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Topological sensing with photonic arrays of resonant circular waveguides
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We propose a photonic array of resonant circular dielectric waveguides with subwavelength grating that can
be designed as a robust and sensitive topological chemical sensor. The device can detect trace amounts of a given
chemical species through photonic edge modes that are impervious to most sources of disorder. We perform a
simulation in the midinfrared that accounts for the absorption loss introduced by chemical molecules in contact
with a strongly coupled photonic lattice of resonators. Due to the topological nature of the device, its chemical
sensitivity scales linearly with the system size and can reach parts-per-billion range at the millimeter scale. Our
findings suggest that topological chemical sensors could empower the development of novel on-chip integrated
photonic sensing technologies.

DOI: 10.1103/PhysRevResearch.3.033106

I. INTRODUCTION

The ability to reliably detect trace amounts of chemical
molecules through integrated circuits is an important research
and technological challenge in various fields, from carbon
capture and environmental monitoring to medicine [1–4].
On-chip sensors based on infrared photonic approaches, e.g.,
tunable diode laser absorption spectroscopy (TDLAS), per-
mit targeting specific chemical species by tuning light to
resonate at the absorption frequency of the molecules at
extremely low trace amounts [5]. Besides having excellent
chemical selectivity and sensitivity, they also have a fast
response/recovery rate, low environmental dependence and
low power consumption [6,7] and thus are regarded as promis-
ing for applications that demand state-of-the-art chemical
sensing. However, fundamental limitations posed by fabri-
cation resolution and intrinsic disorder remain challenging
barriers to overcome. For instance, optical scattering and
cross-talking effects due to fabrication disorder can lead to
significant transmission loss [8]; in optical resonators, size
errors introduced by fluctuations in the manufacturing process
detune the targeted frequency from the rest of the spectrum,
thus impeding coherent transport in resonance-based optical
sensors [9].

Since its inception with the quantum Hall effect, the con-
cept of topological protection has raised the possibility of
novel devices that are insensitive to disorder and structural
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perturbations. Attempts to extend topological concepts to pho-
tonics were first realized on gyromagnetic photonic crystals
operating in the microwave regime [10–12]. Subsequent ef-
forts were focused on extending topological photonic states
with no external magnetic field [12–15]. Hafezi et al. [16]
experimentally realized a two-dimensional aperiodic lattice of
weakly coupled optical resonators. A tight-binding analysis
predicted topologically protected chiral edge states analogous
to the integer quantum Hall effect. In the strong coupling
regime, it has been shown [17] that this system can form two
time-reversed copies of the anomalous quantum Hall effect
[18], thus behaving as a topological insulator [19], with prop-
agating and counter propagating edge modes. Edge states have
been successfully employed as sources of quantum light [20]
and as topological lasers [21].

In this paper, we propose a conceptually novel topological
sensing framework based on absorption spectroscopy using
photonic arrays of strongly coupled circular waveguides, il-
lustrated in Fig. 1. The topological protection ensures the
robustness of the optical modes traveling at the edge to the
aforementioned disorder effects. We identify the phase dia-
gram where the topological photonic states are robust against
the energy loss induced by a concentration of a chemical
species. Using a subwavelenth grating (SWG) design that
enhances interactions between light and matter at the waveg-
uides [see Fig. 1(a)], we perform a midinfrared simulation of
the energy loss in the photonic lattice in the presence of a
trace concentration of methane (CH4). Due to its topologically
protected nature, the detection limit scales inversely with the
system size and can be improved by several orders of mag-
nitude by scaling up the lattice. In particular, we find that
sensitivity in the parts per billion (ppb) level can be reached in
photonic lattices at the millimeter scale. We propose that this
topologically enabled design strategy provides a new pathway
for developing integrated photonic sensing circuits. We also
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FIG. 1. (a) Subwavelength grating (SWG) waveguide for the en-
hancement of light-chemical interaction. (b) Strong coupling bridge
resonator unit, which mediates the coupling between lattice sites in
the array. (c) Design of the dielectric circular array with a source and
drain of transmitting power. Gray rings: lattice sites. Black rings:
bridge resonators connecting lattice sites. All rings are SWG waveg-
uides, as shown in the inset. The red lines indicate the topologically
protected modes propagating along the edges of the array. The inset
shows a unit cell of the lattice. Light picks a phase of φ as it travels
a quarter of a site ring, resulting in a geometric phase of 4φ as
it undergoes a closed circuit around the unit cell (shown as the
red path). Green area: synthetic magnetic flux due to the geometric
phase. Yellow filling: opposite synthetic flux. The net synthetic flux
in the unit cell for each pseudospin is zero, as in the Haldane model.

suggest the feasibility of such topological design for gas sens-
ing applications.

