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Abstract: Subwavelength grating (SWG) waveguides have been shown to provide enhanced light-
matter interaction resulting in superior sensitivity in integrated photonics sensors. Narrowband
integrated optical filters can be made by combining SWG waveguides with evanescently coupled
Bragg gratings. In this paper, we assess the sensing capabilities of this novel filtering component
with rigorous electromagnetic simulations. Our design is optimized for an operating wavelength
of 1310 nm to benefit from lower water absorption and achieve narrower bandwidths than at
the conventional wavelength of 1550 nm. Results show that the sensor achieves a sensitivity of
507 nm/RIU and a quality factor of 4.9× 104, over a large dynamic range circumventing the
free spectral range limit of conventional devices. Furthermore, the intrinsic limit of detection,
5.1× 10−5 RIU constitutes a 10-fold enhancement compared to state-of-the-art resonant waveguide
sensors.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Silicon photonics is a key technology for the optical communication systems as well as a
promising platform for chemical and biochemical detection [1,2]. The latter is important for many
applications, including medical diagnosis, food safety controls, environmental monitoring and
biological and chemical research and development. In addition to the good sensitivity achieved
by silicon-based devices, the main advantages of using this platform are the small footprint and
the compatibility with CMOS manufacturing processes, which facilitates the fabrication at low
cost and the integration in lab-on-a-chip systems.

Most photonic integrated sensors are based on evanescent field sensing. They exploit the
interaction between the evanescent field of a guided mode and the surrounding medium to detect
changes in the effective index of the mode due to changes of the external refractive index. The
changes in the effective index of a waveguide mode is typically mapped to a quantity that can
be readily detected. For example, interferometric sensors map the change in the effective index
into an intensity variation [3,4], while resonant sensors convert it into wavelength shifts [5,6].
Therefore, the capabilities offered by different photonic sensors, like their sensitivity and limit of
detection, strongly depend on both the sensing waveguide and the sensing architecture used in
the detection process [7,8].
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Regarding the sensing waveguides, different types of waveguide geometries have been proposed
in the literature. Initially, conventional photonic wires were used [9]. However, a significant
fraction of the electric field is confined in the core of the waveguide for TE modes or is present in
the buried oxide layer for TM modes, thereby leading to resonant sensors with modest values of
device bulk sensitivity between 70 nm/RIU and 200 nm/RIU for TE and TM polarization [6,10],
respectively. Alternative solutions with stronger light-matter interactions have subsequently
been explored. These include the slot waveguide, with a sensitivity of 300 nm/RIU [5] and
the subwavelength grating (SWG) waveguide with sensitivities over 400 nm/RIU [11–14] and
intrinsic Limits of Detection (iLoD) near 5 × 10−4 RIU. More recently, SWG-slot waveguides
[15] with a bulk sensitivity of 599 nm/RIU or the SWG-multibox waveguides [16,17], with
sensitivities of up to 579 nm/RIU and iLoDs of 10−4 − 10−3 have been reported.

Focusing on SWG waveguides, their potential for sensing arises from their capability to modify
the spatial distribution of the mode profile, thereby maximizing the light-matter interaction,
as shown for the first time in [18]. However, SWG based sensors still have room for further
improvements. For instance, SWG sensing waveguides have mainly been used in ring-resonator
based architectures [11–14], and more recently for bimodal waveguides [19] with bulk sensitivities
as large as 2270 nm/RIU. The dimensions of the SWG waveguides tipically used in evanescent
field sensors have not been specifically optimized for sensing application, inheriting parameters
from other (tipically telecom) applications (i.e., 220 nm thick and 400–600 nm wide silicon wire
waveguides). A recent study at 1550 nm for TE polarization has demonstrated that a further
enhancement of the light-matter interaction is achievable by thickening and narrowing the silicon
segments of SWG waveguides [7]. Finally, the operating wavelength has typically been 1550 nm.
This is an issue when the deposited fluid in the sensor is water-based, since water absorption at
1550 nm is larger compared to shorter wavelengths, e.g., 1310 nm telecom band (52.5 dB/cm and
6.6 dB/cm, respectively) [1,8,20].

