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Abstract: We report optical transmission measurements on suspended silicon photonic-crystal
waveguides, where one side of the photonic lattice is shifted by half a period along the waveguide
axis. The combination of this glide symmetry and slow light leads to a strongly enhanced chiral
light-matter interaction but the interplay between slow light and backscattering has not been
investigated experimentally in such waveguides. We build photonic-crystal resonators consisting
of glide-symmetric waveguides terminated by reflectors and use transmission measurements as
well as evanescent coupling to map out the dispersion relation. We find excellent agreement with
theory and measure group indices exceeding 90, implying significant potential for applications in
slow-light devices and chiral quantum optics. By measuring resonators of different length, we
assess the role of backscattering induced by fabrication imperfections and its intimate connection
to the group index.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Dispersion engineering of photonic-crystal waveguides has been a central theme in research on
slow light with possible applications in telecommunication photonics such as optical delay lines,
optical memories, and optical switches [1,2]. A central objective has been to realize ultra-compact
photonic structures with large bandwidths [3]. Another line of research has focused on exploiting
slow-light effects to increase the local density of optical states (LDOS) in order to enhance
light-matter interaction towards the manipulation and control of light in quantum photonic systems
[4]. However, the close connection between dispersion, the density of states, and backscattering
due to disorder constitutes a strong limitation to practical uses of slow light [5]. This has led
to a number of studies of multiple scattering and Anderson localization in photonic-crystal
waveguides [6–8], which have evidenced the potential of structural disorder to induce high-Q
cavity modes for cavity quantum electrodynamics or random lasing. Notwithstanding these
intriguing scientific developments, backscattering and Anderson localization remain the main
obstacles for photonic devices employing slow light [9].

More recently, nanophotonic waveguides have been employed in studies of chiral quantum
optics [10] where the main figure of merit is the circular LDOS. The transverse spatial confinement
of light in conventional waveguides results in positions with local circular polarization [11], but
the polarization tends to be linear at the positions and wavelengths where the LDOS is large.
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To circumvent this issue, the glide symmetry (GS), i.e., a composition of a mirror symmetry
and a translation operation [12], has been shown to be very beneficial, in particular the case in
which the photonic lattice on one side of the waveguide core is shifted by half a lattice constant
along the waveguide axis [13]. The GS generates local circular polarization at field maxima,
which enhances the directional β-factor. This is a main figure of merit for chiral quantum
optics, describing the fraction of emission events ending up in one particular direction and mode
relative to the emission into all modes. A directional β ≳ 90% was initially demonstrated in GS
waveguides [13], while geometric tuning of that initial design to induce slow light [14] recently
led to experimental β ≳ 95%, enabling the deterministic generation of path-entangled photon
pairs [15].

Further increasing the chiral light-matter coupling calls for operation of GS waveguides at
even higher group index, ng = c/vg, where c is the speed of light in vacuum and vg is the group
velocity. However, an efficient chiral light-matter interface must also minimize the number
of backscattered photons due to fabrication imperfection, which typically scales quadratically
[8] with ng. This trade-off calls for transmission measurements that experimentally assess the
achievable values of ng and address their connection with disorder-induced backscattering. While
previous results on waveguiding in chiral metamaterial waveguides indicated a reduction of
backscattering losses in GS waveguides [16,17], a recent numerical study indicated the opposite
for membrane-type GS waveguides [18]. However, experimental reports on light propagation
in GS waveguides are scarce [19,20] and have only considered relatively small group indices.
In addition, the interplay between the experimentally accessible group index and the sample
length has not been investigated. Here we report optical transmission measurements in GS
waveguides to map out their dispersion relation, confirming the theoretically predicted dispersion
in the slow-light regime, and we analyze the role of fabrication imperfections by comparing
the measurements to those in conventional W1 photonic-crystal waveguides. Besides the new
insights for chiral quantum optics, our results are important to further studies of GS waveguides,
which have been proposed to suppress out-of-plane scattering [21] or as a testbed platform to
study photonic spin-orbit interaction [22] and parity-time transitions [23].