The structure of the paper is as follows. In Sec. II, we de-
scribe the photonic lattice and the incorporation of absorption
loss due to the presence of a chemical species. In Sec. III, we
calculate the photonic bands based on the scattering matrix
formalism and address the topological phase diagram as a
function of absorption loss. In Sec. IV, we perform an absorp-
tion spectroscopy simulation in the midinfrared using realistic
parameters for the absorption lines of methane and perform
a scaling analysis of the simulation results for large system
sizes. In the Appendix, we demonstrate that the proposed
topological design is robust in the presence of intrinsic dis-
orders, which can appear in the form of lattice dislocations
and fabrication resolution effects.

II. PHOTONIC LATTICE

We model a topological photonic insulator after Ref. [17]
by constructing a square lattice of optical resonators, as shown
in Fig. 1(c). The resonators each have the form of circular
waveguides (gray circles) made of a dielectric material. Every
lattice site is connected to a nearest neighbor (NN) site by
a bridge resonator (black circles). For a given frequency, all
resonators have one propagating and one counterpropagating
optical mode, which operate as a two component pseudospin.
In the absence of backscattering, the two pseudospins can be
treated independently and their indexes will be omitted.

The scattering matrix relates the transmission of light be-
tween two NN resonators with incoming waves that have
complex amplitudes an and bn+δ , respectively, and outgoing
waves cn and dn+δ , namely,

Sn,x

(
an
bn+x

)
=

(
dn+x

cn

)
,

Sn,y

(
dn
cn+y

)
=

(
bn+y

an

)
e−2iφ,

(1)

as shown in Fig. 1(b). Sn,δ is the scattering matrix along the
NN direction δ = x, y.

The parameter φ in Eq. (1) is the phase that light acquires
as it travels across a quarter of a site ring [17]. The inset of
Fig. 1(c) depicts the counterclockwise round trip circuit that
light travels in one unit cell of the resonator lattice. As light
circulates around the unit cell, it picks up a 4φ geometric
phase. That phase corresponds to a finite synthetic magnetic
flux in the area inside the optical path (green region), in
analogy with the quantum Hall effect for electrons [16], and
the opposite synthetic flux in the yellow region outside the
area contained by the optical path. The net synthetic flux in
the unit cell is therefore zero, resulting in one chiral mode per
edge, as in the Haldane model [17,18]. The other pseudospin
mode of light corresponds to a clockwise round trip around
the unit cell, with the opposite geometric phase. The two
pseudospins thus describe two copies of the anomalous quan-
tum Hall effect, each one with opposite chiral edge modes.
This construction is hence analogous to the quantum spin Hall
effect [19], with two counter propagating modes per edge.

In a real ring resonator, φ depends on the light wavelength
λ, effective refractive index n, and circumference of the ring
Ls as φ(λ) = πnLs/2λ [22,23], and plays the role of the fre-
quency in the photonic band structure. The scattering matrix
can be parametrized to accommodate the lossy coupling by
including exponential decay terms, which represent the effect
of absorption loss on the wave amplitudes,

Sn,δ =
[
rn,δ t ′n,δ
tn,δ r′

n,δ

]
=

[
sin θe−αLNN,δ/2 i cos θ

i cos θ sin θe−αLNN,δ/2

]
.

(2)
The parameters r and t are the complex reflection and trans-
mission coefficients, respectively, with θ ∈ [0, π

2 ] the phase
that describes the coupling strength between NN sites. θ ∼ 0
describes the weak coupling regime, where the sites are nearly
decoupled, whereas θ ∼ π

2 corresponds to the strong coupling
limit (t ≈ 1). The quantity αLNN,δ gives the energy loss due to
absorption of light due to contact with a chemical species as
it travels between two NN sites along the δ = x, y direction.

033106-2



TOPOLOGICAL SENSING WITH PHOTONIC ARRAYS OF … PHYSICAL REVIEW RESEARCH 3, 033106 (2021)

Here, α is the absorption loss per unit length due to the attenu-
ation and LNN,δ is the optical path length of the light traveling
between two NN sites mediated by a bridge resonator.

