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Abstract

Mid-infrared spectroscopy enabled by silicon photonics has received great interest in recent years as a pathway for a
scalable sensing technology. The development of such devices would realise inexpensive and accessible instrumentation
for a wide variety of uses over numerous fields. However, not every sensing application is the same; to produce sensors
for real-world scenarios, engineers need flexibility in device design but also need to maintain compatibility with scalable
fabrication processes. Sub-wavelength gratings can offer a solution to this problem, as they enable the engineering of
optical properties using standard fabrication techniques and without requiring new materials. By using sub-wavelength
gratings, specific design approaches can be tailored to different applications, such as increasing the interaction of a
sensor with an analyte or broadening the bandwidth of an integrated photonic device. Here, we review the development
of sub-wavelength grating-based devices for mid-infrared silicon photonics and discuss how they can be exploited for
spectroscopic and sensing devices.
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1. Introduction

The mid-infrared (MIR) wavelength range of 2 - 20
µm offers significant opportunity for specific and sensitive
detection and quantification of chemicals across a wide va-
riety of applications. This provides an obvious advantage,
for example, in gas sensing where many gases have distinct
and strong absorption lines in the MIR. This contrasts
with other sensing regimes such as those at near-infrared
(NIR) wavelengths, where techniques like overtone spec-
troscopy and refractometry have comparatively weak ab-
sorptions or a lack of innate specificity, respectively. The
ability of MIR spectroscopy to distinguish different chem-
icals within an analyte mixture is critical for real-world
scenarios where a variety of substances may be present.
In applications with liquid-phase analytes, scenarios with
complex mixtures might be the blood analysis of a hospi-
tal patient, or monitoring liquid composition for industrial
process control.

Integrated photonics has received significant attention
and research effort for several decades for use in a variety of
applications. In particular, silicon and other group IV ma-
terials have proved attractive because they are compatible
with complementary metal-oxide-semiconductor (CMOS)
fabrication and can therefore take advantage of the ma-
ture production infrastructure for microelectronics. Fur-
thermore, the properties of group IV materials mean they
have received significant attention for use at MIR wave-
lengths [1]. Silicon and germanium especially have broad
transparencies in the MIR (up to 8 µm and 15 µm respec-

tively) and large refractive indices (approximately 3.4 and
4.0 respectively), so offer the potential for low-loss waveg-
uides and compact devices over a large wavelength range
[2, 3]. Alternatively, lower refractive index materials like
silicon nitride (index of approximately 2.0) can be used
for larger evanescent fields, which can be advantageous
for sensing applications [4]. However, this compromises
the MIR transparency as silicon nitride is absorbing above
6.7 µm. Various devices have been demonstrated for the
MIR range in recent years, across a variety of material
platforms, including: low-loss waveguides [5–12], sensing
demonstrators [4, 13–16] and spectrometers [17–19].

The challenge for MIR sensing is that conventional in-
struments are either expensive and restricted to labora-
tory benchtops, or are specialised and lack the flexibility
to sense multiple analytes. For example, a benchtop MIR
spectrometer requires costly assembly of multiple compo-
nents and has moving parts that require calibration, lim-
iting its utility for many applications. By leveraging inte-
grated photonics in silicon and other group IV materials,
the functionality of a MIR spectrometer or sensor can be
replicated on a “lab-on-a-chip”, a small solid-state device
that could be produced at low-cost and high-volume us-
ing existing CMOS fabrication processes. Consequently,
such silicon photonic sensors could be cheap, robust and
portable, therefore also accessible and suitable for point-
of-need testing, independent of location or access to fa-
cilities. Furthermore, silicon photonics can facilitate ad-
ditional functionality in the device, such as on-chip self-
referencing [20] or through established packaging with mi-
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crofluidics [21, 22].
As silicon photonic sensors are based on planar stacks

of materials, the passive optical behaviour of the waveg-
uides and circuits is typically determined by the inclu-
sion (or removal) of new layers in the stack, or structur-
ing in-plane by patterning with lithography and etching.
However, patterning periodic grating structures at a sub-
wavelength scale can yield in-plane devices that behave as
homogeneous media, with optical properties directly de-
termined by the grating geometry. These sub-wavelength
gratings (SWGs) offer more design freedom and can be tai-
lored to provide specific benefits, dependent on the appli-
cation for the device. Importantly, they offer no additional
fabrication complexity over standard waveguide etching.

