
Research Article Vol. 32, No. 2 / 15 Jan 2024 / Optics Express 2147

Integrated polarization-free Bragg filters with
subwavelength gratings for photonic sensing

DANIEL PIMBI,1 MD BORHAN MIA,1 NAFIZ JAIDYE,2 ISHTIAQUE
AHMED,2 MEHEDI HASAN,1 SYED Z. AHMED,1 AND SANGSIK
KIM1,2,3,*

1Department of Electrical and Computer Engineering, Texas Tech University, Lubbock, Texas 79409, USA
2Department of Physics and Astronomy, Texas Tech University, Lubbock, Texas 79409, USA
3School of Electrical Engineering, Korea Advanced Institute of Science and Technology, Daejeon 34141,
Republic of Korea
*sangsik.kim@kaist.ac.kr

Abstract: We present polarization-free Bragg filters having subwavelength gratings (SWGs)
in the lateral cladding region. This Bragg design expands modal fields toward upper cladding,
resulting in enhanced light interaction with sensing analytes. Two device configurations are
proposed and examined, one with index-matched coupling between transverse electric (TE)
and transverse magnetic (TM) modes and the other one with hybrid-mode (HM) coupling.
Both configurations introduce a strong coupling between two orthogonal modes (either TE-TM
or HM1-HM2) and rotate the polarization of the input wave through Bragg reflection. The
arrangements of SWGs help to achieve two configurations with different orthogonal modes, while
expanding modal profiles toward the upper cladding region. Our proposed SWG-assisted Bragg
gratings with polarization independency eliminate the need for a polarization controller and
effectively tailor the modal properties, enhancing the potential of integrated photonic sensing
applications.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

A Bragg grating is a periodic structure capable of modulating the phase along the wave propagation
[1–3]. In integrated photonics, a grating can be realized by either corrugating the waveguide [3,4]
or periodically segmenting waveguide blocks [5,6] such that the spatial phase modulation causes
destructive interference inside the gratings and reflects back the input light. The wavelength of
this Bragg reflection corresponds to the forbidden region of the photonic bandgap. Hence, Bragg
gratings function as wavelength-selective notch filters and serve as fundamental components in
many optical systems [7,8]. One of the applications of a Bragg grating is an optical sensing
[9,10], which is widely explored in integrated photonics [9–12]. Integrated photonic sensors
allow the highly sensitive and selective detection of biological species and gases in real time
without labels or dyes [9–14]; thus, they have been explored for rapid point-to-care clinical
diagnosis [14], greenhouse gas monitoring [15], and food safety control [16].

The integrated photonic sensing principle is based on either resonance shift or power absorption
variation due to the interaction between the waveguide’s evanescent field and the analytes [14,17].
The surrounding analytes or gases change the propagation constants and/or loss of the guided
mode, which would shift the resonance wavelength and/or reduce the output transmission power.
By mapping and analyzing these measured data, one can easily detect the presence or quantify the
concentration of the target species. For example, the phase variation of photonic Mach-Zehnder
interferometers (MZIs) causes the wavelength shift for constructive and destructive interferences,
directly converting the phase shift to optical power variation [18,19]. Similarly, transmission
dips in Bragg gratings [20–26] and ring-resonators [27–29] also shift as per cladding index
changes via analytes. Among these widely known integrated photonic sensor configurations (i.e.,
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MZIs, ring-resonators, and Bragg gratings), the Bragg grating configuration can exhibit almost a
single transmission dip in the spectra, while the other MZI and ring-resonator configurations
show multiple resonance dips. A Bragg grating also has multiple transmission dips with 2nd, 3rd,
and higher grating orders, but their spectral location is relatively away from its 1st order grating
transmission dip. In other words, the free-spectral-ranges (FSRs) of MZI and ring-resonator
configurations are much narrower than that of a Bragg grating, limiting the sensing range of
MZI and ring-resonator configurations. For example, typical FSRs of MZIs and ring-resonators
are in a scale of a few nanometers in wavelength (at telecommunication band), while that of
Bragg grating is in a scale of hundreds of nanometers. One may optimize the bending radius of a
ring-resonator and the interference length of MZI to increase the FSRs, but these approaches will
cause additional losses in the system and eventually be limited. In this context, the Bragg grating
configuration is almost free from the range of sensing distinguishability.