We design the lattice in a way that light with wavelength
λ travels multiple times around the bridge resonators with
refractive index n. The optical path length in the bridge res-
onators Lb is defined by the quality factor (Q factor), which
is a measure of the resonant photon lifetime and is thus con-
nected to the effective path length light travels in the bridge
resonators, Lb = Qλ/2πn. The resonance condition is that the
effective light wavelength is a submultiple of the perimeter of
the circular waveguide, λm = 2πRbn, with Rb the radius of
the bridge ring and m is an integer. Hence,

Lb = QRb/m. (3)

The quality factorQ is material and geometry dependent. Typ-
ical Q values for chemical sensing are in the range 104–108,
whereas m is generally of the order of 10–100. Hence, Lb is
several orders of magnitude larger than the circumference of
the bridge resonators in the high-Q regime. At the same time,
we design the optical path length of the lattice sites to be about
the circumference of the rings Ls, such that Lb/Ls ∼ 102–106.
Therefore the sensitivity of the photonic lattice to molecules in
air is determined by processes in which the gas mostly absorbs
energy from the photons confined in the bridge resonators
(Lb � Ls). In that case, to a very good approximation, we can
assume that LNN,δ ≈ Lb in Eq. (2).

In solid dielectric waveguides, light-matter coupling occurs
through evanescent waves at the surface of the material, which
are typically weak. We use instead subwavelength grating
(SWG) waveguides. The grating enhances light-matter inter-
actions by permitting the guided mode to overlap with the
gas, which diffuses freely through the grating. The structure is
characterized by a lattice period �, as depicted in Fig. 1(a). At
operation wavelengths λ � �, one can treat the SWG struc-
ture as a homogeneous waveguide with a tunable effective
refractive index set by geometry [24,25].

The optical power attenuation T in the waveguide of
the resonators decays exponentially with the gas concen-
tration σ , the molar absorption ε, and the optical path
length Lb, namely T = e−γ εσLb . The geometric fill factor γ =
(
∫
V [�(n)]2|E |2dr)air/(

∫
V [�(n)]2|E |2dr)total quantifies how

much field energy overlaps with the analyte [26], with E the
position dependent electric field of the waveguide mode. From
Eq. (3), the field attenuation that enters in the transfer matrix
(2) has the form

αLb = γ εσ
QRb

2m
. (4)

Solid ring resonators have a relatively small geometric factor
of γ ∼ 0.1–0.2 [8,27,28]. In SWG waveguides, optimized
values range from γ ∼ 0.34–0.55.

III. TOPOLOGICAL PHASE DIAGRAM

For a suitable range of parameters, each pseudospin mode
propagates independently both along the top edge of the lat-
tice [shown in red in Fig. 1(c)] and along the bottom edge
of the lattice. In the absence of processes that mix the two
pseudospin flavors (backscattering) or else energy losses that

(b)

(a)

(c)

FIG. 2. (a) Phase diagram of energy loss αLb vs coupling
strength θ for a finite lattice (N = 6). The light blue region indicates
a topological phase, in the strong coupling regime. (b) Projected
bands �[φ(λ)] along kx in the three different phases. (Left) Trivial
bands in the weakly coupled regime with θ = π/5 and αLb = 0.008.
(Middle) Topological edge states in the strong coupling regime for
θ = 0.32π and αLb = 0.008. Orange and blue dots: topological edge
states. Blue area: topological band gap. (Right) Heavily lossy phase
(θ = 0.32π and αLb = 0.92), where the photonic modes again be-
come topologically trivial. (c) �[φ(k)] versus momentum kx (left)
and absorption loss (right) for θ = 0.32π . �[φ(k)] scales linearly
with αLb.

are strong enough to close the topological gap, those edge
modes are generically protected. Unlike in their electronic
counterpart (topological insulators), the number of photons is
not conserved and hence energy losses may destroy topolog-
ical states even in the absence of backscattering. While the
analogy with electronic systems is useful, there are signif-
icant differences between photonic topological systems and
topological insulators regarding the physical mechanisms that
protect edge modes against generic perturbations [30].

The topological phase diagram for energy loss (αL) versus
coupling strength θ can be extracted from the photonic band
structure [see Fig. 2(a)]. Assuming a semi-infinite strip of
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ring resonators with N unit cells along the y direction (and
periodic boundary conditions along the x direction), one can
calculate the projected photonic energy bands using the scat-
tering matrix formalism. Since light picks a nontrivial phase
φ only when it travels along a site ring, rather than across
bridge sites, this photonic lattice model is not amenable to a
tight-binding representation. This is an important distinction
with other proposals for the simulation of the quantum Hall
effect with photonic lattices, where the nontrivial topological
phase is picked through “hopping” processes between sites.

