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ABSTRACT: Nanophotonic waveguides that implement long optical
pathlengths on chips are promising to enable chip-scale gas sensors.
Nevertheless, current absorption-based waveguide sensors suffer from
weak interactions with analytes, limiting their adoptions in most
demanding applications such as exhaled breath analysis and trace-gas
monitoring. Here, we propose an all-dielectric metamaterial-assisted
comb (ADMAC) waveguide to greatly boost the sensing capability. By
leveraging large longitudinal electric field discontinuity at periodic high-
index-contrast interfaces in the subwavelength grating metamaterial and
its unique features in refractive index engineering, the ADMAC
waveguide features strong field delocalization into the air, pushing the external optical field confinement factor up to 113% with
low propagation loss. Our sensor operates in the important but underdeveloped long-wave infrared spectral region, where absorption
fingerprints of plentiful chemical bonds are located. Acetone absorption spectroscopy is demonstrated using our sensor around 7.33
μm, showing a detection limit of 2.5 ppm with a waveguide length of only 10 mm.
KEYWORDS: absorption spectroscopy, waveguide sensors, long-wave infrared, all-dielectric metamaterial, silicon photonics

Optical sensors have experienced rapid advancement over
the past decade in the ever-growing field of gas sensing,

with applications ranging from environmental monitoring to
medical diagnostics.1−9 Among various optical sensing
technologies, infrared tunable diode laser absorption spectros-
copy (IR-TDLAS) is the one that targets the “fingerprints”
derived from rovibrational transitions of molecules, enabling
label-free analysis with inherent selectivity, which is promising
for multiplexed sensing in complex environments.10,11 In
particular, nanophotonic waveguides that implement long
optical pathlengths on chips enable the development of
compact, fieldable, and cost-effective on-chip IR-TDLAS
sensors for large-scale sensor deployment.12−14

Nevertheless, most of the current waveguides that probe
analytes via the evanescent fields still suffer from a weak light−
matter interaction limited to a fraction of that for a free-space
beam, hindering their applications in sensitivity-critical
scenarios.15−19 The external optical field confinement factor
Γ gives a measure of light−matter interaction strength in
waveguide that follows the Beer−Lambert law (i.e., the
absorbance A = εcΓl = log(I0/I), where ε is the molar
absorption coefficient, c is the analyte concentration, and l is
the physical waveguide length).20 To enhance the Γ, several
alternatives to conventional strip waveguides have been
proposed. For example, by suspending a thin Si strip
waveguide with supporting pillars, Ottonello-Briano et al.
achieved a Γ of 44% at 4.24 μm.21 It is worth noting that Γ

accounts for both field distribution and waveguide dispersion,
which makes a Γ larger than unity possible. Recently, by
leveraging strong transverse magnetic (TM) field delocaliza-
tion with a moderate dispersion, Vlk et al. demonstrated a Γ of
107% at 2.566 μm in a suspended tantalum pentoxide rib
waveguide.22 However, the vertically wide distributed mode
requires a large gap separation of 20 μm between the
waveguide and the substrate, which not only results in a
mechanically fragile high-aspect-ratio membrane structure but
also is hard to implement on conventional waveguide platforms
due to insulator thickness constraints. An even higher Γ
enabled by strong dispersion in slow light photonic-crystal
waveguides have been claimed.23,24 Nevertheless, their
performance is limited by high propagation loss and is
susceptible to fabrication errors.
All-dielectric metamaterials, offering a dissipationless alter-

native to current metallic metamaterials to manipulate light at
the nanoscale, have recently emerged as a flexible toolkit for
various metadevices with significantly enhanced effi-
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ciency.25−30 In particular, non-resonant metamaterials with
structure sizes considerably below the operating wavelength
have moved into the focus of integrated photonics with its
unique properties to shape the optical field distribution and
engineer the local refractive index (RI). To date, on-chip
deployments of non-resonant all-dielectric metamaterials have
enabled the realizations of high-performance and ultracompact
building blocks, such as metalenses,31,32 beam splitters,33,34