Recently, subwavelength gratings (SWGs) have gained attention among researchers as potential
sensors due to their ability to enhance light-matter interaction with surrounding analytes [10,17].
SWGs provide additional degree of freedoms for engineering the refractive indices and anisotropy
of composite materials [10,30–33], which can lead to engineering modal confinement [34],
skin-depth [35], and dielectric perturbations [36,37]. Utilizing these SWG properties, many
components-level integrated photonic devices have been advanced, for example, fiber-to-chip
couplers [38,39], polarization beam splitters [40–42], polarization splitter and rotators [43,44],
delay lines [45,46], graded-index lenses [47,48], and so on. Specific to sensing applications,
researchers mainly focused on increasing the device sensitivity and minimizing the intrinsic
limit of detection (iLoD) by utilizing SWGs in both resonant and interferometric schemes [10].
For example, an SWG waveguide sensor was demonstrated to maximize the waveguide bulk
sensitivity near unity by optimizing the grating duty cycle of the SWG waveguide [17]. A lower
iLoD is also resolvable by utilizing an SWG-based Bragg grating sensor, achieving an iLoD of
5.1x10−5 RIU that is one order of magnitude lower than other resonant sensors [20]. A bimodal
SWG waveguide-based interferometric sensor has also been shown to improve the total device
sensitivity up to 2270 nm/RIU [49].

However, all the previous integrated photonic sensor schemes are sensitive to the polarization
status and typically operate at a single polarization. This means that the system requires a
polarization controller at some point in the setup, potentially necessitating bulky components.
More fundamentally, polarization uncertainty and instability are not desired in sensors since
they cause power variations or resonance shifts. Minor variations in the input polarization state
could lead to systematic errors, uncertainties, or a failure to detect analytes. Thus, having a
polarization-free photonic sensing scheme is important. However, to our knowledge, all the
previous integrated photonic sensing works operated at a single polarization [9–29].

The reason for the polarization sensitivity is due to the asymmetric aspect ratio of the waveguide
cross-section [50,51]. A typical photonic waveguide has an asymmetric height-to-width ratio,
having a larger width than height. This is because of an easier etching during the chip fabrication
process. However, this cross-section asymmetry induces different effective indices for different
polarizations, resulting in different output signals for almost every photonic component, including
sensors. For Bragg gratings, a couple of approaches have been proposed to realize polarization-
insensitive Bragg filters, such as TE/TM index-matching [52–55] and polarization-rotating
Bragg [56, 57] methods. Unfortunately, these designs cannot be directly utilized for sensing
applications since they had silicon oxide (SiO2) upper cladding. Recently, the concept of
polarization-independent and rotation Bragg filter using cladding asymmetry was proposed,
demonstrating it with air cladding [50]. Since the cladding asymmetry was demonstrated with air
cladding, the exposed waveguide can easily interact with analytes, making the scheme potentially
applicable for polarization-free photonic sensors. Still, the design itself is not ideal for a sensing
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application due to the short skin-depth of the evanescent field in the upper cladding, limiting its
sensitivity and iLoD.

In this paper, we propose polarization-free integrated photonic sensing schemes based on
Bragg gratings with SWG claddings. The polarization independence is achieved by breaking the
vertical symmetry via analyte cladding. For achieving polarization independency, two schemes
are proposed (index-matched and hybrid-mode), both having two different orthogonal mode sets.
The device sensitivity of our polarization-free photonic sensors is enhanced by SWG claddings.
Such SWG-assisted Bragg filters can efficiently tailor the modal field to extend its evanescent field,
which increases the interaction with the surrounding analytes. We experimentally demonstrated
both schemes of polarization-free Bragg filters on a silicon-on-insulator (SOI) platform via a
single etching process. The polarization-free characteristics are also examined while quantifying
their sensitivity and iLoD. In the following sections, we present two schemes for achieving
polarization-free Bragg filters, along with their design concepts, show numerical results, and
experimentally demonstrate polarization-free Bragg responses using different index-matched
liquid claddings. We then analyze both devices by quantifying the total device sensitivity and
iLoD and compare and discuss the results.