We start with Eq. (1), which relates the amplitudes in site
N with its NN in the x and y directions. Since the lattice is
assumed to be periodic in the x direction, it is convenient to
rewrite Eq. (1) in that direction in the Bloch form:

Sn,x

(
an

bneikx

)
=

(
dneikx

cn

)
, (5)

with kx the momentum along the x direction written in di-
mensionless units. Reordering the scattering matrices in both
directions, one obtains

S′
n,x(kx )

(
bn
an

)
=

(
cn
dn

)
,

S′
n,y

(
dn
cn+y

)
=

(
an
bn+y

)
e−2iφ,

(6)

where the new scattering matrices S′
x and S

′
y now take the form

S′
n,x(kx ) =

[
r′
n,δ e

ikx tn,δ
t ′n,δ rn,δ e−ikx

]
,

S′
n,y =

[
tn,δ r′

n,δ
rn,δ t ′n,δ

]
.

(7)

Setting the boundary conditions at the edge of the lattice
to be the same as the lossless case, namely, c1 = e−2iφb1
and aN = e2iφdN [17,29], we calculate the projected band
diagrams using the scattering matrices S′

x and S′
y. As in the

standard scattering matrix formalism, one can build larger
2N × 2N matrices MA and MB for scattering processes along
the x and y directions of the photonic lattice, respectively,

MA =

⎡
⎢⎢⎢⎢⎣

1
S′
1,y

. . .

S′
N−1,y

1

⎤
⎥⎥⎥⎥⎦,

MB(kx ) =
⎡
⎣S′

1,x
. . .

S′
N,x

⎤
⎦. (8)

If we represent field amplitudes in the lattice site n by the
two component vector ψn = (bn, an)T , we can impose that
the matrix productMAMB(kx ) satisfies the eigenvalue equation
MAMB(kx )
 = e−2iφ
, where 
 = (ψ1, . . . , ψN )T . To derive
the bandstructure of the other pseudospin, one reverses the
direction of propagation of the photon in the scattering ma-
trix between NN sites (for fixed φ) and inverts the boundary
conditions at the edges. That procedure results in a degenerate
spectrum, with the edge modes for the opposite pseudospin
having their chirality reversed.

Adsorption processes do not by themselves produce
backscattering. This formalism incorporating energy loss ac-
counts for a single pseudospin at a time and explicitly ignores
backscattering effects, which promote mixing between differ-
ent pseudospins. It should be noted that many factors that
cause energy loss in photonic structures (such as defects
and dislocations of lattice sites) may in principle produce
backscattering (they will be explicitly addressed later on).
Recent experimental studies have shown that common intrin-
sic disorder effects do not lead to observable backscattering
effects in the regime of strong coupling between sites [30].
The following calculation addresses how absorption losses
suppress topological protection in the absence of backscatter-
ing effects. A detailed simulation incorporating backscattering
will be considered in the next section, where we perform a
realistic simulation of gas sensing via absorption spectroscopy
accounting for defects.

The scattering matrices which describe lossy couplings are
nonunitary and hence the eigenvalue equation derived above
will result in the quasienergy φ being generally complex in
nature and thus results in a complex band diagram. By solving
this eigenvalue equation for each value of kx, we can plot the
real and imaginary components of the projected band diagram
φ(k) along the x direction. The real components �[φ(k)] are
shown in Fig. 2(b). Those bands have an imaginary part,
�[φ(k)], which is related to the energy loss of the modes due
to adsorption.

For a given value of energy loss αLb, topological states
are observed if the NN coupling θ is sufficiently strong. Fig-
ure 2(a) shows a phase diagram of energy loss αLb versus
coupling strength θ . The critical solid line separating the
different regions indicates a topological phase transition be-
tween states with topologically nontrivial edge modes (blue
region) and topologically trivial ones (gray and green). At
zero energy loss (αLb = 0), the critical coupling is θc = π/4
[17]. In the strong coupling regime θ > π/4 and αLb = 0, the
system opens a topological gap, with two counter-propagating
modes per edge, one for each pseudospin. Absorption losses
effectively weaken the coupling between lattice sites. When
strong enough, those losses eventually close the topological
band gap, making the array topologically trivial.

In Fig. 2(b), we calculate the energy bands projected along
the kx direction for a strip with N = 6 resonators in the y
direction. The left panel of Fig. 2(b) shows the band dia-
gram of a lattice operating in the weak coupling regime with
θ = π/5 and energy loss αLb = 0.008, where the photonic
bands are topologically trivial. As the coupling between sites
in increased (without changing the energy loss) to θ = 0.32π ,
nontrivial edge modes (orange and blue dots) span the topo-
logical band gap highlighted in the blue area in the middle
panel of Fig. 2(b). If the coupling θ (which depends only on
the wavelength of light and geometric parameters) is held con-
stant at θ = 0.32π but the energy loss is further increased, the
effective coupling between the lattice sites decreases, eventu-
ally closing the topological band gap at the phase transition
and reopening a trivial bulk gap in the heavily lossy phase, as
shown in the right panel for αLb = 0.92.