SWG waveguides are of great interest not only for sensing applications, but for silicon photonics
in general [21]. For example, recently an ultra-narrowband Bragg-type filter which achieves
measured bandwidths as narrow as 150 pm, yet maintains minimum structural features as large
as 100 nm [22,23], has been demonstrated. This device, represented in Fig. 1, comprises two
arrays of periodic loading silicon blocks operating in the Bragg regime which are evanescently
coupled to a central SWG waveguide operating in the subwavelength regime. By controlling
the separation distance between the Bragg loading segments and the SWG waveguide core, the
bandwidth can be adjusted by design over a broad range.

Fig. 1. Top and perspective view of the Bragg filter structure proposed in [22] and
experimentally demonstrated in [23] that has been analyzed as a sensor in this paper.

In this work we propose the use of such a Bragg-type filter as a sensing structure and optimize
its performance. Small bandwidths can be achieved with this approach resulting in a low iLoD.
Furthermore, the Bragg filter sensor exhibits a virtually unlimited free spectral range, thus
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overcoming the inherent ambiguity of both interferometric and ring resonator architectures with
a periodic response to the measured signal. Our Bragg grating sensor is thus able to detect a large
range of refractive index values, breaking existing trade-offs between sensitivity and dynamic
range. Optimization of the SWG geometry for operation at a wavelength of 1310 nm, where
water absorption is much lower than at 1550 nm, yields a reduction of the iLoD of around one
order of magnitude. The simulation results show that the proposed architecture achieves a bulk
sensitivity of 507 nm/RIU, a quality factor of 4.9× 104 and a remarkably high iLoD of 5.1× 10−5

RIU, which constitutes a 10-fold reduction compared to other state-of-the-art resonant sensors.
The paper is organized as follows. In section 2, the geometry of the structure is presented

along with the models which have been used to study and simulate our device. In section 3, the
fundamental metrics for Bragg refractive index sensors are introduced and our design approach
is discussed in more details. In section 4 the key findings of this work are summarized and
conclusions are drawn.

2. Narrowband SWG Bragg filters: geometry, modeling and general considera-
tions

2.1. Sensor geometry

The SWG based Bragg filter schematic is shown in Fig. 1. It exhibits a double periodicity,
namely the period ΛSWG in the central SWG waveguide and the period ΛB of the array of lateral
loading blocks separated from the central SWG waveguide by a distance s. The loading blocks
are designed to make the structure operate in the Bragg regime at the operational wavelength, so
that at Bragg resonance the forward propagating mode is reflected backwards.

According to the perturbation theory [24], we consider the central SWG waveguide core as the
unperturbed structure and the lateral loading blocks as the perturbation. The width (w), height
(h), pitch (ΛSWG) and duty cycle (DC = a/ΛSWG) [see Fig. 1] of the unperturbed waveguide are
primarily chosen to maximize the light-matter interaction. Its effective index (neff,u) and the
pitch also must ensure that the waveguide is operating in the SWG regime at the wavelength
of interest (neff,u<λ/2ΛSWG) [25]. To minimize substrate leakage loss, the criterion neff,u>1.65
or neff,u>1.55 is used, depending on the thickness of Buried Oxide (BOX), 2 µm or 3 µm,
respectively [26]. Furthermore, once the loading blocks are introduced, ΛB and the effective
index of the full structure must fulfill the Bragg condition

neff =
λr

2ΛB
(1)

at the desired Bragg wavelength λr. The spectral bandwidth will depend on both the block size
(t × u × h) and the distance s at which they are placed: the more separated from the core or the
smaller the blocks are, the narrower is the bandwidth. Note that the perturbation model used in
this work will be valid as long as the perturbation is weak, i.e. when s is large enough (500 nm or
more). In that case, introducing the blocks will not appreciably change the mode effective index
(neff ≈ neff,u).