2. Design and analysis

2.1. Bragg grating biosensor based on subwavelength gratings

Generally, periodic gratings exhibit three operating regimes, namely the diffraction, reflection, and
subwavelength regimes, depending on the scale difference between the periodic pitch (i.e., grating
period) and the operating wavelength [10,33]. The diffraction regime operates at a wavelength
smaller than the pitch, interfacing the guided and radiation modes, for example, in fiber-to-chip
grating couplers [38,39]. In the reflection regime, the gratings operate at a wavelength near
twice the grating period (i.e., Bragg grating) [3,50]. The subwavelength regime arises when the
operating wavelength is considerably longer than the periodicity [33–37]. This regime effectively
suppresses diffraction and reflection, making the gratings behave as an equivalent homogeneous
metamaterial with dielectric permittivity governed by the effective medium theory (EMT) [36].
The gratings in this regime are referred to as subwavelength gratings (SWGs) and are extensively
utilized to advance on-chip light manipulation and control [10]. One kind of SWG waveguide,
where SWGs are arrayed in parallel to the wave propagation direction as in Fig. 1, is called an
extreme skin-depth (eskid) waveguide since it can control the evanescent wave skin-depth of the
TE mode due to the SWG’s anisotropy in the cladding [36]. In the eskid configuration, the mode
size of TM can be largely expanded, also introducing a larger birefringence between the TE and
TM modes. In previous works, this large birefringence characteristic of the eskid waveguide
has been applied to enhance the polarization beam splitter performances [40–44]. Here, we
employed this eskid waveguide configuration to expand the interactive modal area with its large
birefringence while achieving a polarization-free Bragg response with its cladding asymmetry
for an efficient integrated photonic sensor.

Figures 1(a) and 1(c) show the top views of the proposed polarization-free photonic Bragg
gratings with SWG claddings. Figure 1(a) is designed to match the effective refractive indices of
TE and TM modes, and Fig. 1(c) is designed to introduce hybrid modes (HM). Both configurations
are designed on an SOI platform with a 220 nm thick Si (blue color) on top of a 2 µm thick
buried oxide layer (gray color). Upper cladding is opened with air and used to create the
vertical asymmetry for the polarization-independent Bragg filtering. The key difference between
Figs. 1(a) and 1(c) is the gap symmetry and asymmetry between the core and SWG claddings.
In the index-matched design in Fig. 1(a), the cross-section of each segment is laterally (x-axis)
symmetric, having the same gap size as g0. This will exhibit distinctive TE0 and TM0 modes, as
shown in Fig. 1(b). Then, the Bragg gratings in the propagation direction (z-axis) are introduced
by shifting the center position of each grating segment. On the other hand, in the hybrid mode
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Fig. 1. Top views of the proposed polarization-free Bragg grating sensors with SWG
cladding: (a) index-matched and (c) hybrid-mode configurations. The index-matched
configuration is realized using a core width w0 = 280 nm with symmetric gap size g0 = 150
nm to the lateral SWG claddings, a corrugation depth ∆w = 20 nm, and a Bragg periodicity
ΛB = 500–560 nm with number of Bragg periods NB = 100–500. The SWG claddings have
grating period Λ = 100 nm, filling fraction ρ = 0.5, and number of layers N = 8. The hybrid
configuration has the same geometric parameters as the index-matched configuration except
having asymmetric gaps g1 = 120 nm and g2 = 100 nm. (b) is the normalized electric field
profiles (|E|) of TE0 (above) and TM0 (bottom) modes at the index-matching condition. (d)
shows the normalized electric field profiles (|Ez |) of HM1 (above) and HM2 (bottom) at
mode hybridization.

design in Fig. 1(c), the SWG lines are fixed while shifting the center position of the waveguide
core, having the asymmetric gaps g1 and g2. The asymmetry introduced by these gaps results in
two orthogonal hybrid modes (HM1 and HM2), as plotted in Fig. 1(d). Since these two modes
are coupled, they will exhibit avoided mode crossing during the parameter sweep. We also expect
the hybrid scheme will have a lower scattering loss than the index-matched design due to its
fewer discrete points at the grating interfaces.