The imaginary part of φ(k) in the topological phase
for θ = 0.32π and αLb = 0.008 is plotted in Fig. 2(c).
�[φ(k)] corresponds to the decay rate of the photons due to
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FIG. 3. Site ring coupling strength as a function of frequency,
showing the strong coupling bandwidth. By tuning the input laser
wavelength within the topological spectral bandwidth, the proposed
sensor can probe the spectral lines of the chemical species of interest,
permitting adsorption spectroscopy.

dissipation for either pesudospin, and is momentum indepen-
dent, as shown in the left panel. The imaginary part of φ scales
linearly with the energy loss αLb, as indicated in the panel on
the right.

As it will be clear in the next section, for trace gas concen-
trations (σ < 1%), the energy loss is very small αLb 	 0.1.
In the strong coupling regime θ > π/4, except for couplings
that are in the near vicinity of the critical coupling, θ ∼ π/4,
typical absorption losses are not expected to suppress topolog-
ical protection, as indicated in Fig. 2(a). For applications that
require very large loss, however, topological protection could
be in principle suppressed even in the absence of backscat-
tering. As promised, we address in the next section realistic
simulations that account for backscattering effects, includ-
ing array defects and dislocations. Those results confirm the
analysis based on the scattering matrix theory in the absence
of intrinsic disorder. They also indicate that the topological
modes remain fairly robust even in the presence of a signifi-
cant amount of disorder.

IV. ABSORPTION SPECTROSCOPY SIMULATION

In topologically protected photonic lattices, light energy
injected into the input port will flow along the lattice edge to
the output port, as illustrated in Fig. 1(c). Thus the underlying
sensing mechanism consists of monitoring the transmission
loss due to light absorption by a chemical species [8,26].

The photonic topological insulator is the 3 × 3 lattice
shown in Fig. 3. The site rings are given the radius Rs =
4.074 μm, whereas the bridge resonators have the radius
Rb = 4.2 μm, with Q = 104 and the spacing between two
rings set at g = 0.3 μm. We perform finite domain time
difference (FDTD) simulations to demonstrate a topological
sensor operating at the wavelength λ = 3.4 μm, targeting
methane’s mid-IR absorption band. The corresponding molar
absorption for methane is ε = 8.21 cm−1 atm−1[31]. We note

FIG. 4. FDTD simulation for a topological photonic array. SWG
waveguides operate at λ = 3.4 μm and are exposed to a methane
concentration of 1%, with energy loss 0.0022. The colors indicate
the intensity of the electric field in the lattice. (a) Topologically
protected edge states along the lattice boundary; (b) in the presence
of a defect at the boundary, the topological edge state reroutes around
the perturbation, preserving the transmission of light across the array.

that if we take these geometric parameters and methane gas
as an absorbing medium, from Eq. (4), we find that even for
a methane concentration σ = 100% the maximum value of
energy loss is αLb ∼ 10−2–10−3 for m ∈ (10–100). Thus, for
reasonable values of the structural parameters, gas absorption
(and particularly trace gas absorption) is not enough to break
topological protection.

We adopt a SWG waveguide of segmented silicon in air
cladding, with refractive indexes n1 = 3.4 and n2 = 1, re-
spectively. The SWG has spacing � = 0.2 μm, thickness
a = 0.12 μm, and height w = 0.5 μm. The coupling strength
between two site rings is found to be θ = 0.32π and φ(λ =
3.4 μm) = 0.24π . Those parameters fall in the range were
topological protection is expected according to Fig. 2(a). The
FDTD simulations below (explained in detail in Appendix A)
are fully consistent with the topological character predicted
for the edge modes. The simulation results summarized in
Fig. 3 show that the topological bandwidth is in the range
2940–2966 cm−1. Hence, the spectral bandwidth is �λ ∼
26 cm−1 inside the topological gap. This feature permits
tuning the input laser wavelength to differentiate the spectral
structure of methane’s fine fingerprint pattern, enabling TD-
LAS.

