in Fig. 5, as a function
of grating length, considering a grating strength of 8 × 10−4.
The figure shows that with the increase in grating length the peak
reflectivity increases whereas the FWHM decreases. Although
a longer grating length can provide very high peak reflectivity
and low FWHM, a compromise must be made with the device’s
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Fig. 3. (a) The modal field distribution of the TE00 mode. The RI of the substrate (SiO2) = 1.444, core (PMMA) = 1.4809, high index layer (TiO2) = 2.2914
at wavelength 1.55 µm. (b) The normalized field distribution in the vertical direction individually corresponds to the white line in Fig. 3(a). The blue and grey
color figure represents the field distribution with and the without metal layer. In the absence of the metal layer, in the figure, the metal layer area should also be
considered as the substrate.

Fig. 4. Variation of resonance wavelength with the grating period for (a) three
different values of waveguide’s width with tH = 60 nm and (b) three different
values of high index layer’s thickness with w = 1.5 µm.

Fig. 5. Variation of peak reflectivity and full width at half maximum with the
grating length.

compactness. The grating length is chosen to be 0.9 mm such
that the FWHM is about 1 nm with a peak reflectivity of 0.7. The
corresponding reflected spectrum is plotted in Fig. 6, showing
an FWHM= 1.02 nm and peak reflectivity= 0.7. Since the high
index layer pulls the TE00 mode towards it, the modal field in
the metal layer reduces significantly. As a result, the propagation
loss due to metallic absorption reduces significantly. The propa-
gation loss is found to be only 1.05 dB/cm and the corresponding

Fig. 6. The reflected spectrum for a 400 nm thick PAA/PAH nano-coating.

propagation length (length at which the modal power becomes
1/e of input) is found to be 41 mm. The propagation length is
found to be much higher than a simple metal under-cladding
structure where typically it varies between 1 to 10 mm for the
TE00 mode [22], [23], [24]. The increment in propagation length
plays an important role in obtaining narrow spectrum bandwidth
of ∼1 nm.

In order to justify the waveguide grating operation, the field
intensity distribution for three different wavelengths is shown
in Fig. 7: two off-resonance wavelengths 1540 and 1555 nm
and at resonance wavelength 1546.7 nm. At off-resonance
wavelengths, only the field distribution related to the forward
propagating mode is shown whereas both the forward and back-
ward propagating mode is plotted for the resonance wavelength.
As it can be seen at the off-resonance wavelength the field
intensity of the mode remains almost constant along the direc-
tion of propagation. At the resonance wavelength, the intensity
of the forward propagating mode reduces along the +z- axis
whereas the intensity build-up for the backward propagating
mode towards the input end justifies the waveguide grating
operation.

In order to estimate the pH sensitivity, the thickness of the
PAA/PAH layer is varied from 400 nm to 150 nm which cor-
responds to a change in pH values from 4 to 7 [11], [27]. The
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Fig. 7. The field distribution along the propagation direction at three different wavelengths. Only the forward propagating mode is shown at two off-resonance
wavelengths whereas both forward and backward propagating modes are shown at the resonance wavelength.

Fig. 8. The reflected spectrum for four different pH values.

Fig. 9. The variation of resonance wavelength with different pH values.

refractive index of the PAA/PAH layer is taken to be 1.55 [11].
The reflected spectrum for four different pH values has been
shown in Fig. 8 as a surface plot. The peak reflectivity is found
to be stable with the change in pH. As visible in the figure,
the shift in resonance wavelength (ΔλR) is relatively higher
near pH of 7 as compared to pH of 4. The overall shift in
resonance wavelength is found to be 31.5 nm. The variation of
resonance wavelength (λR) with the pH values has been plotted
in Fig. 7 with a linear fitting having R2 value of 0.989. The
corresponding linear fitting equation is shown in the figure,

Fig. 10. Variation of pH sensitivity and propagation loss as a function of
(a) waveguide’s width and (b) thickness of the high index layer.

the slope of which provides the pH sensitivity, found to be
10.41 nm/pH. Considering the spectrometer resolution to be 20
pm, the detection limit in pH values is 0.002.

The variation of pH sensitivity with the waveguide’s width
and the thickness of the high index layer has been shown in
Fig. 10(a) and (b) respectively, along with the propagation loss.
The sensitivity is found to be increasing as the width of the
waveguide is reduced but at the cost of increased propagation
loss. As the width is reduced the modal effective index also de-
creases, resulting in a higher evanescent field in the pH-sensitive
layer. However, as the width is reduced the modal power in
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TABLE I
COMPARISON OF THE PROPOSED STRUCTURE WITH THE EARLIER REPORTED

RESULTS

the metal layer also starts increasing, causing an increase in
propagation loss. The sensitivity is also found to be increasing
with the decrement in high index layer thickness up to a certain
value (around 30 nm) and then start reducing. It should be noted
that the propagation losses start to increase quite sharply after
a thickness of around 30 nm which can be attributed to modal
hybridization [25].

