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The unique properties of light underpin the visions of photonic quantum

technologies, optical interconnects and a wide range of novel sensors, but a
key limiting factor today is losses due to either absorption or backscattering
ondefects. Recent developments in topological photonics have fostered
the vision of backscattering-protected waveguides made from topological

interface modes, but, surprisingly, measurements of their propagation
losses were so far missing. Here we report on measurements of losses in

the slow-light regime of valley-Hall topological waveguides and find no
indications of topological protection against backscattering on ubiquitous
structural defects. We image the light scattered out from the topological
waveguides and find that the propagation losses are due to Anderson
localization. The only photonic topological waveguides proposed for
materials without intrinsic absorptionin the optical domain are quantum
spin-Hall and valley-Hall interface states, but the former exhibit strong
out-of-planelosses, and our work, therefore, raises fundamental questions
about the real-world value of topological protection in reciprocal photonics.

Planar nanostructures built with high-index dielectric materials using
top-down nanofabrication techniques have enabled the precise control
ofthe spatial and spectral properties of electromagnetic fields at opti-
calfrequencies, stimulating the development of integrated photonic
devices such as quantum light sources', programmable photonics?,
nanolasers’ and optical communication technology*. Although highly
optimized performance can be achieved with dedicated aperiodic
structures’, periodic structures—that is, photonic crystals—offer
simple building blocks that readily scale to larger architectures and
allow tailoring the dispersion relation of light. In addition, deliberately
introduced regions that break the periodic symmetry allows building
high-quality-factor (Q) optical cavities® or waveguides that slow light
by several orders of magnitude’. Introducing such defects can greatly
enhance the interaction of light with material degrees of freedom'*”.

Long-range translational symmetries can also be effectively
destroyed by random structural disorder. This disorder results in
extrinsic scattering events, incurring substantial propagation losses™
with detrimental consequences for applications. For example, pho-
tonic quantum technologies rely on encoding information in fragile
quantum states, which are extremely sensitive to losses, and optical
interconnects aim to reduce the energy consumption in integrated
information technology; here transmission loss directly translates
into energy loss*"2. Improvements in nanoscale fabrication down to
nanometre tolerances can reduce the magnitude of structural disorder,
but stochastic deviations from the designed structures are inherent
to any fabrication method and can never be completely eliminated.
Since the scattering cross-section is unfortunately often enhanced at
the spectral and spatial regions targeted for device operation, such
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residual disorder is a primary obstacle to the application of photonic
crystals". A well-known case is that of slow light in photonic-crystal
waveguides, where the disorder ultimately limits the maximum slow-
downby thelocalization of the light field induced by multiple coherent
backscattering™".

A possible solution to this problem has sought inspiration from
solid-state systems, for which the quantum Hall effect offers unidirec-
tional propagation, thatis, completely suppressed backscattering, by
breaking time-reversal symmetry. These quantum states arerelated to
the underlying wavevector-space topology of the Bloch eigenstates,
which canbe equally explored and exploited for photonic-crystal struc-
tures, indicating a deep analogy between solid-state quantum states
and classical waves™'. This naturally led to the development of topo-
logical photonics*® and to the demonstration of one-way robust elec-
tromagnetic waveguides', thatis, photonic topological insulator (PTI)
waveguides. Although early attempts relied on real magnetic fields
and non-reciprocal magneto-optical materials to generate non-trivial
topologies, further realizations were achieved by effective magnetic
fields through time-modulated media*’. However, such approaches
to combat backscattering have seen only microwave-domain imple-
mentations that use intrinsically lossy materials® or complex active
schemes of difficult practical implementation®. PTIs that instead
rely on breaking spatial symmetries to emulate pesudospins akin to
that in quantum spin-Hall and quantum valley-Hall (VH) solid-state
topologicalinsulators have been predicted®** and demonstrated®*.
The resulting interface states, although not unidirectional owing to
reciprocity, can, in principle, exhibit robustnessto a certain class of per-
turbations”. Both quantum spin-Hall and quantum VH interface states
in high-index dielectric photonic-crystal slabs have been observed at
telecom wavelengths, but the former support states above the light
line’® that are intrinsically lossy®’, making VH topological interface
states particularly attractive to test and exploit topological protection
against backscattering.