In Fig. 4, we show the electric field diagrams as obtained
from the FDTD simulations for a methane concentration σ

of 1%, which corresponds to an energy loss αLb = 0.0022.
The additional resonator added to the output port forces the
transmitting energy to funnel into the output channel rather
than loop back into the lattice. Figure 4(a) demonstrates the
propagation of topological edge modes in the presence of dis-
sipation, in agreement with the results of the scattering matrix
theory. In Fig. 4(b), the lattice is dented by removing a bridge
resonator from the edge. Defects are commonly introduced
by dislocations formed in the fabrication process, which are
described in more detail in Appendix C. As expected, the
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FIG. 5. Time dependent power loss simulation of the topological
gas sensing performance: (a) under different trace gas concentrations
and (b) with and without a defect for a methane concentration of 1%.
(c) Predicted limit of detection (blue) in ppm vs the effective optical
path length L along the edge. The detection limit scales as 1/L. The
red curve shows the total power loss. It scales linearly with L, for a
fixed concentration σ of 0.1%.

photonic edge states are topologically robust and accordingly
reroute around this perturbation. As shown in Appendix C,
the sensing device is also robust against spatial fluctuations in
the size of the resonators due to typical fabrication resolution
effects [32].

The proposed absorption-based topological sensor moni-
tors the transmission loss along the edge states in real time.
The time-dependent transmission results across the photonic
lattice are shown in Fig. 5(a). The power absorbed over time
is scanned for trace methane concentrations down to 0.01%.
As shown in the plots, it takes ∼10 picoseconds for the power
absorption to stabilize. In Fig. 5(b), we compare the power
absorption of the topological photonic insulator with and
without disorder at the edge [Figs. 4(a) and 4(b), respectively].
The longer path with the disorder leads to an proportionally
increased power loss and a correspondingly longer time delay
for the steady state transmission, indicated by the arrows. By
scaling up the system size and increasing the optical path
length by orders of magnitude, a well-designed TDLAS based
topological sensor can possibly reach very high levels of
chemical sensitivity, in spite of fabrication disorder effects.

Depending on the application for which gas sensing is
needed, an appropriate detection range might vary from thou-

sands of parts per million (ppm) [33] down to parts per billion
(ppb) range [34,35]. In the topological phase, the power atten-
uation scales exponentially with the combination σL, with L
the total optical path length along the edge. For a fixed small
energy loss (σL 	 1/εγ ), the concentration hence scales with
the length of the edges as σ ∝ 1/L. If one fixes the energy
loss at the limit of the sensitivity, which is set by the laser
power, the detection limit should therefore scale linearly with
the inverse of the system size in the topological regime. This
behavior is consistent with the scaling analysis of the simu-
lation results performed for a fixed energy loss at different
system sizes, as shown in Appendix B.

The plot with the sensor’s limit of detection as a function of
the sensing path length [blue curve in Fig. 4(c)] demonstrates
that sensitivities below 1 ppm can be easily reached by an
optical path length L of less than 1 cm. That sensing length
scale corresponds to a photonic lattice of 43 × 43 sites. In
addition, the detection limit below 100 ppb requires topologi-
cally protected sensing paths of ∼5 cm length, corresponding
to a lattice of 215 × 215 sites. The red curve is total power
absorbed by the gas medium for a fixed concentration of
methane (σ = 0.1%) and scales linearly with L. The sensing
performance of this topological device could be further im-
proved by optimizing the interaction factor γ of the SWG and
the Q-factor of the lattice of resonators.

V. CONCLUSION

Our midinfrared numerical simulations demonstrate that
topological photonic sensors permit an efficient and reliable
detection of trace amounts of a gas irrespective of most kinds
of disorder and environmental noise. We point out that this
fundamentally new design strategy can serve as a building
block to construct more sophisticated on-chip architectures.
Photonic crystal waveguides with large footprints have been
widely used in integrated devices [36,37]. We propose that ab-
sorption spectroscopy utilizing topological edge states could
empower the development of novel integrated photonic sens-
ing technologies for on-chip chemical detection applications.
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APPENDIX A: NUMERICAL STUDY OF THE STRONG
COUPLING CONDITION

The FDTD simulations were performed using Rsoft Pho-
tonics Version 2019.09 via the FULLWAVE tool. The materials
used in the simulation are silicon and methane. Perfectly
matched layers are used on the boundaries of the simulation to
prevent reflections. The largest mesh element size is set lower
than 1/100 of the lowest wavelength.
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FIG. 6. FDTD simulation for θ = 0.19π (top) and 0.32π
(bottom).