and extreme-skin-depth waveguides,35,36 for dense photonic
integration. On top of these realizations, the properties of all-
dielectric metamaterials in optical field shaping and RI
engineering will also provide great opportunities to realize
easily fabricated and low-loss on-chip IR-TDLAS systems with
superior light−matter interactions.37
Here, we propose an ultrasensitive all-dielectric metamate-

rial-assisted comb (ADMAC) waveguide sensor featuring a
larger-than-unity external confinement factor as well as a low
propagation loss. The waveguide is fabricated from the most
mature silicon-on-insulator (SOI) platform with CMOS-
compatible techniques. The extraordinary optical field confine-
ment is enabled by large longitudinal electric field discontinuity
at periodic high-index-contrast Si/air interfaces in the
subwavelength grating (SWG) metamaterial, together with its
unique features in RI engineering. Our ADMAC waveguide is
operated in the long-wave infrared (LWIR, 6−14 μm) spectral
region that covers plentiful molecular absorption fingerprints,
which is nevertheless underdeveloped in comparison to the

short- and mid-wave infrared (SWIR, 1−3 μm; MWIR, 3−6
μm) due to severe absorption from bottom cladding materials
in most of the currently well-established waveguide plat-
forms.38−43 To enable the SOI for LWIR operation, the
absorptive buried oxide (BOX) beneath the waveguide is
locally removed. Meanwhile, thanks to the deep-subwavelength
operation and the vertically well confined mode distribution,
the ADMAC waveguide possesses a low propagation loss over
a wide wavelength range and is not susceptible to fabrication
errors. By optimizing the period and duty cycle of the ADMAC
waveguide, we achieve an Γ of 113% with a low propagation
loss of 4.7 dB/cm at 7.33 μm. Spectroscopic sensing of acetone
vapor is performed on a 10 mm long waveguide, showing a
detection limit of 10 ppm with a fast dynamic response, which
can be further decreased to 2.5 ppm with a moderate averaging
time. The results indicate the promising potential of our
ADMAC waveguide for widespread real-time on-site sensing
applications.
For the waveguide design, two sets of SWG metamaterial

beams with a period Λ form the interdigitated comb structure,
in which light is guided through the overlap region (Figure 1a).
A 150 nm wide Si wire is added in the middle of the comb
structure to avoid the adhesion between adjacent free-standing
beams. The grating period is chosen to satisfy the
subwavelength condition, that is, Λ ≪ λ/(2neff), where neff is
the waveguide mode effective index.44,45 At the overlap region,
the period is reduced to Λ/2, making our waveguide work in

Figure 1.Waveguide structure and the simulated optical field distribution. (a) Schematic diagram of the LWIR ADMAC waveguide with a 1.5 μm
thick device layer and a 3 μm thick BOX layer. The waveguide is patterned in the Si device layer with the underneath SiO2 locally wet etched to
suspend the waveguide. (b) Geometric parameters of the ADMAC waveguide include the grating thickness Ht, period Λ, length Ls, width Ws, and
overlap width Lc. (c) Top-view SEM image of the ADMAC waveguide with a period of 0.8 μm and duty cycle of 0.3 and |E|2 distribution of the
fundamental TE mode at the wavelength of 7.33 μm. The corresponding (d) |Ex| and (e) |Ey| distributions. The corresponding |E|2 distributions at
(f) cross sections of the air gap and (g) the Si beam as depicted in (c).
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the deep-subwavelength regime, where reflection and dif-
fraction effects are significantly suppressed. We define the duty
cycle of ADMAC waveguide asWs/Λ, whereWs is the width of
the Si beam (Figure 1b). The core and the lateral cladding of
the ADMAC waveguide behave like homogeneous materials
with different equivalent RIs, depending on both the period Λ
and the duty cycle. This gives our ADMAC waveguide the
flexibility to engineer the local RI as well as the mode profile
(see Note 1 in the Supporting Information). In the comb
configuration, the optical field is greatly enhanced and confined
in air gaps between Si beams (Figure 1c). This is mainly
attributed to the large discontinuity of longitudinal electric
field Ex at high-index-contrast interfaces between Si and air
along the propagation direction, with much higher amplitude
in the low-index air, to satisfy the continuity of the normal
component of electric flux density D governed by Maxwell’s
equations (see Figure 1d and Note 2 in the Supporting
Information). Particularly, Ex that strongly confined in the air
gap is the propagation wave instead of the evanescent wave,
which results in the field remaining high all across the air gap
without an exponential decay. Although the transverse electric
field Ey also shows discontinuity along the lateral direction
(Figure 1e), its continuity along the propagation direction still
localizes a large portion of the electric field in the Si beam and,
consequently, Ey contributes a weaker enhancement of Γ in
comparison to Ex. Figure 1f,g presents optical fields at cross
sections of the air gap and the Si beam in Figure 1c,
respectively. It is noteworthy that optical fields are laterally