Length scales of disorder in photonic-crystal
structures

Much of the existing work on disorder in topological photonics has
explored topological protection against defects on scales relevant
to their electronic counterpart. Topological quantum states of elec-
trons can travel unhindered along paths prone to crystallographic
defects such as vacancies, interstitials or dislocations?®, all of which
areonthescale of one to afew crystal unit cells. Such lattice-scale dis-
order has been mimicked in PTIs, with the most paradigmatic case
being that of sharp Z- or Q-shaped bends. Unlike in conventional
line-defect photonic-crystal waveguides (Fig. 1a and ref. 31), sup-
pressed back-reflection through sharp bends over a large bandwidth
has been demonstrated for topological interface states®**, enabling
flexibly shaped photonic circuits like ring cavities®. Nanophotonic
waveguides are, however, prone to nanometre-scale roughnessin the
etched sidewalls (Fig. 1b). Such structural disorder occurs at a scale
considerably smaller thanthe unit cell andis consistently present across
the entire crystal, thus questioning how the notions of topological
protection can be directly transferred to the interface states in PTlIs.
Recent numerical works have addressed this question, but the studies
are limited to effective disorder models in two-dimensional crystals®,
semianalytical models® or single-event incoherent scattering the-
ory**, Amore accurate modelling of the propagation losses including
coherent multiple scattering has been applied to conventional mono-
mode slow-light waveguides®**, but such studies are still lacking for
topological interface states. Ultimately, the subtle interplay between
out-of-planelosses and backscattering in photonic-crystal slab wave-
guides calls for experiments that directly compare the propagation
losses of topological and conventional slow-light waveguides subject
to equivalent disorder and taking into account the group index. Here
we address this by fabricating and characterizing a set of suspended

Trivial

Trivial Topological Topological

40 +

30 H 30 |

20 + 20 |
10 | 10
0

1 1 O
1,550 1,600

Wavelength, A (hm)

40 -
I
|

PSD (pW nm™)
PSD (pW nm™)

L =250a,
L =1,250a,
1,550 1,600
Wavelength, A (nm)

Fig.1| Disorder and robustness in photonic-crystal waveguides. a, lllustration
of120°-sharp bend, a type of intentionally introduced disorder at the unit-
cellscale, in a conventional W1 waveguide. b, lllustration of a conventional
W1waveguide with random structural disorder. ¢,d, SEM images of a VH PTI
waveguide, supporting one topological and one trivial propagating mode, with
asharp bend (c) and without it (d), that s, a straight waveguide. e, Measured
power spectral density (PSD) of light transmitted through the sharp bends,
exclusively displaying transmission in the topological band. f, Measured PSD of
the light transmitted through two PTI waveguides of differing lengths, L =250a,
(orangeline)and L =1,250a, (black line), showing the presence of propagation
losses. Comparing e and findicates that although topological modes can
propagate around sharp bends, they do not offer substantial protection against
backscattering from real-world disorder.

silicon VH PTI waveguides® that support both a topologically pro-
tected and a topologically trivial guided mode with nearly identical
group indices. We characterize waveguides with and without sharp
bends (Fig. 1c,d). As shownin previous work®, the difference between
the two guided modes is profoundly evident when introducing four
sharp turnsin the waveguide path. They effectively suppress the trans-
mittance in the trivial mode but leave the transmission through the
topological mode essentially unaffected (Fig. 1e). This is a striking
demonstration of topological protection, but it offers no evidence of
the applicability of PTIs for protecting against backscattering from
fabrication imperfections. From simple experiments, for example,
comparing the transmittance of short and long waveguides (Fig. 1f),
itis clear that the propagation loss of the topological mode studied
here is non-zero. However, assessing topological protection against
backscattering requires the precise extraction and modelling of the
propagation losses to disentangle out-of-plane radiation losses from
backscattering, the careful study of which has so far been absent from
the literature, to the best of our knowledge.