The device is designed for the Silicon-on-Insulator (SOI) platform, with a buried oxide thickness
hBOX. The analyte is assumed to be water-based, effectively acting as the upper waveguide
cladding layer. Any change in the analyte refractive index nc will lead to a corresponding change
in the resonance wavelength of the filter λr.

2.2. Coupled mode theory

Coupled Mode Theory (CMT) [24] has been successfully applied to study the behavior of Bragg
gratings. In [22] it was demonstrated that the proposed SWG Bragg grating topology can be
properly modeled by CMT. For a weakly modulated grating, CMT yields the reflectance of the
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fundamental mode [27]

|Γ |2 =

|︁|︁|︁|︁ κ tanh(γL)
γ + (α + jδ) tanh(γL)

|︁|︁|︁|︁2 (2)

where:

• L is the grating length. It can be expressed in terms of the number of Bragg periods Np as
L = ΛBNp.

• κ is the coupling coefficient or Bragg strength. It determines the power exchanged between
the forward (incident) and backward (reflected) propagated modes.

• α is the loss constant of the fundamental mode of the unperturbed waveguide, i.e. in
absence of perturbation, the propagating mode amplitude would decay as exp(−αz).

• δ = β − π/ΛB is the Bragg or detuning parameter, where β is the phase constant of the
fundamental mode. The reflectance reaches its maximum for δ = 0 or equivalently, when
the Bragg condition (Eq. (1)) is satisfied.

• γ =
√︁
κ2 + (α + jδ)2 is introduced to make Eq. (2) more compact.

When δ = 0, Eq. (2) can be expressed as

|Γ |2max ≡ |Γ |2
|︁|︁|︁|︁
λ=λr

=
tanh2(γ′κL)(︁

γ′ + α
κ tanh(γ′κL)

)︁2 (3)

which is the maximum reflected power ratio, where γ′ =
√︂

1 + (α/κ)2. This value has an
asymptote when L → ∞, given by

|Γ |2∞ ≡ |Γ |2
|︁|︁|︁|︁L→∞
λ=λr

=

(︄
α

κ
+

√︃
1 +

(︂α
κ

)︂2
)︄−2

. (4)

Therefore, due to the loss (in our case attributed to the cladding medium), the maximum reflected
power decreases with the ratio α/κ. In addition, the bandgap of the structure (∆λB) or the filter
stop bandwidth is proportional to the coupling coefficient

∆λB =
λ2

r κ

πng
(5)

where ng is the group index of the unperturbed fundamental mode and λr is the wavelength of
maximum reflectance.

We need to consider a trade-off when choosing the coupling coefficient κ. As will be shown in
the next section, a Bragg sensor should have the narrowest possible bandwidth. We know through
Eq. (5) that this implies reducing κ. However, as shown in Eq. (4), this would lead to a lower
signal level, which will compromise the sensing performance, and the filter would also require a
higher number of periods to reach the asymptotic maximum reflected power |Γ |2∞, as predicted
by the tanh(γ′κL) dependence of Eq. (3). Therefore, the design is constrained by the minimum
required reflected power at the resonance wavelength. Note that for a given loss parameter α, the
coupling coefficient can be calculated from Eq. (4) as

κ =
2α |Γ |∞
1 − |Γ |2∞

. (6)

Once κ is determined, the filter length L is selected so that |Γ(L)|2max ≈ |Γ |2∞.
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3. Assessment and design method of the proposed Bragg-type sensor

3.1. Performance metrics of Bragg sensors

There are two ways of detecting changes in the analyte: bulk sensing and surface sensing [7,28].
For both of them, the important metrics are the sensitivity and the Limit of Detection (LoD)
[29]. In this work, we will focus on bulk sensing, but all the outlined principles are also valid for
surface sensing.