Regarding the detailed parameters, we used SWG claddings with a grating period Λ = 100
nm and a filling fraction ρ = 0.5 to satisfy the subwavelength regime, i.e., Λ<<λ/(2neff), where
λ and neff are the free-space wavelength and effective index of the guided mode, respectively.
We limited the number of layers to N = 8 to allow single-mode operation while extending the
modal area. We fixed the corrugation depth to ∆w = 20 nm, which could cause a strong enough
coupling coefficient between TE0 and TM0 or HM1 and HM2 modes in our Bragg schemes.
This corrugation depth is the key parameter that determines the coupling coefficient, thus the
achievable extinction ratio per number of Bragg periods (or unit length) and the bandwidth of the
Bragg response. The Bragg periodicity determines the center wavelength of the Bragg reflection,
and it is in the range of ΛB = 500–560 nm for our schemes. The number of Bragg periods will
decide the achievable Bragg extinction ratio, and we examined NB = 100–500, which corresponds
to the device lengths of approximately 50 − 280 µm range. We set the offset gap sizes between



Research Article Vol. 32, No. 2 / 15 Jan 2024 / Optics Express 2151

the core and SWG claddings as g0 = 150 nm, g1 = 120 nm, and g2 = 100 nm, such that those
SWG perturbations do not cause significant scattering losses in real experiments.

We then ran the modal simulations tracking the effective refractive indices of both orthogonal
modes (TE0 and TM0 for index-matched design and HM1 and HM2 for hybrid-mode design)
while varying the core width and fixing the other parameters as noted above. Figure 2(a) shows
the modal effective refractive indices neff of TE0 (blue) and TM0 (yellow) modes as a function
of the core width w0. The free space wavelength is 1550 nm. In Fig. 2(a), both indices nTE0
and nTM0 are matched near w0 ≈ 277 nm. Since the fabrication imperfection errors could be
in the range of ±5 nm, we rounded the core width to w0 = 280 nm. Then, to predict the Bragg
wavelength and its corresponding Bragg periodicity ΛB, we re-simulated the effective refractive
indices as a function of wavelength while fixing the other geometric parameters (w0 = 280
nm). Figure 2(b) shows the effective refractive indices as a function of wavelength for TE0
(blue) and TM0 (yellow). The wavelength for index-matching is shifted to ≈1573 nm, due to
our approximation with w0 = 280 nm. The orange line represents the average effective index
navg = (nTE0 + nTM0)/2, which determines the polarization-rotating Bragg wavelength [50,57,58].
Similarly, in Figs. 2(c) and 2(d), we simulated the neff of the hybrid configuration (HM1 and
HM2) as a function of w0 and wavelength (w0 = 270 nm), respectively. In these cases, avoided
mode crossing is observed, which indicates the coupling between HM1 and HM2.

Fig. 2. (a) and (c) are the simulated effective refractive indices (nTE0 and nTM0) of the
index-matched and (nHM1 and nHM2) of the hybrid-mode configurations, respectively, as a
function of the core width w0. (b) and (d) show the re-simulated effective refractive indices
as a function of wavelength while fixing the core width to w0 = 280 nm (b) and w0 = 270
nm (d). The orange lines represent the average effective index navg between nTE0 (nHM1)
blue and nTM0 (nHM2) yellow, respectively.

Regardless of either configuration, due to upper cladding asymmetry, both configurations could
introduce a strong coupling between the two orthogonal modes (TE0 and TM0 for index-matched
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design and HM1 and HM2 for hybrid design). This will require the Bragg conditions to be
satisfied between the two orthogonal modes, i.e., polarization-rotating Bragg response. In
other words, the phase-matching condition will fulfill between the two opposite propagating
polarization modes and the grating phase, i.e., the Bragg condition follows [50,56]:

λB = (nTE0 + nTM0)ΛB = 2navgΛB (1)

where λB is the Bragg wavelength. Note that the Bragg wavelength is determined by the average
indices of the two orthogonal polarizations. At this polarization-rotating Bragg condition,
the input polarization is rotated to the other orthogonal polarization and then reflected back
in the opposite direction. So, it can be viewed as a combination of Bragg reflection and
polarization rotation. Since the Bragg condition in Eq. (1) happens at the average of two
modes, from the spectral viewpoint, the condition is independent of input polarization status, i.e.,
polarization-independent [50].