strongly delocalized but vertically well confined, leading to a
negligible light penetration into the substrate with a BOX layer
of only 3 μm thick. This is enabled by the relatively high RI
contrast in the vertical direction between the core and top/
bottom air claddings, in comparison to that in the lateral
direction (see Note 1 in the Supporting Information).
Moreover, the presence of the central wire has a negligible
disturbance of the optical field due to the strong field
delocalization in the lateral direction.
The external confinement factor Γ, which depends on both

field distribution and group index ng, is quantified via
perturbation theory20
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where nclad is the RI of air cladding and is consistently 1, ε(x, y,
z) is the spatial permittivity, E(x, y, z) is the spatial electric
field, and η is the fraction of electric field energy density in the
air that does not account for the waveguide dispersion. Our
ADMAC waveguide offers great tunability of attainable electric
field distributions and the consequent η by engineering its
period and duty cycle, while its group index shows less
variation due to the deep-subwavelength working status
(Figure 2a,b) (see Note 3 in the Supporting Information for
simulation methods). Within the studied range, η monotoni-
cally increases with decreasing period and duty cycle. To
further understand this dependence of η on period and duty

Figure 2. Group index and η of ADMAC waveguides. (a) Simulated group index and (b) η with respect to the period and duty cycle of ADMAC
waveguides. To eliminate the lateral leakage loss and provide adequate mechanical support, the grating length Ls and the overlap width Lc are kept
at 10 and 4.5 μm, respectively. The period range is chosen to meet the subwavelength working condition (upper limit) as well as the fabrication
constraint (lower limit). The duty cycle range is chosen to meet the fabrication constraint (upper limit) as well as to reduce substrate/lateral
leakages (lower limit). (c) ηx and ηy components, as well as ψ(|Ex|2)/ψ(|Ey|2) with different duty cycles, while the period is fixed as 1.0 μm. (d) ηx
and ηy components, as well as ψ(|Ex|2)/ψ(|Ey|2) with different periods, while the duty cycle is fixed as 0.3.
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cycle, we study the contributions from ηx and ηy components
separately, as well as the ratio ψ(|Ex|2)/ψ(|Ey|2), as depicted in
Figure 2c,d. ηx (ηy) is the fraction of Ex (Ey) energy density in
the air, ψ(|Ex|2) (ψ(|Ey|2)) is the spatial integration of |Ex|2 (|
Ey|2), and ψ(|Ex|2)/ψ(|Ey|2) gives a measure of the relative
proportion of these two electric field components. For a larger
duty cycle, both ηx and ηy drop due to the larger proportions of
Si along the propagating path and therefore less field
delocalization into the air (Figure 2c). Figure 2d shows that
ηx and ηy undergo less variation with the comb period.
Nevertheless, the ratio ψ(|Ex|2)/ψ(|Ey|2) obviously decreases
with increasing period due to the decreasing ncont in the lateral
direction (see Note 1 in the Supporting Information).46 As the
major field delocalization is enabled by Ex distribution, the
boosted external field confinement by the Ex component is
greatly compensated by the Ey component in the ADMAC
waveguide with a larger period, thus leading to a smaller overall
η. The product of the group index and η gives the Γ matrix as
presented in Figure 3a, which shows a trend similar to that of
the η matrix. Consequently, with a period of 0.8 μm and a duty
cycle of 0.3, the strong field delocalization and moderate group
index bring the Γ above unity to 114% (Figure 1c).
As a key factor of IR-TDLAS sensors to enable sensitivity-

critical applications, the limit of detection (LoD) depends on
not only the light−matter interaction strength given by Γ but
also the interaction length limited by propagation loss. Here
we use the figure of merit