Bulk sensing measures the overall changes in the cladding refractive index. A change in
the cladding refractive index will affect the mode effective index of the structure, yielding the
waveguide bulk sensitivity

Sw =
∂neff
∂nc

(︃
RIU
RIU

)︃
(7)

where nc is the cladding refractive index. Since the mode effective index is not measured directly,
the sensing waveguide is incorporated into a photonic circuit to convert the effective index
variation into a measurable quantity. In the case of ring resonators or Bragg gratings, that quantity
is a shift of the resonance wavelength (λr). Therefore, the architecture sensitivity is defined as

Sa =
∂λr
∂neff

(︂ nm
RIU

)︂
(8)

and for resonant structures [30]
Sa =

λr
ng

(︂ nm
RIU

)︂
(9)

where ng is the group index of the fundamental mode. Equation (9) has been typically used for
ring resonators, but it is also valid for weak Bragg sensors studied in this work. A simple and
graphical demonstration of the Bragg architecture sensitivity is presented in Appendix A.

As a result, the total device bulk sensitivity can be calculated as the product of the above
defined parameters, i.e. the architecture and waveguide sensitivities:

Sd =
∂λr
∂nc
=
∂λr
∂neff

∂neff
∂nc

= SaSw =
λr
ng

Sw

(︂ nm
RIU

)︂
. (10)

To compare sensors operating at different wavelengths (λ0), it is useful to consider the normalized
sensitivity [30,31] given by

S′
d =

Sd
λ0

(︂
RIU−1

)︂
. (11)

The Limit of Detection is defined as the minimum detectable refractive index unit change that can
be accurately resolved by the measurement apparatus, which, for resonant and Bragg architectures,
corresponds to the minimum distinguishable resonance wavelength shift. Consequently, the LoD
depends on several factors such as the physical properties of the sensor, the chosen architecture,
the system noise and the measurement set-up. In order to compare different filtering structures,
the half power bandwidth or 3 dB filter linewidth as minimum detectable wavelength shift is
often used [30,31]. Then, the intrinsic LoD (iLoD) is

iLoD =
∆λ3dB

Sd
=
λr

QSaSw
(RIU) (12)

where Q is the quality factor of the filter. As can be deducted from Eq. (12), the narrower the
bandwidth and the higher the device sensitivity, the lower the iLoD. Note that the actual LoD
will be orders of magnitude lower depending on the factors discussed before.
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3.2. Enhancement of the iLoD at 1310 nm

The intrinsic Limit of Detection of the proposed Bragg filter can be estimated using the parameters
described in the previous sections. The total loss coefficient of the fundamental mode is given by

α ≈ Swαc + αw (13)

where αc = αH2O(λ) is the loss constant of the cladding material and αw is the additional loss
due to waveguide imperfections (e.g. surface roughness). Given a reflectance requirement |Γ |2∞
and assuming that the linewidth is close to the bandgap, the iLoD can be approximated from
Eqs. (6) and (12) as:

iLoD =
∆λ3dB

Sd
≈
∆λB
Sd
=
λrκ

πSw
=

2|Γ |∞
π

(︁
1 − |Γ |2∞

)︁ αλr
Sw
= C
αλr
Sw

≈

≈ Cαcλr + C
αw
Sw
λr = iLoDc + iLoDw

(14)

where C = 2|Γ |∞/[π(1 − |Γ |2∞)]. Equation (14) shows that the iLoD can be represented as the
sum of two terms, depending on the cladding loss and the waveguide loss, respectively.

Since αH2O(1550 nm) = 604.8 m−1 and αH2O(1310 nm) = 76.0 m−1 [20], and using the
sensitivity designed in sec. 4.1 (Sw = 0.93), the requirement used in sec. 4.2 (|Γ |2∞ = 0.25) and
neglecting the term iLoDw (αc ≫ αw/Sw), from Eq. (14) we obtain

iLoD
|︁|︁|︁
λ=1550 nm

≈ 4.0 × 10−4 RIU (15)

iLoD
|︁|︁|︁
λ=1310 nm

≈ 4.2 × 10−5 RIU (16)

which confirms the expected order of magnitude reduction of the iLoD. Note that the real iLoD is
slightly larger since ∆λ3dB>∆λB. Waveguide losses due to roughness are very difficult to predict
via simulation and this is out of the scope of this study. Nevertheless, a small increase of the total
loss coefficient will only result in a slight reduction of the reflectance compared to the nominal
value.