Using the simulated neff data in Fig. 2 and Eq. (1), we can estimate the Bragg wavelength λB
associated with its Bragg periodΛB [note that navg in Eq. (1) is also dependent on λ]. Figures 3(a)
and 3(c) show the λB estimations for each index-matched and hybrid configuration, where we
choose ΛB = 500–560 nm to ensure λB appears near the telecommunication band. Our λB
estimations match well with both numerical and experimental results (which will be shown
later). Having the λB predictions, we examined the performance of each Bragg configuration
using an eigenmode expansion (EME) solver available in Ansys Lumerical software [59]. We
chose the EME method since the simulation time does not scale with the number of periods (or
propagation length) in a periodic structure like our Bragg gratings. Each EME simulation returns
the scattering matrices (s-matrices) data containing the transmission and reflection coefficients,
which we used for computing the transmission and reflection spectra. Figures 3(b) and 3(d)
show the EME simulated transmission spectra for the two proposed configurations, respectively.
The blue-solid and yellow-dashed lines represent the cases of TE0 (HM1) and TM0 (HM2) input
modes, respectively. In all cases, the Bragg periodicity and the number of periods are set to
ΛB = 500 nm and NB = 300, respectively. The upper cladding is opened with air (i.e., the upper
cladding index is nclad = 1.00). Notice that, in both configurations [Figs. 3(b) and 3(d)], regardless
of input polarization status, either TE0 (HM1) or TM0 (HM2) mode, the spectral responses match
perfectly (i.e., blue-solid and yellow-dashed lines match exactly), having the same central Bragg
wavelength, extinction ratio, and bandwidth; i.e., perfect polarization-independency. The central
λB of EME simulated transmission spectra also agree very well with their theoretical estimations
[the case of ΛB = 500 nm is marked in Figs. 3(a) and 3(c)]. We also ran EME simulations
while varying the Bragg period ΛB±20 nm, then the λB shift is approximately ±34(36) nm for
the index-matched and hybrid configurations, respectively. This shift rate also matches well
with the λB estimates in Figs. 3(a) and 3(c), where the graph slopes of the λB shift as per ΛB is
approximately λB/ΛB ≈ 1.71 and 1.77 , respectively. In addition, using the simulated transmission
spectra and total device length, the total coupling coefficients can be directly calculated from the
coupled-mode theory (CMT) formula for the peak power reflectivity Rpeak = tanh2 (κL) [1,3,5].
Where Rpeak = 1 − Tdip, where Tdip defining the transmission power dip at the Bragg wavelength.
The total coupling coefficient κ can be then simplified as [1,3,5]:

κ =
1
L

tanh−1
(︂√︁

1 − Tdip

)︂
. (2)

This κ describes the amount of reflection per unit length, i.e., how quickly the forwarding wave
(input mode) transfers its power into the reflected mode. Based on Eq. (2), we estimate the Bragg
coupling coefficients κ ≈ 3.1x104 m−1 and 2.8x104 m−1 for the index-matched and hybrid-mode
configurations, respectively.
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Fig. 3. (a) and (c) are the theoretical estimates of Bragg wavelength λB as a function of
Bragg period ΛB for index-matched and hybrid-mode configurations using Eq. (1). (b)
and (d) show the numerically simulated transmission spectra of TE0/HM1 (blue solid) and
TM0/HM2 (yellow dashed) input modes, respectively. The Bragg period ΛB = 500 nm,
the number of periods NB = 300, the upper cladding index nclad = 1.00, and the other
parameters are fixed and given in Fig. 1.

2.2. Device sensitivity

The waveguide sensitivity is a measure of the variations in the effective index of the guided
light due to physical changes in the analyte. The changes in the analyte can be quantified using
either bulk or surface sensitivity [17,20,21]. In general, the bulk sensitivity is defined as the ratio
of the changes in the effective index to the cladding index due to analytes (∂neff/∂nclad) [17].
Whereas, the surface sensitivity is a ratio of the changes in the effective index to the thickness
t of the absorbed analyte layer (∂neff/∂t) [17]. Here, we will focus on the quantity related to
the bulk sensitivity. From the practical viewpoint, directly quantifying the bulk sensitivity is
difficult, and there could be limiting factors when mapping the signals. Thus, the device’s overall
sensitivity, including bulk and architecture sensitivities, is widely utilized [20]. In the case of
sensors like Bragg gratings, the effective index is mapped to the wavelength shift, defined by the
architecture sensitivity ∂λB/∂neff [20]. Thus, as a whole, to quantify the overall sensitivity of the
wavelength-shift type sensors, the total sensitivity S is defined as the product of the architecture
sensitivity and the bulk sensitivity, as the following [20]:

S =
∂λB
∂neff

∂neff
∂nclad

=
∂λB
∂nclad

. (3)

Since the product of bulk and architecture sensitivities cancels out the ∂neff, the total sensitivity
S is equivalent to the slope of the wavelength shift per cladding refractive index change. To
estimate the sensitivity S of our proposed polarization-free Bragg gratings, we extracted the
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wavelength shifts by re-simulating the transmission spectra while varying the upper-cladding
refractive indices. Figures 4(a) and 4(c) show the EME simulated transmission spectra of TE0/
HM1 (above) and TM0/HM2 (bottom) inputs with different cladding indices: nclad = 1.30 (purple)
and 1.35 (green). As expected, the transmission spectra are redshifted as the cladding refractive
index increases. Still, regardless of the input polarization, the Bragg responses in the spectrum are
the same for each case, which is the most important feature of our polarization-free Bragg grating
sensing schemes. Figures 4(b) and 4(d) show the extracted Bragg wavelengths of TE0/HM1
(blue solid) and TM0/HM2 (yellow dashed) as a function of the upper cladding index nclad using
EME transmission spectra. Applying Eq. (3), the device sensitivities are approximately S ≈ 260
nm/RIU and S ≈ 278 nm/RIU for the index-matched and hybrid designs, respectively.

Fig. 4. (a) and (c) are the simulated transmission spectra of TE0/HM1 (above) and
TM0/HM2 (bottom) input modes for different upper cladding indices nclad = 1.30 (purple)
and 1.35 (green). (b) and (d) show the extracted Bragg wavelength λB of TE0/HM1 (blue
solid) and TM0/HM2 (yellow dashed) as a function of nclad. Using Eq. (3), we estimated
total device sensitivities S ≈ 260 nm/RIU and S ≈ 278 nm/RIU for the two configurations.
The geometric parameters are the same as in Fig. 3.
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Another important figure of merit for integrated photonic sensors is the iLoD. It describes the
minimum detectable refractive index unit change by the sensor [17,20]. For Bragg structures,
since we are observing the refractive index change via wavelength shift, it is typically compared
by 3 dB bandwidth of Bragg spectrum per sensitivity (assuming that 3 dB bandwidth is reasonably
detectable in the system). Thus, iLoD follows [20],

iLoD =
∆λ3dB

S
(4)

where ∆λ3dB is the 3 dB bandwidth [or full width at half maximum (FWHM) bandwidth]. Since
our ∆λ3dB is ≈3.3 nm for the current design (Figs. 4), we estimated the intrinsic limit of detection
iLoD ≈ 12x10−3 RIU for the index-matched and hybrid configurations. Note that the iLoD
heavily depends on the bandwidth of the Bragg filter. In our current design, we didn’t aim to
achieve a narrow bandwidth filter that is ideal for a low-iLoD sensor, but it should be achievable
by reducing the corrugation depth ∆w and minimizing the perturbation strength in the filter, in
trade of the device length and extinction ratio.

3. Experiment

3.1. Fabrication and experimental characterization

To confirm the concept of polarization-free Bragg sensors, we fabricated our Bragg devices on
an SOI wafer. The gratings were patterned using electron beam lithography and followed typical
SOI processes [36]. Two sets of devices were fabricated for each configuration, one with TE and
the other with TM grating couplers. This ensures the polarization status during each experimental
characterization. The grating coupler first couples the fiber mode to the strip waveguide mode of
a specific polarization and then adiabatically convert it to the eskid mode, selectively exciting
either TE or TM. The same approach also makes sure of the selective excitation of two orthogonal
hybrid modes, HM1 or HM2. Figure 5(a) shows the scanning electron microscope (SEM) image
of the fabricated device set, including input and output grating couplers. Each section shows 1)
strip-to-eskid waveguide transitions, 2) straight eskid waveguides with the core size of w0 = 450
nm, and 3) adiabatic mode transitions, where core w0 is adiabatically tapered from 450 nm to
270-280 nm over a propagation length of 40 µm. The designed Bragg gratings are located in the
middle of the scheme (indicated by the yellow arrow). Figures 5(b) and 5(c) are the zoomed-in
SEM images showing the Bragg grating regions of 5(b) index-matched and 5(c) hybrid-mode
cases, respectively. We experimentally characterized our Bragg gratings using a custom-built
grating coupler setup with a tunable laser source and an optical power meter. We used an external
polarization controller that was connected after the tunable laser source to control the polarization
state of the input light. Calibration devices with only the grating couplers and strip waveguides
were also fabricated and used to normalize the spectra.