In this paper, we will review how SWGs have been
used to enhance the advantages of silicon photonics for
MIR spectroscopy and sensing. In Section 2, we introduce
the working principles of SWGs, before outlining the two
main approaches for on-chip sensing in the MIR in Section
3. We will then review how the sub-wavelength gratings
have been used in each of the two sensing modalities for
different benefits in Sections 4 and 5.

2. Sub-wavelength gratings

For a periodic grating with alternating layers of differ-
ent refractive index material (see Figure 1), the propaga-
tion of light perpendicular to the layers (in the k-direction)
is determined by the relationship of the grating period,
Λ, and the wavelength of the light incident on the grat-
ing, λ. When the wavelength is equal to the Bragg wave-
length λBragg = 2neffΛ, where neff is the effective index of
the Bloch-Floquet mode in the grating, the mode cannot
propagate forwards as its frequency is within the photonic
bandgap of the grating, and thus the light is completely re-
flected. In the regime where λ < λBragg, the Bloch-Floquet
mode is leaky and light will radiate from the grating as it
propagates, while for λ > λBragg the mode is guided with
no reflective or radiative losses [23].

It is this final regime, where the grating becomes an
SWG, that provides greater freedom of design. Close to
the bandgap, the structure must be considered in full for
accurate modelling but at longer wavelengths, λ ≫ Λ, the
grating can be approximated as an homogeneous material
with an anisotropic refractive index tensor nSWG:
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Figure 1: Illustration of the bandstructure of a one-dimensional grat-
ing with period Λ. For light propagating with wavevector k, prop-
agating modes at frequency ω are shown in the bandstructure by
blue lines. The yellow shaded region indicates the bandgap, with no
propagating modes. The red dashed line shows the dispersion for a
homogenous waveguide (with n1 = n2), and the region in which the
periodic structure can be approximated as homogenous is shown by
the dashed orange circle. [inset] Illustration of the grating, consisting
of material layers with respective indices n1 and n2, and thicknesses
a and Λ− a.

for a grating consisting of materials with indices n1 and n2,
and with a feature size a (for n1). Evidently, from Equa-
tions 1 and 2, the refractive index of the grating can be
tuned between n1 and n2 by varying the duty cycle, a/Λ,
and period of the grating, enabling far greater range of
control of optical behaviour solely from lithographic pro-
cesses. This characteristic of SWGs which has meant they
have found significant usage at NIR wavelengths across
a breadth of literature; the reader is referred to previous
reviews for implementations of SWG devices in the NIR
range [23, 25–27].

Critically for device designers, the feature sizes of the
SWG, a and Λ − a (for n1 and n2 respectively), pro-
vide a hard limit on the freedom of the grating design
to be readily fabricated using typical modern lithogra-
phy techniques. Further, as integrated photonic devices
move to longer MIR wavelengths, while the grating period
can increase comparatively (relaxing the lithographic con-
straint), thicker waveguiding layers will be required and
this provides a different set of fabrication challenges. Fea-
tures with large aspect ratios are difficult to fabricate with
a uniform etch profile and factors such as aspect ratio-
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dependent etching have non-negligible effects [28]. SWGs
are particularly sensitive to fabrication errors from under-
etched material within the grating and, as a consequence,
can quickly deviate from their designed performance. To
date, SWG devices have not been demonstrated (to the
authors’ knowledge) on germanium layers thicker than 1
µm in integrated photonic circuits [29].

3. Sensing systems

To achieve absorption spectroscopy on a silicon pho-
tonic chip, there are broadly two approaches that can be
taken. The first method is to use a narrowband laser that
can be tuned over an absorption feature of the analyte, or
multiple features if spectrally close. For example, a quan-
tum cascade laser can be tuned over a range sufficient to
resolve a gas absorption line [30], as can distributed feed-
back lasers [31]. Broader tuning of a laser is possible using
on-chip external cavities [32]. Techniques such as wave-
length modulation spectroscopy can even increase the sen-
sitivity of the device through tuning of the input source
[33, 34].

As illustrated in Figure 2, the tunable source is coupled
into a chip and the optical power is split equally into two
paths. One of these acts as a real-time reference to account
for variation of input power, which may be induced while
tuning, or alternatively due to fabrication or alignment
stability. The other path is exposed to the analyte, such
that the evanescent field of the waveguide mode interacts
with the analyte and results in a wavelength-dependent
absorption as the source wavelength is swept. The source
itself can be external with a coupling mechanism (such
as free-space, fibre, or interconnect) or integrated on the
chip, in either a monolithic [35] or hybrid [36] system. By
measuring the transmission through the sensing arm and
normalising to the reference arm, to remove any losses not
induced by the analyte, the absorption spectrum for the
analyte can be recovered.