3.3. Sensor optimization strategy

The estimation of the total sensitivity of the Bragg sensor can be made from the characteristics
of the unperturbed waveguide. This makes the design process easier to deal with, as it can be
divided into two practically decoupled stages.

In the first stage we design the SWG waveguide geometry to maximize the device sensitivity Sd.
To estimate Sd using Eq. (10), it is necessary to calculate the effective index of the fundamental
Floquet-Bloch mode and its derivatives with respect to nc and λ. This can be accomplished by
using the 3D full-vectorial Floquet-Bloch mode solver MIT Photonic Bands (MPB) [32].

In the second stage, the lateral blocks size, their position and grating pitch are designed
according to the following procedure. First, the nominal operating wavelength λ0 is chosen
to be the resonance wavelength for a reference value nc,0 of the cladding refractive index, i.e.
λ0 = λr(nc,0). The Bragg condition [Eq. (1)] is used to determine ΛB with the effective index
calculated in the previous stage. To accurately distinguish small shifts of λr, narrow bandwidths
∆λ3dB are preferred hence the coupling coefficient κ should be as small as possible. However,
the trade-off discussed in sec. 2.2 sets a limit to the minimal value of κ, which is calculated
from Eq. (6). MPB is utilized to compute the bandgap of the filter and we use it along Eq. (5) to
determine a combination of s, t and u for a given κ. Finally, Np is set to obtain the reflectivity
close to the maximum reflectance predicted by Eq. (4).
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To verify the validity of the proposed design strategy, the sensitivity is also calculated using
MPB by varying the cladding refractive index and determining the central bandgap wavelength.
The calculated central wavelength should coincide with the maxima of Eq. (2) for the same nc
values, thus yielding the same sensitivity as obtained from the perturbational method.

4. Sensor performance evaluation

Based on the outlined theoretical considerations, we will now address the design and evaluation
of a refractive index sensor based on the SWG Bragg grating at the wavelengths near 1310 nm.

4.1. SWG sensing waveguide optimization

As discussed in the previous section, the device bulk sensitivity can be estimated from the
characteristics of the unperturbed waveguide. Thus, the design method relies on finding the
dimensions of the SWG waveguide which maximizes the sensitivity. To this end, the two factors
determining the device bulk sensitivity (i.e. Sa and Sw) were separately calculated for a wide
range of widths, heights and duty cycles for both TE and TM polarizations. The simulation results
are shown in Fig. 2. The curves were calculated for the following sets of values: w ∈ [300, 450]
nm; h ∈ [220, 340] nm and DC ∈ [0.3, 1.0]. In all cases we assume ΛSWG = 215 nm, which
ensures that at λ0 = 1310 nm the waveguide core operates in the subwavelength regime. At the
operating wavelength, refractive indexes of silicon and silicon dioxide are nSi(λ0) = 3.503 and
nSiO2 (λ0) = 1.466, respectively [20]. Water upper cladding refractive index was varied from 1.31
to 1.33 to calculate the waveguide bulk sensitivity, assuming nc,0 = nH2O(λ0) = 1.32.

The behavior observed in the curves of waveguide bulk sensitivity Sw for both polarizations is
as expected and agrees well with that recently reported for a wavelength of 1550 nm in [7]. The
reduction in the duty cycle of the SWG waveguide causes two simultaneous and opposing effects,
as a result of the asymmetry in the refractive indexes of BOX and water upper cladding. While
the field delocalization causes an increase in Sw, a displacement of the mode towards the BOX
tends to decrease Sw. At the point where the two effects compensate each other, the waveguide
sensitivity reaches a maximum. The value of maximum waveguide sensitivity and the duty cycle
at which it is reached depends on the ratio h/w. By selecting a high h/w ratio for TE polarization,
it is possible to achieve waveguide sensitivity values higher than unity for duty cycles close to 50
%, which is preferred for manufacturability. Concerning architecture sensitivity Sa, the calculated
curves show that it monotonically decreases as the field confinement increases, which is expected
since Sa is inversely proportional to the group index [Eq. (9)].