Figures 5(d) and 5(e) show the experimentally characterized transmission spectra of index-
matched and hybrid configurations, respectively. The blue solid and orange dashed lines represent
TE0 (HM1) and TM0 (HM2) excitations, respectively. As a first characterization, these devices
were measured under air cladding, which corresponds to the simulated results obtained in Figs. 3(b)
and 3(d), respectively. Notably, the central Bragg wavelength λB of transmission dips for TE0
(HM1) and TM0 (HM2) excitations are almost identical, having the polarization dependency
of 0.25 nm and 0.57 nm for index-matched and hybrid-mode configurations, respectively;
these results clearly confirm our Bragg gratings’ polarization independency. Note that, for
characterization purposes, different polarization measurements were performed at different chips
but with the same design. Thus, we consider even such a low polarization-dependency to be from
fabrication imperfections between the chips. Compared to simulated results in Figs. 3(b) and
3(d), the Bragg wavelengths are blue-shifted by ≈7.4 and ≈15.6 nm, probably due to fabrication
imperfections and wafer non-uniformity. The characterized FWHMs of index-matched and hybrid
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Fig. 5. (a) Scanning electron microscope image of the fabricated device set, showing input
and output grating couplers, strip-to-eskid waveguide transitions, eskid waveguides with
w0 = 450 nm, adiabatic mode transitions (where w0 is tapered from 270-280 nm to a core
width of 450 nm over a propagation length of 40 µm), and Bragg grating region in the middle
of the scheme (indicated by the yellow arrow). (b) and (c) are zoomed-in images showing
the Bragg grating region of (b) index-matched and (c) hybrid-mode configurations. (d) and
(e) are their experimentally characterized transmission spectra of TE0 /HM1 (blue solid) and
TM0/HM2 (orange dashed) excitations corresponding to the simulated results in Figs. 3(b)
and 3(d), respectively.



Research Article Vol. 32, No. 2 / 15 Jan 2024 / Optics Express 2157

configurations are ≈9.6 nm and ≈9.0 nm, respectively, which are slightly broader compared
to those from simulations [≈8.2 nm and ≈8.1 nm from Figs. 3(b) and 3(d), respectively]. The
FWHM bandwidth critically depends on the perturbation between each cross-section introduced
by ∆w, and we suspect the fabricated ∆w is slightly wider than the designed one. The extinction
ratios of each configuration are ≈ 36.8 ± 0.43 dB and ≈ 30.4 ± 0.83 dB, which are slightly
higher than simulated results, also can be due to a larger ∆w consistent with the bandwidth
difference. Furthermore, using Eq. (2), we can extract the experimental coupling coefficients of
index-matched and hybrid configurations as ≈ 3.3x104 m−1 and ≈ 2.8x104 m−1, respectively,
again attesting a larger ∆w. Still, regardless of fabrication imperfections and these differences
between numerical and experimental results, both configurations show highly tolerant polarization
independency, which is the main feature of our proposed schemes. It is worth noting that our
devices can also be fabricated with larger feature sizes that are compatible with the commercially
available silicon photonic complementary metal–oxide semiconductor (CMOS) processes [60].

3.2. Polarization-free sensitivity characterization

Fig. 6. (a) and (b) are the experimentally characterized transmission spectra of TE0 and
TM0 excitations for different upper cladding indices nclad = 1.30 (purple) and nclad = 1.35
(green), which correspond to the simulated results in Fig. 4(a). (c) and (d) show similar
experimentally characterized transmission spectra with (c) mixed polarization (MP1, +45◦)
and (d) (MP2, -45◦) excitations.

To show the polarization-free sensing capabilities of the two configurations, we covered
our devices with index-matching fluids (Series AAA, Cargille Laboratories) and tested their
polarization insensitivities while varying the input polarization status. Figures 6 and 7 show the
experimentally characterized transmission spectra of the index-matched and hybrid configurations,
respectively. Two different index-matching fluids are used: nclad = 1.30 (purple) and 1.35 (green).