FOM =
(2)

to quantify the sensing performance of IR-TDLAS sensors,21,47

where α is the waveguide attenuation coefficient, including
material, scattering, and substrate losses (see Note 4 in the
Supporting Information for details). To acquire the FOM of
ADMAC waveguides with respect to the period and duty cycle,
waveguides with different parameters were fabricated by single-
step electron-beam lithography and characterized with a fiber-
coupled spectroscopy setup (see Note 5 in the Supporting
Information). The details of fabrication procedures can be
found in Note 6 in the Supporting Information. The
propagation loss matrix of ADMAC waveguides at 7.33 μm
for transverse electric (TE) polarization is depicted in Figure
3b. A minimum propagation loss of 4.8 dB/cm was recorded
with a comb period of 0.8 μm and a duty cycle of 0.3, which is
comparable to the values of previously reported LWIR
waveguides (see Note 7 in the Supporting Information).48−51

For waveguides with a large period, the extra loss is mainly
attributed to the diffraction from the lateral cladding that is
getting closer to the Bragg regime. For waveguides with a small
duty cycle, the loss is raised by the substrate and lateral leakage
due to the reduced neff and therefore expanded mode field (see
Note 1 in the Supporting Information). For waveguides with
both a large duty cycle and a small period, the loss is also
increased. This is likely due to the increased scattering loss at
rougher sidewalls as the size approaches the fabrication limit.
The FOM of ADMAC waveguides then can be calculated by
eq 2, and the results are shown in Figure 3c. A maximum FOM
of 1.03 cm is achieved in the optimized waveguide with a
period of 0.8 μm and a duty cycle of 0.3. To further study the
spectral properties of this optimized waveguide, we simulated

Figure 3. Optimization and the spectral response of ADMAC waveguides. (a) Simulated Γ, (b) measured propagation loss, and (c) calculated
FOM with respect to the period and duty cycle of ADMAC waveguides. For the propagation loss matrix, each data point is extracted from cutback
measurements of waveguides with different lengths to eliminate deviation induced by fabrication imperfection. (d) Wavelength-dependent Γ, (e)
propagation loss, and (f) FOM of the ADMAC waveguide with a period of 0.8 μm and a duty cycle of 0.3.
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its Γ from 7.05 to 7.5 μm and measured the corresponding
propagation loss (Figure 3d,e). As the wavelength increases
from 7.05 to 7.5 μm, the Γ shows a slight increase from 109%
to 117% while propagation loss maintains its low value below 6
dB/cm, confirming the subwavelength working status of the
ADMAC waveguide. The propagation loss spectrum in Figure
3e shows an average of 5.1 dB/cm, and the representative
cutback results at 7.33 μm give a propagation loss of 4.7 dB/
cm (see Note 8 in the Supporting Information). Thanks to the
less varied Γ and propagation loss, the ADMAC waveguide
maintains a FOM above 0.85 cm over the entire measured
wavelength range (Figure 3f). Various functional blocks are
also demonstrated with excellent performance, including
grating couplers for broad-band light coupling (3 dB
bandwidth of 700 nm), mode converters for connection
between strip waveguides and ADMAC waveguides (∼0.11 dB
transition loss), and 90° bends for waveguide curling (∼0.12
dB/90° bending loss with a radius down to 50 μm) (see Notes
9 and 10 in the Supporting Information).
Acetone (C3H6O), a common building block in organic