By multiplying the sensitivities Sa and Sw, the final device bulk sensitivity Sd is obtained. In
Fig. 3, Sd curves are shown along with the effective index for the same dimensions as in Fig. 2.
An infinite BOX was used in our simulations. This does not imply a practical limitation as it
allows us to determine the BOX-thickness (2 µm or 3 µm) that could be used for each combination
of parameters while maintaining negligible leakage loss. This is achieved, as experimentally
demonstrated in [26], by ensuring that the effective index of the fundamental Floquet-Bloch
mode is above 1.65 and 1.55, for a BOX thickness of 2 µm and 3 µm, respectively. For each width
and height, the DC that yields the maximum sensitivity while keeping neff>1.55 is indicated with
a solid dot. As can be seen, a remarkably high value of 507 nm/RIU is obtained, for w = 300 nm,
h = 340 nm, DC = 55 % and TE polarization.

Comparing both polarizations, it is observed that TM polarization attains lower values of
sensitivity and is less affected by changes in the dimensions of the silicon blocks. This is because
the TM mode has a larger portion of field traveling inside the BOX compared to the TE mode, as
can be seen in Fig. 4, where their respective electric field profiles are plotted for the case of the
maximum sensitivity.
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Fig. 2. SWG waveguide (solid, left axis) and Bragg grating architecture (dashed, right axis)
sensitivities computed for TE and TM modes and different geometries. We use a constant
pitch ΛSWG = 215 nm to ensure the SWG regime. The operating wavelength is 1310 nm.
The sensitivity of the TM mode is less affected by dimensions variation compared to the TE
mode. For the latter, the waveguide bulk sensitivity can exceed 1 RIU/RIU when increasing
the ratio h/w.
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Fig. 3. Device bulk sensitivity curves (solid, left axis) calculated as a product of curves
presented in Fig. 2 and effective index curves of the unperturbed waveguide (dashed, right
axis). The dots in different sensitivity curves indicate the points where maximum sensitivity
is achieved while keeping leakage loss negligible for a BOX thickness of 3 µm (i.e. neff>1.55).
Due to the invariability of TM polarization waveguide sensitivity, device sensitivity is limited
to 400 nm/RIU. With the TE mode, the sensitivity as high as 507 nm/RIU can be achieved
(w = 300 nm, h = 340 nm) for the duty cycle near 0.5, the latter facilitating the fabrication
of the structure.
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Fig. 4. Calculated electric field amplitude of the TE and TM fundamental Floquet-Bloch
modes of the SWG waveguide. The dimensions of the waveguide are w = 300 nm, h = 340
nm, DC = 55 % (TE) and w = 450 nm, h = 340 nm, DC = 35 % (TM), ΛSWG = 215 nm.
The effective index is 1.55 for both polarizations. Note that the TM mode has a substantial
part of the field intensity in the BOX layer, hence not interacting with the analyte. The
TE field has a larger overlap with the analyte (upper cladding) region, leading to a higher
sensitivity. The maximum sensitivities are 507 nm/RIU and 387 nm/RIU for TE and TM,
respectively.