A comparison has been tabulated with the previously reported
sensitivity and pH range in Table I. The table shows that the
sensitivity of the proposed device is much higher among all the
reported results with Bragg gratings. The reported sensitivity
is comparable with the modal interferometer-based structures
[9], [10]. However, unlike interferometer-based structures the
proposed structure is free from FSR and also has narrower
spectral bandwidth, facilitating the detection of the spectral shift.
The sensitivity of the proposed structure is found to be lower than
the long-period fiber grating (LPFG) based structure operating
in the mode transition region. Near mode transition, although
the sensitivity is high, it is difficult to achieve good stability in
the transmitted spectrum with respect to changes in the analyte.
As reported in [11], although the transmittance is good from pH
value 7 to 6, it starts to degrade quite sharply as the pH value
decreases further. The stability of the spectrum of the proposed
structure is better in the entire pH range, which gives it an edge
over the mode transition-assisted LPFG structure. Moreover,
the proposed structure shows high sensitivity with the quasi-TE
mode which has much lower propagation loss as compared to
TM modes used in surface plasmon resonance (SPR) based
sensors. This can be helpful in overcoming the problems with the
signal-to-noise ratio that usually the SPR-based sensors suffer
from [31]. Overall, the proposed structure shows good perfor-
mance over the reported pH sensors in optical fiber/waveguide
geometry, implying significant development toward measuring
and monitoring pH levels in different fields, especially in the
perishable food industry. High pH sensitivity in the pH range
of 4 to 7 is highly desirable for the perishable food industry. It
has been observed that the acidity level of the foods (especially
the perishable ones, which are not fresh) plays an important
role in deciding the freshness of the foods since over time
the growth of microbial organisms in the foods increases their
acidity level. Considering that the pH values below the neutral

value of 7 decide the acidity level, a highly sensitive and accurate
sensor is highly recommended for the aforementioned pH range.
Moreover, the miniaturized size of the proposed structure along
with its high sensitivity, narrow bandwidth, and stable spectrum
response with respect to changes in pH values can lead to a
promising development toward smart packaging.

B. Possible Way of Fabrication and Fabrication Tolerances

For the practical realization of a sensor structure, it is impor-
tant to study a possible way of fabrication as well as its fabrica-
tion tolerances with respect to various structural parameters. A
possible way of fabricating the proposed structure is discussed
below sequentially. First, a metallic layer of silver can be de-
posited on a silica substrate with the sputtering technique [32].
In order to enhance the adhesion between the silica and silver,
a monolayer of 3-aminopropyl trimethoxysilane (APTMS) can
be used [33]. Next, a 1.5 μm thick layer of PMMA can be spin-
coated on top of the metal layer [34]. The advantage of using
PMMA as the core is it shows good adhesion with the metal layer
as well as can directly act as the photoresist during lithography.
The e-beam lithography or deep-UV lithography can be used to
form the ridge shape with the desired width of 1.5 μm [34]. In
order to investigate the effect of any inaccuracy in the PMMA
core’s width and height, the peak reflectivity and sensitivity have
been calculated considering ±10% errors in both parameters.
Hardly any variation in peak reflectivity has been observed with
both the parameters as the deviation in peak reflectivity is within
0.85% from the nominal peak reflectivity of 0.7. The deviation in
sensitivity is found to be within 3.4% and 2.5% from the nominal
sensitivity of 10.4 nm/pH, for ±10% errors in width and height
respectively, reflecting an excellent fabrication tolerance. The
grating can be formed by periodic exposure to UV radiation
with the help of a phase mask [35], [36]. The refractive index
of the exposed area of PMMA will be modulated since it is
photosensitive to UV radiation whereas the unexposed area will
remain the same, creating the periodic modulation of the PMMA
core refractive index and forming the grating. In the next step
of fabrication, the high index layer of TiO2 can be deposited
using the sputtering technique [37]. Coating the entire structure
with TiO2 also ensures the protection of the silver layer from
oxidization. The deviation in peak reflectivity and sensitivity is
found to be within 3% for a ±10% error in high index layer
thickness, again reflecting good fabrication tolerances of the
proposed structure. Finally, the pH-sensitive layer of PAA/PAH
can be formed using the electrostatic self-assembling technique
[11], [27].

V. CONCLUSION

We propose a compact and highly sensitive pH optical sensor
based on polymer waveguide Bragg grating. The high sensitivity
has been calculated for the TE mode of the structure in which
metal under cladding and a high index nano-coating have been
used to respectively push and pull the guided mode towards the
surrounding medium. As a result, a high modal power (∼40%)
has been obtained to interact with a pH-sensitive polymeric
nano-coating of the PAA/PAH layer. The pH sensitivity has
been numerically investigated following the shrinkage of the
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polymeric coating as the pH level changes from 4 to 7. The
sensitivity is found to be 10.4 nm/pH, the highest among all the
previously reported Bragg grating-based structures to the best
of our knowledge. Further, a narrow bandwidth of ∼1 nm of
the reflected spectrum facilitates the detection mechanism. The
overall device length is found to be only 0.9 mm. The proposed
structure features a great fabrication tolerance as the variation
in sensitivity and peak reflectivity is only within 3% for an
±10% inaccuracy in structural parameters. The proposed sensor
is free from FSR and also has narrower spectral bandwidth and
is particularly an excellent choice for measuring and monitoring
the acidity level of perishable foods and smart packaging.
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