Design of a VH slow-light waveguide
The VH PTIwaveguides explored hererely on a photonic crystal that
emulates graphene with two equilateral triangular holes arranged in
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a honeycomb structure, the unit cell of which is shown in the inset
of Fig. 2a. For identical triangles s, =s,, the crystal dispersion
exhibits a Dirac cone for transverse-electric-like modes at the K
pointin the Brillouin zone. Breaking inversion symmetry such that
s, # S, lifts the degeneracy and opens a bandgap (Fig. 2a). The
non-trivial geometrical structure in momentum space of the
wave functions of air and dielectric bands of the crystal results in
non-vanishing Berry curvatures*’around the Kand K’ points (Fig. 2b).
When two such crystals with inverted symmetry are interfaced,
the bulk-edge correspondence theorem? ensures the existence of
two degenerate counterpropagating states localized at the domain
wall and exhibiting a linear dispersion around the projection of K
in the waveguide direction. The particular geometry explored here
(Fig. 2¢) uses a bearded interface’® between two mutually inverted
VH crystals. Compared with the commonly investigated zigzag
interface”, the bearded interface obeys a composition of mirror and
translation symmetry, thatis, glide symmetry. This enforces a degen-
eracy at the edge of the Brillouin zone*, leading to the existence
of two guided modes (Fig. 2d). The superior transmission through
sharp bends at wavelengths in the low-energy band relative to those
in the high-energy band (Fig. le) indicates that the former is topo-
logical (Supplementary Section 6), and shows that protection to
back-reflection at sharp 120° bends extends far from the K valley. The
dispersion diagramis computed from geometric contours extracted
from scanning electron microscopy (SEM) images (Supplementary
Section1.2) and shows that the fabricated structure is single moded
(Supplementary Section 7). Figure 2d also shows the group index
as a function of wavelength. A group index of n, = 30 is achieved
in the topological band, a value for which backscattering typically
dominates out-of-plane radiation losses**, making the waveguide an
ideal testbed to study the aforementioned topological protection
to backscattering.

Characterization of optical propagation losses

We characterize the dispersive propagation losses of suspended silicon
photonic-crystal waveguides fabricated with aslab thickness of 220 nm.
This is achieved by measuring the optical transmission of suspended
photonic circuits where waveguides of varying lengths (L) from 250a,
t01,750a,, with a, = 512 nm denoting the lattice constant, are embed-
ded.SEMimages of the characteristic devices are shownin Fig. 3a. The
circuits comprise input and output free-space broadband grating cou-
plers, strip silicon waveguidesto direct light into the region of interest
(Fig. 3b) and intermediate waveguides* (Fig. 3¢c) to couple to the VH
interface modes (Fig. 3d) with high efficiency (87%; Supplementary
Section 2.3). Figure 3e shows a high-magnification SEM image, which
revealsthe presence of roughness along the sidewalls. In principle, the
roughness could be measured and used to calculate the scattering,
but, in practice, such a procedure is experimentally unfeasible and
numerically intractable****. Therefore, we instead benchmark our VH
waveguides against conventional line-defect W1 waveguides fabri-
cated onthe same chip suchthat the structural disorder has practically
equivalent statistics. We extract an average propagation loss as low
as 0.47 +0.04 dB cm™ over a 40 nm bandwidth in the non-dispersive
region of the Wl waveguide (Supplementary Section 3.2). This consti-
tutes arecord-low value for suspended silicon photonics and shows that
our nanofabrication’® provides an ideal testing ground for measuring
VH waveguides with the lowest level of roughness realized to date, to
the best of our knowledge.

Thecircuit transmittance for asingle VH device for each waveguide
lengthis shownin Fig. 3f. We convolute the raw spectrawith a Gaussian
kernel (standard deviation, 0 = 2.5 nm) to simultaneously remove
Fabry-Pérot fringes resulting fromreflections at the grating couplers
andaccountfor possible systematic structure-to-structure variations
(Supplementary Section 2.1). Inside the transmission band, we observe
that the loss is largest at around A =1,515 nm, which is a clear spectral
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Fig.2 | VH photonic crystals and interface states. a, Band diagram for VH
photonic crystals with (black) and without (red) inversion symmetry. The

inset shows the two-triangle unit cell. The bandgap generated at the K point by
breaking the inversion symmetry (s, <s,) isindicated inred. b, Berry curvature Q
for the dielectricband in a. ¢, Schematic of the supercell generated by interfacing
two VH photonic crystals using a glide-symmetry operation. The silicon
geometry (displayed in grey) is surrounded by air. d, Dispersion diagram and
group index for the structure shown in c. The insets show the electrical energy
density, |E|?, normalized to the maximum for the trivial (black solid line and
grey shading) and topological (blue solid line and blue shading) Bloch modes
atasimilar group index of n, = 31with the outlines of the geometry overlaid.