4.2. Bragg filter design and sensor validation

The next step in our design flow is determining the parameters of the Bragg grating. Using
Eq. (1) and the effective index of the optimal geometry determined in the previous section (i.e.
neff = 1.55), the Bragg pitch is set to ΛB = 422 nm. The loss coefficient of water at 1310
nm is αc = 76.9 m−1 [20] so that the loss constant of the fundamental mode is estimated as
α ≈ Swαc = 71.5 m−1. Using |Γ |2∞ = 0.25 (see Table 1 for other reflectance values), from Eq. (6)
we obtain the coupling coefficient κ = 95.3 m−1 which corresponds to a 3-dB bandwidth of 27
pm, or, equivalently, a Q factor of 4.9 × 104. To simplify the design, we initially set the lateral
block size to t × u = 100 nm × 100 nm for compatibility with deep-UV lithography. Then, by
using MPB simulations, the separation s is swept until the desired bandgap is obtained. We
have determined that the bandgap is achieved for s = 0.95 µm. We used a grid resolution of 200
px/µm and a convergence tolerance of 10−7. Using Eq. (12), an iLoD of 5.1 × 10−5 RIU was
determined. In order to reach the desired reflectance, the required length of the Bragg grating is
on the order of 23 mm. Note that this makes it impractical to corroborate these results using an
FDTD simulator, underscoring the relevance of the CMT model used in this work. For practical
implementation and efficient utilization of wafer area spiral waveguides can be used [33,34].
The phase distortion caused by the effective index dependence on the bending radius can be
compensated at the design stage [34]. Using this technique, we estimate the footprint of the
sensor to be approximately 430 × 430 µm2.
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Table 1. Dependence of the sensor parameters on the reflectance requirement at the resonance
wavelength.

|Γ |2∞ κ (m−1) ∆λ3dB (pm) iLoD (×10−5 RIU) L (cm)

0.75 495.37 118 23.3 0.58

0.5 202.2 49 9.7 1.3

0.25 95.3 27 5.1 2.3

We calculated the reflection spectra from the effective index curves of the unperturbed
waveguide neff(nc, λ). The effective index was computed with MPB in a wavelength range of
1310 nm ± 15 nm for cladding refractive indexes from 1.30 to 1.34. These curves together with
the aforementioned parameters were introduced in Eq. (2) to calculate |Γ(nc, λ)|2. To verify the
design, the whole perturbed structured is introduced in MPB to calculate the bandgap of the
fundamental TE Floquet-Bloch mode, for the same set of nc values. The results calculated by
these two methods are shown in Fig. 5. The shift of the resonance wavelength agrees well in both
cases, corroborating the design approach used in this work. Table 2 summarizes the performance
of a representative set of recently published SWG-based sensors with experimental validation,
including in the last row our simulation results to ease the comparison. The Bragg grating
sensor designed in this work is inherently FSR-free, highly competitive in terms of sensitivity
(507 nm/RIU) and exhibits a substantial improvement in iLoD (5.1 × 10−5), thus confirming
the potential of this approach and offering promising prospects for using SWG waveguides as
refractive index sensors.

Fig. 5. Reflectance curves obtained with CMT model (in colors) for nc ∈ [1.30, 1.34]
and resonance wavelength as a function of nc (black line) calculated with MPB bandgap
simulations. In both cases the calculated sensitivities agree with the designed value, Sd =
507 nm/RIU. Note that the typical Bragg grating sidelobes in the spectra vanish due to the
water absorption.

A tolerance study showed that varying ±10 nm the geometrical parameters w, a, t and u only
causes a 2 % reduction in the device sensitivity and a ±3 × 10−5 RIU change in the iLoD, while
the resonance wavelength experiments a ±30 nm shift.
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Table 2. Comparison with other TE-polarized SWG-based sensors of the bibliography.

Sensor Architecture Sw Sd S′d iLoD FSR Fabrication

(RIU/RIU) (nm/RIU) (RIU−1) (×10−5 RIU) (nm)