2. Design and fabrication of suspended silicon glide-symmetric waveguides

The GS waveguide we explore follows the design proposed by Mahmoodian et al. [14] and
exhibits an enhancement of the group index of one order of magnitude relative to previous
experiments on GS waveguides [13]. This is achieved by introducing a series of transformations
and structural modifications to the geometry of the conventional W1 waveguide shown in Fig. 1(a).
First, the GS is introduced by a half-period shift of one side of the photonic-crystal cladding.
The even/odd classification of the modes in the mirror-symmetric W1 waveguide (black and
red in Fig. 1(b)) and the single-mode nature of the even mode with diverging group index
[24,25] (Fig. 1(c)) are then lost. In addition, the introduction of the GS directly leads to the
formation of pairwise degeneracies of the waveguide bands at the Brillouin zone edge due to the
non-symmorphic nature of the GS [12]. Second, the three rows of holes closest to the waveguide
axis are shifted and their radii are modified, leading to the geometry shown in Fig. 1(d). This
transformation increases the group index at certain points and ensures that the spectral features of
interest are within the band gap of the cladding. Importantly, it also ensures that the waveguide is
single-moded. The resulting dispersion relation for the transverse-electric-like modes is shown
in Fig. 1(e), which, as Fig. 1(b), has been obtained with the MPB software package [26]. We
note that the maximum group index, ng = 94, (labelled (i) in Figs. 1(e) and (f)) does not coincide
with the degeneracy point at the Brillouin zone edge (labelled (ii) in Figs. 1(e) and (f)). We also
note that although the degeneracy at the Brillouin zone edge is a salient feature of interface states
between topologically different materials [20,27], its origin here is rooted in the non-symmorphic
character of the GS.
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Fig. 1. Dispersion, slow light, and fabricated resonator devices. (a) Scanning-electron
micrograph (SEM) of a 20 µm-long W1 photonic-crystal waveguide terminated by high-
reflection grating couplers to form a resonator. (b) Dispersion relation of the W1 waveguide
illustrating the transverse-electric-like even (black) and odd (red) waveguide modes. (c) The
group index of the even mode is plotted as a function of a/λ, where a is the lattice constant
and λ is the wavelength in free space. (d) SEM of a 20 µm-long GS waveguide resonator.
(e) Dispersion relation of the GS waveguide exhibiting two modes below the light line. (f)
Group index of the GS waveguide. The important points are highlighted as i) the point of
maximum group index (ng = 94) and ii) the zone-edge degeneracy.

We have fabricated a series of devices using silicon-on-insulator wafers with a 250 nm silicon
device layer and a 3 µm buried oxide layer. The waveguides are directly terminated with circular
grating couplers at both ends. These couplers are essentially broadband point scatterers and have
a rather low coupling efficiency and high in-plane reflectivity. These properties allow building
resonator devices while directing a sizable amount of light out of the chip plane regardless of
the waveguide mode profile, which is useful for transmission measurements [28]. We have
carefully measured the clearance dose and applied proximity-effect correction before patterning
the devices using 100 keV electron-beam lithography. The pattern is transferred to the silicon
device layer by inductively-coupled plasma reactive-ion etching. Finally, the underlying oxide
layer is selectively etched in buffered hydrofluoric acid to realize a membrane structure. We have
fabricated in total 60 resonator devices for each waveguide design, consisting of 12 different
lengths (L = 10 µm, 20 µm, . . . , 120 µm) with 5 nominally identical copies of each device. All
resonators are fabricated in the same batch, the same chip, and in close proximity to each other,
to avoid chip-to-chip variations. This allows statistical analysis of device performance and a
direct comparison of the propagation properties of W1 and GS waveguides under the exact same
fabrication conditions. Representative scanning electron micrographs of the fabricated devices
are shown in Figs. 1(a) and (d) for W1 and GS waveguides, respectively.
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3. Transmission measurements