For the topological mode, this group index occurs at the symmetry-protected
degeneracy point, k,=1/a,.

indication of the n, peak shownin Fig. 2d. We account for the stochastic
nature of the sidewall roughness by studying the averaged quantities
obtained from measurements done over three nominally identical
circuits for each waveguide length. We find that the ensemble-averaged
transmission intensity can be described by an exponential spatial
decay, with an attenuation coefficient a(1) = ¢ (A). This leads to the
following damping law:
L

——— +1InTyHA), @

(InTA)) = A0

where additional losses in the circuit are cast into T, (Supplemen-
tary Section 2.1). Characteristic fits to the ensemble-averaged data
are shown in Fig. 3g. Although such Beer-Lambert-like attenuation
has been theoretically shown to fail for particular periodic mono-
mode waveguides*’, the moderate values of n, explored here and the
state-of-the-art nanofabrication process justify the model. The same
arguments also support the use of three devices per length since the
variance of the stochastically distributed transmission (which depends
on the loss pathway, group index and waveguide length’®) is low as
confirmed by the data subsets with anincreasing number of nominally
identical devices (Supplementary Section 2.2).

Nature Photonics | Volume 17 | May 2023 | 386-392

388


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-023-01189-x

aVaVAVAVAVaVaVA

Y
Fig.3 | Experimental characterization of propagationlosses. a, SEM image
of partof anarray of PTIwaveguides with lengths 250, 500, 750, 1,000, 1,250,
1,500 and 1,750 unit cells embedded in otherwise equivalent photonic circuits.
b,c, Close-up views of the coupling between strip and PTI waveguides. d, Top-
down view of a section of PTI waveguide. e, High-magnification SEM image
showing a single unit cell of the PTI. f, Transmittance data for one full array of
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loss length is obtained. The colour indicates the length, asinf.

Group-index dependence

The propagation loss over awide wavelength range is showninFig. 4a.
It exhibits prominent dispersion across the maximum group index at
around A=1,515 nm. As a consequence of strong dispersion, the
extracted propagation loss depends onthe width of the filtering kernel;
therefore, the values shown in Fig. 4a constitute alower bound to the
propagation losses. Broadly speaking, the dependence of propagation
loss on wavelength reflects the physics underlying several distinct
scattering mechanisms®. The losses of a propagating mode in a
photonic-crystal waveguide can be classified into intrinsic losses,
¢71(1), scattering into radiation modes in the cladding, ¢5k(1), and
inter- or intramodal scattering into other slab or waveguide modes.
Intrinsic losses include absorption material losses, which can be
neglected in crystalline silicon at telecom wavelengths, except for
two-photon absorptioninultrahigh-Q cavities*’, and intrinsic radiation
losses when operating above the light line”. In the case of amonomode
photonic-crystal waveguide with vertical sidewalls operated at wave-
lengths within the bulk bandgap, all the sources of inter- and intramodal
scattering except for backscattering, £;1(1), are strongly suppressed.
This holds provided that the disorder levels are perturbative and that
the size of the photonic crystal in the direction perpendicular to the
waveguide axis (here 16) substantially exceeds the Bragg length. All
such conditions are satisfied for the VH waveguides explored here, and
the remaining loss lengths add up reciprocally to the propagation
length as

et ) = 671 + €55 ). (2)