chemistry and an important breath marker for diabetes,52,53

was selected as the analyte to examine the spectroscopic
sensing performance of our waveguides. It processes a strong
absorption peak in the LWIR region near 7.33 μm. During the
characterization, acetone was diluted by nitrogen (N2), and its
concentration was precisely and dynamically controlled with a
constant flow rate of 800 mL/min (see Note 5 in the
Supporting Information for details). Figure 4a shows
absorbance responses of three 10 mm long ADMAC
waveguides (W1, W2, and W3) to different acetone
concentrations ranging from 50 to 2250 ppm. Linear fits
were employed to the recorded data, and sensitivities of 4.34 ×
10−5, 1.78 × 10−5, and 2.44 × 10−5 per ppm were extracted for
W1, W2, and W3, respectively. To validate the confinement
factors of ADMAC waveguides, we compared their sensitivities
to that of a 10 mm long free-space beam (Figure 4a, inset),
which was acquired and fitted from Fourier-transform infrared

spectroscopy (FTIR) measurements with the same gas
generation setup and flow rate (see Note 5 in the Supporting
Information for details). The Γ values were extracted as
sensitivity ratios of ADMAC waveguides to the free-space
reference. We find these confinement factor measurements
give close matches to the simulated values. For the optimized
waveguide W1, Γ is validated as 113 ± 2%. This corresponds
to a free-space equivalent optical path length of 11.3 mm.
Figure 4b shows the measured absorption spectra of waveguide
W1 with 3250 ppm of acetone in the chamber, where the gray
curve represents the free-space reference that was scaled up by
113%.
To further evaluate the minimum detectable acetone

concentration and the stability of our sensor system, Allan
deviation analysis was performed for continuous time-series
measurements over 15 min with a sampling rate of 3 Hz.54 The
results are shown in Figure 5a, indicating that the system is
dominated by white noise (with a slope of τ−1/2) for averaging
times up to 20 s. For a sampling time of 0.33 s without any
time-averaging process, the ADMAC waveguide achieves a 1 σ
LoD of 10 ppm. At the optimum averaging time of 20 s, the
LoD is evaluated to be 2.5 ppm, with a relative Allan deviation
of 1 × 10−4. For longer averaging times, the Allan deviation
increases due to the drift of alignment stages (see Note 11 in
the Supporting Information for a detailed noise analysis).
Figure 5b shows two response-recovery cycles of the ADMAC
waveguide to alternately injected 40 ppm acetone and pure N2
without time averaging. The results are exponentially fitted and
indicate a response time of ∼3.8 s and a recovery time of ∼6.6
s, which are limited by the gas exchanging time in the chamber.
We review and summarize the reported on-chip IR-TDLAS

gas sensors and compare them with our work in Table 1. To
the best of our knowledge, our ADMAC waveguide features a
record high FOM, enabled by the extraordinary Γ and the
comparable low propagation loss. It is worth noting that, in the
SWIR region, TM-polarized waveguides are typically preferred
over TE-polarized waveguides and claim better performance

Figure 4. Validation of the external confinement factor of ADMAC waveguide. (a) Optical absorbances of three different ADMAC waveguides
versus acetone concentrations, with identical propagation lengths of 10 mm. DC denotes the duty cycle. Inset: absorbance of the 10 mm path
length free-space beam measured by FTIR. External confinement factors Γ of waveguides are calculated as the slope ratios of the fitted line of
waveguides to that of a reference free-space beam. The values in parentheses are simulated values. (b) Absorption spectra of an ADMAC waveguide
(Λ = 0.8 μm, DC = 0.3, averaged from three measurements) and free-space beam to 3250 ppm acetone. The free-space reference was scaled up by
a Γ of 113%.
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for absorption spectroscopy.16,22 This is due to the relatively
larger field penetrations into air claddings of TM-polarized
waveguides as well as reduced scattering losses due to fewer
overlaps between vertically distributed fields and rough etched
sidewalls. Nevertheless, with the migration of operating
wavelength from the SWIR to the MWIR and LWIR regions,
the scattering loss is significantly suppressed, as it scales with
λ−4. This leads to more adoption of TE-polarized waveguides
above 3 μm,15,21,48,55 where TM-polarized waveguides may
suffer from large substrate leakages due to the wide vertical
field spread. Particularly, waveguides in an SWG metamaterial
configuration are well-suited for MWIR/LWIR absorption
spectroscopy, thanks to the suppressed sidewall-roughness

scattering loss and reduced fabrication constraints in
comparison with the SWIR region.47 It is also worth noting
that the presence of a bottom cladding layer in some of the
reported works largely reduces the Γ and consequently
decreases the sensitivity of gas detection.15,55