We characterize the devices using free-space optical transmission measurements performed
with the experimental setup shown in Fig. 2(a). A supercontinuum coherent white-light source
with long-pass filtering is used to obtain a broad input spectrum (1200 nm to 1700 nm). The
excitation light is directed onto one of the grating couplers on each device using a confocal setup
with polarization control to ensure that only TE-like modes are excited. The light transmitted
through the cavity is extracted from the second grating coupler and characterized using an optical
spectrum analyzer with a spectral resolution of 0.5 nm. A characteristic measurement on a W1
waveguide is shown in Fig. 2(b). From the observed Fabry-Pérot (FP) fringes, the group index is
extracted as

ng =
λ2

2∆λFSRL
, (1)

where λ is the wavelength, ∆λFSR is the free spectral range between consecutive FP cavity modes
and L is the resonator length. The group index obtained from an automatic peak-finding algorithm
is shown in red in Fig. 2(c), showing good agreement with the theoretical curve in solid black. We
note, however, that two transformations are applied. Firstly, the calculated dispersion relation and
group index are shifted by an offset of 22 nm, which compensates for a systematic uncertainty in
the hole radii and slab thickness. Secondly, the experimentally extracted group index is multiplied
by a factor of 2. This is needed because of the grating couplers, which may allow coupling into
multiple spatial positions and thus resulting in an interference with only every second oscillation
being resolved, which is also visible in the raw data in Fig. 2(b) as an anharmonic component
in the FP oscillations. This is further confirmed by a windowed numerical Fourier transform
analysis of the raw data as well as experiments using an alternative coupling scheme, as discussed
in further detail below. However, since the waveguide is highly dispersive, we resort to an
automatic peak search and systematically apply the factor of two afterwards. To double-check
that this factor originates from the coupling scheme, a second setup, illustrated in Fig. 2(d), is
used. In this case, a tapered fiber loop is used to evanescently couple light into the waveguides
[29], where the coupling to the cavity modes results in transmission dips, as shown in Fig. 2(e).
A direct comparison of Figs. 2(b) and (e) in the wavelength range 1500-1520 nm evidences that
the fiber allows coupling to all FP modes without any interference effects and confirming that
the destructive interference of every second mode observed in Fig. 2(b) is due to the coupling
condition and not the waveguide. Above 1520 nm, the evanescent technique reveals additional
resonances at random wavelengths above the cut-off observed in the free-space measurement. The
fluctuations in the free spectral range lead to strong fluctuations in the extracted value of ng around
the theoretical curve (Fig. 2(f)). Such resonances originate from the enhanced backscattering
induced by fabrication imperfection in the slow-light regime which ultimately induces Anderson
localization [6–8]. They correspond to tightly localized modes that are generally optically dark
when employing the free-space grating couplers but can be evidenced with the local evanescent
probe [30], thus explaining the difference between the two spectra. Despite the high quality
of these evanescent measurements and the additional insights they provide regarding coherent
multiple scattering in the device under test, the symmetry and phase-matching selection rules
[12] do not allow coupling to the higher-energy band of this GS waveguide using the fiber taper.
We therefore limit the analysis herein to free-space measurements and apply a factor of 2 in the
extracted ng to all measured resonators.

Figure 3 shows normalized raw data for five nominally identical and short (L = 40 µm) GS
waveguides along with the extracted group indices. In this case, the calculated dispersion and
group index, shown in Figs. 3(f) and (l), have been shifted by 23 nm. The agreement between
theory and experiment is generally excellent and the fluctuations in the measured group indices
arise primarily from the limited analyzer resolution and the signal-to-noise ratio, in particular
around the slow-light maximum (see insets in Figs. 3(a)-(e)). In addition, minor fluctuations
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in the group index can also be attributed to dispersion in the optical feedback of the resonator
[31], here provided by the grating couplers. As a major result of our work, we experimentally
confirm the theoretically predicted group indices exceeding ng = 90, a value twice as large as
that previously measured in a GS waveguide [20].

Fig. 2. Experimental setups and characteristic optical spectra. (a) The resonators are
excited by a supercontinuum white-light source, which is directed into and collected from the
grating couplers by free-space optics and measured with an optical spectrum analyzer. (b)
Transmission spectrum measured in a 70 µm-long W1 photonic-crystal waveguide showing
Fabry-Pérot fringe peaks (black circles) and troughs (red circles). (c) Group index extracted
from the free spectral range of the resonator device and corrected by a factor of 2 as explained
in the main text (red line). The simulated group index is given as a black line. (d) For
a second set of measurements we use a tapered fiber loop to evanescently couple to the
supported modes using a tunable laser. (e) Transmission spectrum of the same device
showing dips at wavelengths where light is evanescently coupled from the fiber loop into
the waveguide. (f) Group index extracted from the free spectral range of the measured
transmission dips. The correction factor of 2 is not needed in this case. The grey shaded
area in (c) and (f) mark the wavelength region where strong backscattering occurs.