Both contributions are generally dispersive and may independently
vary based on geometry, material properties, disorder and wavelength.
Asaconsequence, the precise scaling with ng is far from trivial®®. Nev-
ertheless, based on the experimental observations and perturbation
theory*, we model ¢;1(1) by

o' (A) = Bz (A — AD) + yng(A - AD), )

where n,(1) is the theoretical group index (Fig. 2d). The coefficients
and y describe the loss due to backscattering and out-of-plane radia-
tion, respectively. Furthermore, to account for the observed spectral
shifts of about 20 nm between the calculated n, and observed loss
peak, we introduce an additional model parameter, AA, describing a
linear spectral shift between theory and experiment. The fitis shownin
Fig.4aand agrees well with the experiment, which shows that equation
(3) describes the measured losses well, irrespective of the transition
between the topological and trivial modes. The fitted coefficients
are $=0.151+0.003 dBcm™andy =0.390 + 0.070 dB cm ™. The band
structureis shifted by A1 =20.22 + 0.05 nm, which accounts for minor
deviations in average dimensions between the model and samples,
and this shift is henceforth applied to all the theoretical quantities,
placing the degeneracy pointat1,517 nm and the K valley of the topo-
logical mode at 1,587 nm. We note that the measured propagation
losses are not minimal at the K valley. For reference, the propagation
loss was also measured in both zigzag and bearded interface wave-
guides using a different unit cell’® (Supplementary Section 3.3). The
minimal propagation loss does not coincide with the location of the
Kvalley for any of the measured waveguides. The calculated intrinsic
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radiation losses (Methods) of the topological mode above the light
line is included for reference in Fig. 4a and shows good agreement
with the measured propagation loss. We obtain the propagation loss
as a function of group index (Fig. 4b) and observe that the losses of
the two modes coincide within the statistical uncertainty. In addi-
tion, we use the fitted y and S to infer that similar to conventional
W1 photonic-crystal waveguides®®, backscattering losses exceed the
out-of-plane radiation losses even at very low group indices, which
include the vicinity of the K valley. We conclude that the topological
interface mode incurs equivalent propagation losses as the trivial
mode in the slow-light regime, and thus, we observe no topological
protection against fabrication disorder.

Observation of coherent backscattering

We now turn to exploring the physics of backscattering in the topo-
logical waveguide beyond the ensemble behaviour. We image the
vertically scattered far fields from single-waveguide realizations
(L =1,750a,) using atunable laser and a near-infrared camera. These
measurements use a different sample with propagation losses compa-
rable withthosereportedinFig.3 (Supplementary Section 3.2). Since
itis challenging to distinguish between the topological and the trivial
mode from far-field measurements on straight waveguides (Supple-
mentary Section 4), we employ sharply bent waveguides, which act
as highly efficient (Supplementary Section 5) filters that only allow
the topological mode to pass®. Figure 5a shows a microscopy image
of adevice, overlaid with the scattered far-field at a wavelength well
withinthe topological band. Inadditionto scattering at the interface
between the strip waveguide and intermediate waveguide as well as
atthe two vertices of the bend, we observe spatially varying scatter-
ing in a finite region of the waveguide close to the second corner.
Thisis a clear fingerprint of strong coherent backscattering leading
to complex interference patterns in the near-field of the propagat-
ing mode and projected into the far-field by out-of-plane radiation
losses™. Coherent backscattering ultimately leads to spectral and
spatial localization of the light field and one-dimensional Anderson
localization™. Inasingle realization, this corresponds to the formation
of random optical cavities with distinct spatial patterns (Fig. 5b) and
Q=2 x10° (Fig. 5¢). The observation of random Anderson-localized
cavities with high Q corroborates that coherent backscattering is
the dominant source of loss at the imaged wavelengths, that is, the
inverse loss length (Fig. 4) may be interpreted as the inverse locali-
zation length. Finally, we step the laser wavelength across a wide
wavelengthrange around the degeneracy point and study the transi-
tionfrom the topological to the trivial mode. The spectro-spatial map
(Fig.5d) depicts theacquired intensities after the second corner and
along the axis of the waveguide. It reveals the presence of multiple
spectral resonances associated with spatially localized far-field pat-
terns, whose spatial extent generally increases with wavelength, as
expected from the behaviour of the ensemble-averaged loss length
(Fig.4). Themodes labelled A-E correspond to the imagesin Fig. 5a,b
and are notvisible inthe transmission spectrum of the circuit, which
further evidences their localized nature. In addition, a close-up view
of the bend (Fig. 5e) unveils the topological or trivial nature of the
propagating modes. For all the wavelengths below 1 =1,554 nm,
we observe a single scattering spot at the first corner (Fig. 5e) and
no emission from the waveguide (Fig. 5d), indicating wavelengths
within the trivial band, consistent with previous observations for
this waveguide geometry™®. At the resonant wavelength of mode E,
light is also strongly scattered at the first corner. This is consistent
with our numerical simulations of high-group-index wavelengths
near the degeneracy, even in the topological band (Supplementary
Section 5). At the wavelengths of the modes labelled A-D, the radia-
tion losses in both corners are not only suppressed but also evenly
distributed, confirming the existence of localized modes within the
topological band.