The approach illustrated in Figure 2 is particularly ap-
propriate for gas sensing as gases have strong and nar-
row absorption features. Typically, the relative concen-
trations for gas sensing in many use cases are very small
because trace amounts are being measured against the
atmospheric background. For example, in monitoring of
the three predominant environmental greenhouse gases,
the global average atmospheric concentrations of carbon
dioxide, methane and nitrous oxide are 417 ppm (August
2023), 1.9 ppm (July 2023) and 0.3 ppm (July 2023) re-
spectively [37]. Despite the strong absorption lines, the
low concentrations means that the sensitivity of the sys-
tem must be maximised. The general focus from a device
design perspective is then to maximise the light-analyte
interaction in the system, which can be achieved by in-
creasing the optical path length that is exposed to the
analyte, or the fraction of light in the waveguide that over-
laps with the analyte, or both. Put differently, we require
waveguides to have a minimal propagation loss, α, and a

Figure 2: Illustration of a simple chip for narrowband tunable laser
absorption spectroscopy.

maximal modal confinement in the analyte, Γ [38], for the
greatest fractional change in optical power ∆P [39]:

∆P = exp(−αL) · [1− exp(−Γα′L)]

≈ exp(−αL) · Γα′L
(3)

where α′ is the loss per unit length caused by the analyte.
Notably, in a high-index waveguide the material disper-
sion has be accounted for when calculating Γ (assuming
propagation of light in the z-direction) [40]:

Γ =
ng

Re{ncl}

∫∫
cl
ε|E|2dxdy∫∫∞

−∞ ε|E|2dxdy
(4)

where ng is the group index of the waveguide mode, ncl is
the refractive index of the cladding, ε is the permittivity
and E is the electric field.

Various waveguides have been proposed to maximise
the external modal confinement such as slot waveguides,
where the light is confined to a channel in the centre of
the waveguide [41–44], or membrane waveguides, that al-
low access to the evanescent mode both above and below
the waveguide [15, 45, 46]. However, these designs typ-
ically have drawbacks such as high-propagation losses or
complex fabrication with restrictive tolerances, which lim-
its their scalability.

In the second approach, rather than using a single
wavelength, a broadband source is coupled into the circuit.
The interaction between the light and the analyte could
occur on or off-chip, as it may be advantageous in some
scenarios to not risk contamination of the device, such as
when processing biological samples, but to still miniatu-
arise the overall instrument. In both configurations, the
photonic circuit would be used to reconstruct the absorp-
tion spectrum through either: (a) Fourier-transform in-
frared (FTIR) spectroscopy; or, (b) MIR dual-comb spec-
troscopy [47, 48]. For this discussion, we will focus on
FTIR spectroscopy but the considerations paid to the broad-
band operation of the circuit components are applicable to
either case.

While the thermal sources typically used in FTIR spec-
troscopy cannot be coupled efficiently into a waveguide,
other options for broad MIR sources could include arrays
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Figure 3: FTIR spectrometer with fixed delay lines, with light-
analyte interaction off-chip.

Figure 4: FTIR spectrometer with tunable delay lines, and on-chip
light-analyte interaction.

of quantum cascade lasers [49], supercontinuum genera-
tion [50–52] or on-chip broadband emitters [53]. Follow-
ing the light-analyte interaction, the light is passed to
the spectrometer, such as those illustrated: an array of
Mach-Zehnder interferometers (MZIs) with fixed path de-
lays (Figure 3), such as [17], or a single MZI with a tunable
delay from on-chip heaters (Figure 4), as in [18]. Both cir-
cuits are required to operate over a large spectral range
and therefore the individual circuit components (includ-
ing waveguides) must also have a broad working band-
width. These devices would be used where the application
necessitates analysis of multiple features in the absorp-
tion spectrum and thus it is a requirement to not have
strong wavelength-dependent spectral features from the
circuit. Multimode waveguides, while having been used
for broadband sensing demonstrations [54], would cause
such wavelength-dependent features due to the beating as
the different supported modes interfere and may result in
wavelength-dependent errors in the power spectral density
measurement, limiting the FTIR sensitivity and resolu-
tion.