The sensitivity and limit of detection of TDLAS in the pho-
tonic lattice is modelled using realistic system configurations
[26] that include the laser injecting power and photodiode’
s detection limit [8,26]. Using a waveguide input power of
5 mW, the sensor’ s sensitivity and limit of detection can be
obtained with an estimation of the photodiode’ s minimum
detectable power. The minimum detectable power is given in
terms of the photodiode signal-to-noise ratio (SNR), noise
equivalent power (NEP), and bandwidth (BW) by δPmin =
SNR × NEP × (BW)

1
2 . A commercial mid-IR InAs photo-

voltaic detector (such as the Hamamatsu P10090 series) can
achieve an NEP of 1.5 × 10−13 W/

√
Hz. Thus the configu-

ration offers about 60-dB power budget to the system. If the
detection bandwidth BW is limited to 2 MHz with a signal to
noise ratio of 10, an estimated theoretical limit of detection
(LoD) can be obtained for each sensitivity.

The determination of the coupling θ between site rings can
be done via FDTD using the relation: θ = √

Iout/Iin where
Iout and Iin are the intensities in the input and output ports.
In Fig. 6, we show the field amplitudes for θ = 0.19π , in the
topologically trivial regime, and θ = 0.32π in the topologi-
cally nontrivial one. Further, by scanning the ring resonator’s
transmission in the frequency spectrum, a region of strong
coupling behavior that enables the topological effect can be
obtained. Figure 3 in the main text presents the spectral band-
width in the topological sector of the phase diagram.

APPENDIX B: SCALING OF THE DETECTION LIMIT

In order to extract the detection limit for large system
sizes, we performed simulations in five different system sizes
ranging from 3 × 3 to 3 × 7 lattices and scaled the data. The
data points for limit of detection versus effective optical path

TABLE I. Power absorbed in the photonic topological insulator
and the sensing limit of detection (LoD) when the length of the
effective optical path is varied by scanning the lattice size from 3 × 3
to 3 × 7.

Effective Optical Power Limit of Lattice
Path (mm) Absorbed (a.u.) Detection (ppm) size

0.567 0.00206 1.823 3 × 3
0.671 0.00215 1.54 3 × 4
0.775 0.00219 1.33 3 × 5
0.879 0.0023 1.18 3 × 6
0.983 0.00239 1.05 3 × 7

length are shown in Table I and were plotted in Fig. 7. The
scaling of the data with the inverse of the optical path length
1/L shown in the same plot is a straight line passing through
the origin.

APPENDIX C: DISORDER AND DEFECTS INTRODUCED
BY FABRICATION IMPERFECTIONS

Under realistic fabrication conditions, disorder is intro-
duced in the array of optical resonators by intrinsic fabrication
resolution limits. The writing resolution defines the minimum
feature size that the electron-beam lithography (EBL) tech-
nique can produce. Disorder and defects are also introduced
by the stitching process of the EBL writing tool [32,38,39].
The stitching accuracy corresponds to errors introduced in
the process of connecting writing patches together due to the
limited one-time maximum writing area that EBL provides.
Below we incorporate those two intrinsic disorder factors in
the FDTD simulation and explicitly compare the performance
of topologically protected 2D arrays of optical resonators with
a trivial 1D chain of resonators.
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FIG. 7. Scaling of the simulation data for the limit of sensitivity
for different system sizes. The scaling shows that the limit of sensi-
tivity scales linearly with the inverse of the system size.
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FIG. 8. (a) FDTD simulation of a disordered 1D photonic array
of resonators with local fluctuations δR ∈ [0, ±25] nm randomly
assigned to each ring. (b) FDTD simulation the same type of disorder
(δR ∈ [0, ±25] nm) in a 2D topological array of resonators. In both
simulations, light is transmitted from the left to the right of the lattice.
The topological edge states are robust against the disorder within a
resolution tolerance of 50 nm. (c) Power transmission performance
averaged over five different disorder realizations in the 2D topologi-
cal array and in the 1D trivial one. The transmission in the 1D array
is much less stable, depending on favorable configurations of the
disorder even in short chains.

The material loss due to absorption in silicon is very low
and typically less than 1 dB/cm. For a power budget of 60 dB
under a 2 MHz detection bandwidth (assuming an input laser
power is of 5 mW and the noise equivalent power (NEP) of
1.5 × 10−13 W/

√
Hz from a commercial InAs detector), that

loss would permit scaling the system up to a very large array
of 4000 × 4000 resonators (with a total optical path length of
60 cm) before the transmission output would be comparable
to the noise at the detector.