Research Article Vol. 32, No. 2 / 15 Jan 2024 / Optics Express 2158

In each figure, the input polarization status is varied and measured, exciting four different
polarizations: (a) TE0 (HM1), (b) TM0 (HM2), (c) Mixed polarization 1 (MP1, +45◦), and (d)
MP2 (-45◦). Among these four different polarization characterizations, the difference in Bragg
wavelengths is only <0.69 nm in Fig. 6 and <0.11 nm in Fig. 7, respectively, and their extinction
ratio differences are <0.82 dB and <0.66 dB. Note that we fabricated identical designs on different
chips, each having TE or TM grating couplers. We assert these observed differences are likely
attributed to variations in grating couplers and potential uncertainties in characterization.

Fig. 7. (a) and (b) are the experimentally characterized transmission spectra of HM1 and
HM2 excitations for different upper cladding indices nclad = 1.30 (purple) and nclad = 1.35
(green), which correspond to the simulated results in Fig. 4(c). (c) and (d) show similar
experimentally characterized transmission spectra with (c) mixed polarization (MP1, +45◦)
and (d) (MP2, -45◦) excitations.

The measured results in Figs. 6 and 7 correspond to the simulated results in Figs. 4(a) and 4(c).
Similar to their air cladding results in Fig. 5, the experimentally characterized Bragg wavelengths
are blue-shifted by ≈10.7 and ≈18.4 nm compared to their corresponding simulation results. The
degree of blue shift compared to simulation data is almost identical among different cladding
indices’ results, suggesting the devices’ overall sensitivity closely matches the simulated results.
Quantitatively, our experimental data show the overall sensitivity of S ≈ 250 nm/RIU and iLoD
≈ 13x10−3 RIU with the ∆λ3dB ≈ 3.4 nm. From these experiments, we could conclude that our
fabricated devices’ sensitivity and intrinsic limit of detection reasonably agree well with our
numerical designs while preserving their robust polarization-free characteristics (even though
there are spectral shifts due to fabrication imperfections, mainly due to ∆w). In contrast to most
approaches that rely on a single polarization mode operation requiring additional polarization
controlling components [9–29], our devices offer the distinct advantage of being polarization-free,
not necessitating polarization controllers.
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4. Conclusion

In this work, we have proposed and experimentally demonstrated the concept of polarization-free
Bragg filters for integrated photonic sensing applications. The SWG claddings are integrated with
Bragg schemes, expanding the modal overlap with sensing analytes. Two different configurations
with index-matching and hybrid modes are proposed and compared, both exhibiting highly
tolerant polarization independency. Their polarization-free characteristics were realized by
introducing vertical asymmetry, which enables strong coupling between TE0 and TM0 modes for
index-matched design and HM1 and HM2 modes for hybrid design. Thanks to the inherent ability
of SWGs to tailor the modal properties and evanescent waves, we could achieve a high device
sensitivity with the proposed polarization-free Bragg sensors. We report experimental device
sensitivities of ≈ 245 nm/RIU and ≈ 254 nm/RIU for index-matched and hybrid configurations,
respectively, which are quite close to simulated results. Both configurations achieved iLoD
≈ 13x10−3 RIU. With further parameter optimization and slight tuning of our device schemes,
we expect the device’s sensitivity and intrinsic limit of detection to be improved. For example,
each of our schemes can be directly integrated into phase-shifted Bragg grating devices to aim for
a narrow bandwidth passband resonance that is crucial for achieving a low iLoD. Furthermore,
using the properties of SWGs to increase the modal area of interaction with the sensing analytes,
our schemes can offer better design flexibility while improving the sensitivity and detection of
specific biomarkers or pathogens in real biosensing applications. Our polarization-free sensing
schemes offer a robust solution to the challenges of polarization uncertainty prevalent in nearly all
optical systems influenced by environmental factors. This approach, in general, can be expanded
further to other absorption-based sensing techniques and spectral ranges, including mid-infrared
sensing. By eliminating the need for polarization controllers, our schemes can both miniaturize
the system and reduce costs while mitigating polarization uncertainty. With the systematic
integration of on-chip light sources and detectors, our polarization-free Bragg scheme is expected
to support the transition from lab-scale photonic sensing technology to practical and portable
real-world field applications.
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