However, designing a silicon photonic waveguide to be
single-mode over a large wavelength range is inherently
more challenging than for a narrow optical band. For a
rib or strip waveguide of a fixed geometry, towards shorter
wavelengths the waveguide becomes multimoded, while at
longer wavelengths the fundamental mode is cut off. Ma-
terial platforms like SiGe have relied on the dispersion in-
herent to the material to expand the bandwidth of the
waveguide and other devices (including splitters and inter-
ferometers) [55, 56], but this the approach is not applicable

to rib or strip waveguides in other platforms.

4. Devices for narrowband circuits

Within narrowband gas sensing applications, SWGs
can provide much needed flexibility to realise novel waveg-
uide designs. As discussed in the previous section, the
focus here is to maximise modal overlap with the analyte,
Γ, without increasing (or even reducing) the waveguide
loss, α.

Suspending waveguides, in both silicon and germanium,
by removing of the underlying cladding allows the full
transparency range of the waveguiding layer to be ex-
ploited. For example, the silicon dioxide layer in silicon-
on-insulator (SOI) starts absorbing for λ > 4 µm and the
waveguide mode will have a non-negligible evanescent field
that overlaps with it, thereby increasing α. For suspended
waveguides, this absorption by the cladding material is
avoided by simply removing the cladding. For gas sensing,
this provides the additional advantage that the analyte can
access the evanescent field on both sides of the waveguid-
ing layer.

The waveguides are suspended by locally underetch-
ing using a wet chemical or vapour etch to remove the
lower cladding, typically silicon dioxide removed using hy-
drofluoric acid. Vias between the surface and cladding are
required to provide access to the etchant and, for some de-
signs, the waveguide and the vias are defined with separate
lithography and etch steps [12, 15, 57].

An alternate approach is to use an SWG cladding for
suspended waveguides, similar to that shown in Figure 5.
In the SWG, the holes are fully etched to reach the under-
lying layers, with strips of the waveguiding layer spanning
the gap between the membrane waveguide and the un-
etched regions to form the rest of the grating. This means
that the holes can act as the vias and, because the holes
are also used to define the waveguide, this significantly
simplifies fabrication to a single lithography and etch step.
Moreover, the vias are immediately adjacent to the waveg-
uide and so it is more straightforward to obtain uniform
removal of the cladding underneath the waveguide, which
can otherwise cause reflections, scattering or absorption.

Suspended waveguides with SWG claddings have been
demonstrated in both silicon and germanium with low
propagation losses: for suspended silicon, α = 0.82 dB/cm
and 3.1 dB/cm for λ = 3.8 µm and 7.67 µm respectively
[58, 59]; for suspended germanium, α = 5.3 dB/cm at
λ = 7.7 µm [29]. Note that the longer wavelength demon-
stration for suspended silicon [59] required a silicon layer
thickness of 1.4 µm, rather than 500 nm in [58], to prevent
substantial vertical power leakage to the substrate. Hybrid
SWG-clad slot waveguides have also been demonstrated,
to increase Γ: α = 2.8 dB/cm at λ = 2.25 µm [60]. SWG-
clad suspended silicon waveguides have also been used for
demonstrations of gas sensing at λ = 6.65 µm [16] and to
build an FTIR spectrometer for λ ∼ 5.5 µm [61].
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Figure 5: Illustration of the suspended silicon waveguide (width
Wwg and thickness tSi) with SWG cladding (width Wclad), in which
light propagates in the z-direction. The underlying silicon dioxide
cladding (thickness tBOX) has been removed.

The confinement of the modes for the SWG-clad waveg-
uides comes from the refractive index contrast between the
waveguide material (nSi or nGe) and nSWG. Like the grat-
ing holes that act as etchant vias, the strips in the SWG
also serve a dual purpose and provide support for the cen-
tral core. Consequently, there are three main considera-
tions when designing these waveguides [29].

1. Mechanical stability: are the strips thick enough to
be mechanically robust?

2. Fabrication: can the etchant flow through the holes?
Are the features smaller than lithography allows?

3. Optical properties: does the period of the cladding
satisfy the SWG condition? Is the waveguide single-
moded?

The flexibility afforded by the SWG geometry allows all
three criteria to be satisfied to some degree, with a level
of compromise between them [62]. Notably, the suspended
silicon waveguides using SWG cladding can be produced
using deep-ultraviolet lithography as part of a multi-project-
wafer service and, for example, is offered as a platform
by CORNERSTONE (a research-aligned rapid prototyp-
ing facility) [63].