[11] Ring 0.45 383 0.247 99 5 Single etch-depth

[12] Ring 0.89 490 0.316 55 4 Single etch-depth

[13] Ring 0.85 440 0.284 39 12.5 Single etch-depth

[15] MZIa 0.79 -599 -0.386 n/a 13 Single etch-depth

[16] Ring 0.80 580 0.374 100 6 Single etch-depth

[17] PSBGb n/a 579 0.374 36 20c Single etch-depth

[35] Ring 0.97 575 0.371 175 5 Substrate over-etch

[36] Ring 1.03 545 0.352 157 13 Lateral wet etching

This Bragg 0.93 507 0.387 5.1 FSR-free Single etch-depth
work

aMach Zehnder interferometer
bPhase shifted Bragg grating
cBandgap structure

5. Conclusions

The bulk sensing performance of a novel narrowband subwavelength engineered Bragg grating
has been studied. The topology is based on a subwavelength grating waveguide core evanescently
coupled to periodic lateral loading segments forming a Bragg filter structure. We use the operating
wavelength of 1310 nm, since water-based analyte absorption is lower than at 1550 nm. A
comprehensive procedure for designing the device has been devised: first dimensioning the SWG
central waveguide to maximize the device sensitivity and then determining the size and location
of the loading segments to achieve the targeted filter response, including central wavelength and
bandwidth. The calculated results, including sensitivity Sd = 507 nm/RIU and intrinsic limit
of detection iLoD = 5.1 × 10−5 RIU, were obtained by the perturbational theory and compared
with 3D simulations of the bandgap of the complete sensing structure, yielding good agreement.
Compared to other sensing architectures, our device shows remarkable characteristics including
a 10-fold reduction in intrinsic limit of detection and an increased dynamic range, the latter
circumventing the free spectral range limit of conventional devices. We believe that these results
open exciting prospects for future implementation of this new concept in more complex photonic
architectures for on-chip biochemical sensing.

A. Sensitivity in Bragg-type sensors

Figure 6 illustrates the operation of weak Bragg gratings. In a first step, the variation of effective
index as a function of the wavelength of the fundamental mode of the unperturbed waveguide is
calculated in the vicinity of the resonance wavelength (λr) for two different values of cladding
refractive index. This is shown in Fig. 6 with blue solid and dashed lines for nc and nc + ∆nc,
respectively. Then, the red line corresponds to the Bragg condition [Eq. (1)], whose slope is
given by

1
2ΛB

=
neff(nc, λr)

λr
. (17)

Superposing it in Fig. 6 allows us to determine the wavelength shift that the spectral response of
the Bragg filter will experience when the cladding refraction index varies from nc to nc + ∆nc.
Assuming that both curves of effective index have a linear wavelength dependence and have the
same slope, i.e., they only differ by a displacement factor equal to Sw(nc, λr) × ∆nc as shown in
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Fig. 6, it can be deducted that the slope of the red straight line is

1
2ΛB

= tan θ =
Sw(nc, λr) × ∆nc +

∂neff
∂λ

|︁|︁
nc,λr

× ∆λr

∆λr
(18)

from which, after introducing the Bragg condition, the following expression of device bulk
sensitivity is found

Sd(nc, λr) ≈
∆λr
∆nc
=

2ΛBSw(nc, λr)

1 − 2ΛB
∂neff
∂λ

|︁|︁
nc,λr

=
λrSw(nc, λr)

neff(nc, λr) − λr
∂neff
∂λ

|︁|︁
nc,λr

. (19)

Finally, recognizing that the denominator is the definition of the group index, we find the following
expression

Sd(nc, λr) =
λr(nc)

ng(nc, λr)
Sw(nc, λr) (20)

which is the same as Eq. (10).

Fig. 6. Graphical demonstration of the expression of sensitivity for sensors based on weak
Bragg gratings. The blue lines represent the curves of effective index versus the wavelength
of the unperturbed waveguide (in our case the SWG waveguide) for two different and very
close values of cladding refractive index, nc and nc + ∆nc. The red dash-dot line represents
the Bragg condition.

Although the demonstration has been carried out under the assumption that the perturbation is
weak, this does not imply a loss of generality. The modification of the effective index curves of the
perturbed guide neff with respect to the unperturbed one neff,u will only result in a displacement
of the resonance wavelength, which can be readily corrected by modifying the resulting period
ΛB so that the Bragg condition is maintained at the wavelength of interest

λr = 2ΛBneff,u(nc, λr) = 2Λ′
Bneff(nc, λr). (21)
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