a 0
Trivial Topological
~ 200 — Fit
E —— Measured loss
[an]
% 150 + Intrinsic radiation loss
38
5 — K valley
= 100
()}
@
aQ
e
a 50

1,540 1,560 1,580

Wavelength, A (nm)

1,500 1,520

b 250

- Measured loss (topological)
200 "
Measured loss (trivial)

Bcm™)

Z 150 -

100

Propagation loss

a
o
T

5 10 15 20 25 30 35

Group index, ng

Fig. 4 | Dispersive propagation losses in a slow-light glide-symmetric VH
waveguide. a, Wavelength dependence of the measured propagation loss (solid
blackline) obtained from the fit coefficients (Fig. 3g), with the shaded area
indicating the standard error. The propagationloss is fitted with the model in
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that were fitted. The calculated intrinsic loss above the light line is included for
reference (solid greenline). The location of the K valley in the topological mode is
indicated by a vertical blue line. b, Dependence of the loss on the group index, n,
where the wavelength-group-index conversionis derived from the fitina.

Conclusion and outlook

The experiments presented here—the dependence of the measured
loss length on the group index as well as the scattered light observed
viafar-fieldimaging—establish a consistent picture of the transmission
and scattering of slow lightin VH PTlinterface modes: backscattering
dominates over out-of-plane losses and is sufficiently strong toinduce
random cavities with high Q. Additionally, we observe no difference
between the dependence of loss length on group index for the topo-
logical and trivial modes.

Obviously, our experiments do not rule out the existence of back-
scattering resilience in other time-reversal-invariant PTIs with different
symmetries, unit-cell geometries, interfaces or disorder levels. Even if
structural disorder eventually destroys the crystal symmetry behind
non-trivial topologies, backscattering might stillbe suppressed for lim-
ited disorder*. To approach that regime, we have employed a bearded
VHinterface, which hasbeentheoretically shown tobe morerobust than
othertypesofinterface®. Inaddition, our record-low-loss W1 waveguides
show that we are probing some of the lowest levels of disorder realized
in silicon photonics so far. Even so, we do not observe any signature of
reducedbackscatteringand our results therefore cast doubts on whether
any topological protection against backscattering from nanoscale rough-
ness is possible in an all-dielectric platform, that is, without breaking
time-reversal symmetry or dynamic modulation techniques.
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Fig. 5| Observation of coherent backscatteringin a VH topological interface
state. a, Microscopy image of a photonic circuit and overlaid vertically scattered
far-fields at wavelength A =1,557 nm. Light polarized in the x direction is excited
attheinput grating coupler (indicated) and guided to a PTIwaveguide. The cyan
box highlights the scattering site at the strip-to-intermediate waveguide interface
and thered boxindicates the scattering sites in the sharp bend. The black box
highlights the scattered fields along the waveguide axis after the second corner,
adetail of which (labelled A) is given below. b, A representative set of far-fields
(labelled B-E) at wavelengths corresponding to high-n, values of the underlying
topological interface state. ¢, Spectral resonances associated with modes A-E
obtained by averaging over a small set of pixels near the corresponding arrows in

b. The horizontal axis shows detuning from the resonance wavelengths, 1.

d, Spatial and spectral mapping of the scattered far-fields after the second corner
and along the waveguide axis. The wavelength range corresponds to the region
around the degeneracy point. The modes shown in b are highlighted.

e, Detailed view of the scattered fields at the vertices of the bend corresponding
to modes A-E and to a wavelength well within the topologically trivial band.

Light propagating in the trivial mode is lost from the waveguide due to strong
scattering at the first bend, whereas the topological mode offers protection from
scattering at the bends such that scattering from both bends can be observed,
whichallows a clear distinction between the trivial and topological modes.