The all-dielectric metamaterial-comb (ADMAC) waveg-
uide of Liu et al. (Figure 6) is a similarly suspended design
but with a very different structure [64]. For this waveguide,
both the waveguide core and the cladding consist of an
SWG. Using an interdigitated comb structure, where sili-
con strips extend to interlock at the centre, light is guided
in the region where the interlocking features overlap. Lat-
eral confinement is provided by the non-overlapping re-
gions that have a different duty cycle than the core re-
gion. While the loss of the ADMAC waveguide is larger
than SWG-clad waveguides (4.7 dB/cm at λ = 7.33 µm)
it achieves Γ = 113% (i.e. better than free space) due to
the waveguide dispersion. Compared to other suspended
silicon waveguides with lower propagation loss, such as
free-standing waveguides (λ = 4.24 µm, Γ = 44%, α = 3
dB/cm) [46] or those with SWG claddings (λ = 6.65 µm,
Γ = 24.3%, α = 3.9 dB/cm) [16], this gives over a two- or

Figure 6: Illustration of the ADMAC waveguide, reproduced from
[64].

threefold improvement in performance using the figure-of-
merit defined by Kita et al., Γ/α [38].

Suspended waveguides using SWGs have also enabled
other devices required for the circuit in Figure 2. Bolome-
ters are photodetectors in which incident light is absorbed,
causing a local temperature change which, in turn, results
in a measurable change in electrical resistance across the
detector. Despite having worse performance than other
cooled detectors, their room-temperature operation and
CMOS-compatibility have made them the dominant tech-
nology in commercial MIR cameras [65]. In [66], inte-
grated bolometers were fabricated on suspended silicon
waveguides to decrease the heat loss to the substrate and
thus increase the detector sensitivity (from 0.80%/mW to
1.1%/mW at λ = 3.8 µm, and up to 24.6%/mW in later
generations by changing from crystalline to amorphous sil-
icon [67]): the fabricated device is shown in Figure 7. The
bolometer includes a gold antenna to act as a plasmonic
absorber, to confine the light locally and increase the ab-
sorption efficiency of the device. However, this also re-
duces the absorption bandwidth: a simulated 3-dB band-
width of 640 nm in [66], and an experimentally-derived 3-
dB bandwidth of 160 nm in [67]. For narrowband sensing
applications, in which only small sections of an absorption
spectrum would be required, this is more than sufficient.
The SWG-waveguide was useful in the suspended design
to reduce the number of fabrication steps required to make
the bolometer and thereby minimising the cost of manu-
facture, which is a key advantage for the device.

If the detector or source is not integrated on-chip, some
form of optical input and output is needed. For nar-
rowband sensing circuits, grating couplers are often pre-
ferred because they avoid the optical-quality preparation
of waveguide facets and have relaxed alignment tolerances
compared to end-fire coupling [68]. A conventional grating
coupler is defined by etched strips, but these areas can be
replaced with an SWG to make a two-dimensional grat-
ing. As already shown, this provides tunability over the
refractive index and consequently increased design flexi-
bility. Using this approach, SWG grating couplers have
been demonstrated with increased coupling efficiency, op-
tical bandwidth and reduced back reflections in a variety
of material platforms, including: SOI at λ = 3.7 µm [69];
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Figure 7: SEM image of the bolometer based on the suspended
waveguide with SWG cladding, reproduced from [66].

silicon-on-sapphire at λ = 2.75 µm [70]; suspended silicon
at λ = 2.75 µm [71]; and suspended germanium at λ =
2.37 µm [72].

5. Devices for broadband circuits

For liquid-phase applications, maximising Γ is not nec-
essarily optimal as it may introduce a large system loss
from the environment. This is particularly important for
aqueous samples such as most biofluids; water is heavily
absorbing across the MIR wavelength range. Rather, the
challenge is to optimise the optical bandwidth to measure
multiple features in the analyte absorption spectrum and
thereby distinguish a range of molecules present within the
specific context. Using healthcare applications as an ex-
ample, this might include multivariate chemometric anal-
ysis for cancer diagnosis [73] or measurement of pharma-
cological molecules with a blood sample [74]. One of the
fundamental challenges is the availability of waveguides
that can have both low loss across the entire bandwidth
required and only support the fundamental mode, to avoid
wavelength-dependent transmission errors in the circuit.