In comparison to bulk free-space TDLAS systems, the
minimized waveguide sensors are inherently suitable for on-site
applications and the deployment of distributed sensor nodes
for the vigorously advanced Internet of things (IoT).56−59

Examples include in situ monitoring for process control and
exhaled breath analysis for medical diagnostics. For these cases,
versatility and response speed are of equal importance to LoD.
Therefore, alternative waveguide configurations to the conven-
tional strip waveguide with larger Γ are preferred to boost the
sensitivity, over the adoption of enrichment coatings with
sacrificed versatility and response speed.60−62 In our current
ADMAC waveguide design, an LoD of 10 ppm to acetone has
been demonstrated with a waveguide length of only 10 mm. In
cases where an even lower LoD is desired, a longer waveguide
length in excess of 100 mm can be potentially achieved within
a small footprint, enabled by the low propagation and bending
losses. Therefore, it is expected that we could push the
minimum detectable concentration of most gases down to sub-
ppm levels without any enrichment coating, while the
corresponding response time, which can be rationally believed,
is still within 5 s.
In conclusion, we have demonstrated a Si ADMAC

waveguide for sensitive and fast LWIR gas spectroscopy. By
leveraging the large longitudinal electric field discontinuity at
periodic high-index-contrast interfaces in the SWG metamate-
rial and its unique features in RI engineering, we achieve an Γ
of 113% in the ADMAC waveguide with a low propagation
loss. Consequently, a record high FOM of 1.03 cm is
demonstrated. Thanks to this, the spectroscopic sensing of
acetone on a 10 mm long waveguide achieves a 10 ppm LoD
with a fast dynamic response, which can be further decreased
to 2.5 ppm with a moderate averaging time or even sub-ppm
with an increased waveguide length. Built on the most mature
SOI platform with single-step lithography, our ADMAC
waveguide sensor is ready to take advantage of cost-effective
CMOS fabrication techniques and abundant infrastructure to
enable mass production and large-scale on-site deployment for
widespread IoT sensing applications.
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Figure 5. Allan deviation analysis and the dynamic response of the
ADMAC waveguide. (a) Allan deviation as a function of the averaging
time τ. The white noise with a slope of τ−1/2 is indicated by the
dashed line. During the measurements, the gas chamber was
constantly pumped with pure N2. (b) Sensing response to alternating
purged N2 and 40 ppm acetone with a constant flow rate of 800 mL/
min. The response time and recovery time are specified as the time
required to reach 90% of the total signal change and are highlighted
with dark green and dark yellow, respectively.

Table 1. Comparison of On-Chip IR-TDLAS Gas Sensors

platform λ (μm) Γ (%) loss (dB/cm) FOM (cm) waveguide length (mm) LoD (ppm) AT/RT (s)c ref

SOIa 7.33 113 4.7 (TE) 1.03 10 10 (acetone) 3.8 (RT) this work
2.5 (acetone) 20 (AT) this work

SOIa 6.65 24.3 3.9 (TE) 0.3 28.4 25 (toluene) 0.8 (RT) 48
SONb 4.26 14 4.0 (TE) 0.15 20 500 (CO2) 60 (RT) 55
SOIa 4.24 44 3 (TE) 0.63 ― 100 (CO2) 2 (RT) 21
SOI 3.9 14 4 (TE) 0.15 7.5 600 (N2O) 6 (RT) 15
Ta2O5

a 2.57 107 6.8 (TM) 0.69 20 7 (C2H2) 25 (AT) 22
SOI 1.65 25.4 2 (TM) 0.55 100 100 (CH4) 60 (AT) 16

aWith a free-standing configuration. bSON: silicon-on-silicon nitride. cAbbreviations: AT, averaging time; RT, response time.
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