We hope that our work will motivate further research to consider
robustness against a real-world disorder, for example, in developing
new magneto-optic materials to break time-reversal symmetry at
optical frequencies*® or studying the mechanisms behind Anderson
localization® in systems with valley-momentum locking. The interplay
between disorder and topology has surprising consequences, such as
topological Anderson insulators®®, and our work takes the first steps
into research at the nexus between Anderson localization, topology
and silicon photonics.

Online content

Any methods, additional references, Nature Portfolio reporting
summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
$41566-023-01189-x.
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Methods

Sample fabrication

The measurements are performed on two samples (sample 1 and
sample 2). The datain Figs. 1and 5 are taken from sample 1 and the
data shown in Figs. 2-4 are from sample 2. Both samples are fabri-
cated from the same silicon-on-insulator substrate with a nominally
220-nm-thick silicon device layer. The fabrication process is detailed
elsewhere’ with some minor modifications. Sample 1is fabricated using
a high-resolution electron-beam lithography process, the details of
which may be found in another work®. Sample 2 is fabricated using a
modified process, which introduces asilicon-chromium hard mask*.

Optical spectral measurements

Thetransmission of each deviceis measured usinga confocal free-space
optical setup with cross-polarized and spatially offset excitation and
collection achieved via orthogonal free-space grating couplers. The
broadband optical characterizationis performed usingafibre-coupled
supercontinuum coherent white-light source (NKT Photonics Superk
EXTREME EXR-15) focused onto the input grating coupler using a
long-working-distance apochromatic microscope objective (Mitutoyo
Plan Apo NIR 20X, numerical aperture = 0.4, 10 mm effective focal
length). The input power (typically 120 pW at the sample surface) is
controlled using a half-wave plate and a polarizing beamsplitter and the
excitation polarization selected with a half-wave plate. Light coupled
out from the chip is collected using the same microscope objective,
split via a 50:50 beamsplitter and filtered in polarization and space,
respectively, usingalinear polarizer and single-mode fibre aligned to
the outputgrating coupler. Thelightis thensent to an optical spectrum
analyser (Yokogawa AQ6370D, 2 nmresolutionbandwidth) for retriev-
ing the spectrum. When shown dimensionless, the transmittance
spectra are normalized to reference measurements on asilver mirror
(Thorlabs PF10-03-P01) substituted in place of the fabricated sample
(Supplementary Section 2.1). For imaging the vertically scattered
fields, we employ the same free-space optical setup but instead use a
fibre-coupled tunable diode laser (Santec TSL-710) for excitation and
focusthescattered lightintoanear-infrared/visible camera (Aval Global
ABA-013VIR) using along-focal-length (f= 200 mm) plano-convex lens.
Theintense directreflection from the input grating coupler s filtered
outusingalinear polarizer perpendicular to the waveguide axis in the
collection path. The camera also serves the purpose of imaging the
sample surface using a near-infrared light-emitting diode (1=1.2 um).

Numerical modelling

We employ a finite-element method using commercially available
software (COMSOL Multiphysics versions 5.6 and 6.0) for the numerical
calculations. Siliconismodelled as a lossless dielectric with arefractive
index of 3.48 and air with a refractive index of 1.00. We simulate the
optical eigenmodes of the perfect photonic-crystal waveguides by
terminating themwith perfectly matchedlayersintheyandzdirections
andimposing Floquet boundary conditions onboth facets of the super-
cell along the waveguide axis (x). The real part of the eigenfrequencies
wy are used for the band structures (Fig. 1) and the imaginary part, to
extract the intrinsic losses above the light cone (Fig. 3a, green). The
latter data are obtained as ¢;}; = 4.34 x (2Im (wy)/|vg|), Where v, is the
group velocity. The transmission simulations (Supplementary Sections
2.3 and 5) are solved as frequency-domain problems using the funda-
mental strip waveguide mode for bothinput and output ports. All the

simulations use the symmetry relative to the midplane of the slab and
solve for transverse-electric-like electromagnetic fields. This relies on
the assumption of vertical sidewalls, which we observe, as well as the
absence of scattering into transverse-magnetic-like modes.

Data availability
The datathat support the figuresin this manuscript are available from
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