The endlessly single-mode (ESM) waveguide, shown in
Figure 8, consists of a rib waveguide in which the lateral
cladding has been replaced with a two-dimensional grat-
ing to maintain single-mode propagation beyond a con-
ventional rib or strip [75]. In the direction parallel to the
propagation within the waveguide core, the grating period
is chosen such that, at the shortest operable wavelength,
the grating is in the sub-wavelength regime and is thus an
SWG. Consequently, in the direction perpendicular to the
core, the cladding behaves as a one-dimensional grating
with alternating layers nSWG and nSi. In this case, it is
the inherent tunability of nSWG that allows the waveguide
to be tailored so that the fundamental mode can expand,
avoiding the long wavelength cut-off, because the contrast
between the core and the cladding is reduced. Likewise, it
can maintain the leakiness of higher-order modes into the

Figure 8: Illustration of the ESM waveguide, reproduced from [76].
[top] Top-view of the waveguide. [bottom] SWG regions of the waveg-
uide cladding.

Figure 9: SEM image of the SWG-MMI for MIR wavelengths, repro-
duced from [79].

cladding as they will overlap with the regions of nSWG to
a greater degree than the fundamental mode; the combi-
nation of these effects meant that single-mode propagation
was achieved over an octave of frequency in the MIR (λ =
2 - 3.8 µm) with α ∼ 1.5 dB/cm [76].

Other devices utilise SWGs more than just for a tun-
able refractive index however; the birefringence of nSWG

has also been effectively exploited [26]. In particular, the
central multimode waveguide in a multimode interferome-
ter (MMI) has been replaced with an SWG (see Figure 9).
First demonstrated at NIR wavelengths [77], the SWG-
MMI design takes advantage of the anisotropic refractive
index and dispersion properties of the SWG [78] to both
reduce the footprint of an MMI and increase the optical
bandwidth, doubling it compared to a conventional design
for the MIR version: a bandwidth ∆λ > 600 nm within
the range λ = 3 - 4 µm [79]. Likewise, SWGs have been
combined with other integrated beamsplitters such as po-
larisation splitters, ∆λ = 50 nm around λ = 2.5 µm [80],
or directional couplers, ∆λ = 175 nm around λ = 3.8 µm
[81], for the MIR wavelength range. Within the broadband
sensing circuit, splitters are crucial for making devices like
spectrometers, or even simply enabling basic functionality
such as coupling light into both the sensing and reference
arms.

Other devices, in particular those with non-linear be-
haviours, also benefit from dispersion control in the waveg-
uides. As discussed earlier, waveguide-based supercontin-
uum generation is a potential option for on-chip broadband
sources but such waveguides are required to have near-
uniform dispersion profiles with respect to wavelength [50–
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52]. The customisable nature of the SWG means that the
waveguide dispersion can be directly engineered through
the SWG geometry. Strip waveguides with either a solid
core and SWG cladding [82, 83] or simply an SWG core
[84] have been designed for this purpose. In both cases,
the design lead to flattened dispersion profiles over much
of the SOI transparency range (λ ∼ 1.1 - 4 µm), covering
both NIR and MIR wavelengths.

6. Conclusions

Within MIR sensing and on-chip spectroscopy, there
are several ways in which SWGs offer great functional-
ity. For gas sensing and other narrowband applications,
they offer a route to maximising the interaction between a
sensor and an analyte, while maintaining low propagation
losses and with a minimally complex fabrication scheme.
Whilst other approaches have addressed one or more of the
goals, waveguides using SWGs are unique in that they have
achieved all three. For applications that require operation
over a broader wavelength range, SWGs offer unparalleled
utility. The ability to customise waveguide dispersion, iso-
late the fundamental mode or tailor the optical bandwidth
of a photonic circuit all result in practical benefits for a
sensor designer.

However, there are still areas for further development.
The small feature sizes for SWGs are typically realised
using electron beam lithography, which inherently has a
low throughput. Achieving the required resolution can
be challenging for more scalable techniques and this re-
stricts the freedom of design for the SWG. However, re-
cent developments within scalable lithography may miti-
gate this. For example, immersion lithography, which can
achieve feature sizes down to 40 nm [85], has been used to
realise SWG-based 2×2 MMIs at NIR wavelengths with
75 nm feature sizes [86]. While this limitation reduces
with increasing wavelength, the thicker waveguiding layers
needed for the long-wave MIR range offers a different re-
straint. The larger etch aspect ratios required for defining
SWG features in thick layers remains a concern and, con-
sequently, whether SWGs will be effective at wavelengths
beyond 8 µm remains to be seen.
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and P. Cheben. Subwavelength-grating metamaterial structures
for silicon photoics devices. Proc. IEEE, 106(12):2144–2157,
2018.
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