1. Resolution limit impact

EBL is the most flexible and straightforward way to pattern
photonic waveguides with a critical dimension of ∼10 nm.
The method uses a focused beam of electrons to draw shapes
on a substrate coated with an electron-sensitive film called
a resist. With EBL, one can typically achieve 10-nm resolu-
tion. The resolution limit is determined by the spot size of
the focused beam and is influenced by forward scattering of
the e-beam inside the resist and by backscattering from the
substrate.

To verify the robustness of the topological edge states to in-
trinsic disorder effects due to the resolution of the writing tool,
we introduced random fluctuations in the size of individual
resonator rings �R, where R(x) = R + δR(x), and simulated
the transmitance averaged over several disorder realizations.
Our simulations show that the topological protection in the
2D array proposed in the manuscript is maintained within a
resolution tolerance up to 50 nm per ring [e.g., δR(x) a random
number between 0 to ±25 nm for each site], with the edge
states largely unaffected.

In Fig. 8(b), we show the simulation of a 2D topological
design for a patterning resolution of 50 nm, which is consider-
ably poorer than the EBL’s best resolution at 10 nm [32]. Even
in this case, there is a robust transmission of light through
the topological edge states of the 2D lattice. We averaged the
disorder over five different realizations. The averaged power
transmission [shown in Fig. 8(c) is at 90%]. Although the
simulation is performed in a 3 × 3 array, the system can be
easily scaled up. When offered a 60 dB power budget to the
sensing chip, the system can be increased up to an array of
390 × 390 resonators before the transmission output becomes
comparable to the detector noise. This simulation demon-
strates that the proposed topological design is robust and can
be realistically realized.

For comparison, a similar simulation with a trivial chain
of resonators [shown in Fig. 8(a)] shows an average transmit-
tance 17% lower and a much less stable power transmission
even for relatively short chains, as indicated by the much
broader range of variation in the power transmission [see
Fig. 8(c)]. The average transmission deteriorates quickly with
increasing the system size, as it relies on favorable (and rare)
configurations of the disorder. The largest drawback of the
trivial 1D design, compared to the topological one, is its
extreme susceptibility to failure due to defects introduced by
the stitching process of the EBL tool, which are addressed in
the next subsection.

2. Stitching accuracy impact

Devices with a high sensitivity require long optical path
lengths, which can be achieved in relatively large photonic
sensing chips. Due to the fact that EBL has a limited area
of the one-time writing field, the whole photonic array will
extend over a series of EBL writing fields that are stitched
together by the lithography control system. The current
state-of-art EBL systems have a stitching accuracy at±10 nm.

FIG. 9. FDTD simulations of (a) the 2D topological array of
resonators and (b) a 1D trivial array of resonators, with a 10-nm
stitching error shifting one ring in x direction, as indicated by the
red arrow. (c) FDTD simulation of the disordered 2D topological
array, in which every ring contains a randomly introduced dislocation
(stitching error) along the x and y directions (δx, δy), varying from 0
to ±10 nm. The edge states can easily reroute around dislocation
induced defects, whereas in the trivial 1D chain, they completely
suppress transmittance.
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The stitching accuracy typically introduces geometric dis-
tortions, e.g., position shifting errors, which can potentially
attenuate or even block the light transmission from one sub-
pattern to its adjacent one [38]. Those errors in the position of
the rings can introduce defects in the form of dislocations in
the lattice.

To incorporate the stitching errors in the FDTD simulation,
we introduce a random pattern of dislocations which offset the
position of individual rings. While the EBL writing field can
be configured in the range of 1 × 1 μm2 to 100 × 100 μm2

(e.g., JOEL-JBX, STS-ELS series), for simplicity, we choose
a writing field of 10 × 10 μm2. In this case, we can simply fit
one ring in each writing field.

The effect of the dislocation of a single ring by 10 nm is
shown in the FDTD simulation for the cases of a topological

2D array [Fig. 9(a)] and in a trivial 1D chain [Fig. 9(b)].
In the former, the topological edge states reroute around the
dislocation, which effectively behaves as a defect. In that
case, 80% of the power is transmitted to the output. In the
trivial 1D chain, the dislocation also behaves as a defect, but
the transmission is nearly completely blocked. Similar results
are found regardless of the direction of the dislocation. In
Fig. 9(c), we consider a more realistic situation with a random
distribution of dislocations (stitching error) at every site. We
assume dislocations in the x and y directions, with δx and
δy varying at each site in the range from 0 to ±10 nm. The
simulation shows that the 2D topological system can operate
normally with defects introduced by dislocations inherent to
the stitching process. In the trivial 1D system, defects intro-
duced by dislocations will completely disrupt transmittance.
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