To assess the feasibility of chiral quantum optics experiments in the slow-light regime of the
GS waveguide described here, we carry out transmission measurements for different waveguide
lengths (Fig. 4). For the shorter devices, as in Fig. 3, we observe an excellent agreement between
the extracted group index and the theoretical predictions. For longer devices, the use of Eq. (1),
which relies on the assumption that light can travel back and forth freely, fails to reproduce
the calculated curve above a certain value of ng. The enhanced losses in this region lead to
an increasingly limited signal-to-noise ratio, and backscattering ultimately induces Anderson
localization of the light field at random wavelengths. The free spectral range between the observed
peaks is thus affected and Eq. (1) deviates considerably from the numerically calculated curve.
We also carry out reference experiments on a set of conventional W1 waveguides fabricated
on the same chip to ensure that the structural disorder is statistically identical. Characteristic
measurements are shown in Fig. 5, with FP resonances observed for all sample lengths and with
an envelope transmission dropping rapidly near the band edge. The experimentally extracted
group indices show good agreement with theory up to a clear cut-off wavelength, which blueshifts
with increasing device length. Unlike for the W1 waveguides, the GS waveguides do not exhibit
this sharp cut-off on both sides of the ng maximum but multiple low-amplitude transmission
peaks are detected throughout the full wavelength range in all measured devices.

We extend the measurements shown in Figs. 4 and 5 to all nominally identical devices in
order to assess both types of waveguides statistically and to extract a critical length above which
they cannot be safely operated in the slow-light regime with a given slowdown factor ng. Since
W1 and GS waveguides have nearly identical features (circular holes with similar radii) and are
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Fig. 3. Optical transmission measurements for 5 nominally identical GS waveguide
resonators of length L = 40 µm. (a-e) The experimental transmission spectra exhibit clear
Fabry-Pérot resonances with a monotonously varying free spectral range in agreement with
(f) the calculated dispersion relation. (g-k) The extracted group index agrees very well with
(l) theory.

fabricated in parallel on the same chip, their structural disorder can be assumed uniform, which
allows their performance to be compared at a common and realistic disorder level and group index
[32]. We define, for a fixed length L, a cut-off operational point, {λ∗, ng∗}, at the wavelength λ∗
at which the reconstructed ng deviates a specified amount from the theoretical curve, an approach
that can be systematically applied to both W1 and GS waveguides. Specifically, we consider the
normalized error,

δ(λ) =
|nexp

g (λ) − nthe
g (λ)|

nexp
g (λ) + nthe

g (λ)
, (2)

where "the" and "exp" denote theory (without disorder) and experiment, respectively. The cut-off
wavelength λ∗ is defined by δ(λ∗)>δ∗ or the wavelength corresponding to the maximum ng
measured in case the criteria is not satisfied within the measured data. The precise value of
the threshold δ∗ influences the extracted pair {λ∗, ng∗} but setting this value to, e.g. δ∗ = 0.2,
and assessing the deviations statistically (using the 5 nominally-identical devices) allows a fair
comparative analysis of W1 and GS waveguides for a fixed device length. Figure 6 shows
the average ng∗ as a function of the device length L for both types of waveguides, with the
error bars representing the standard deviation among the 5 resonators. The negative correlation
between group index and losses typical of conventional W1 waveguides [33] is also found for
GS waveguides. However, the higher maximum group indices ng∗ of GS waveguides relative
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Fig. 4. Optical transmission measurements for GS waveguide resonators of different length.
(a-e) Normalized raw data for resonator lengths varying from 20 µm to 100 µm, which show
a pronounced reduction of the transmission around the group-index maximum in (f) the
dispersion relation. The limited signal-to-noise ratio and Anderson localization effects leads
to substantial variations in the extracted group index for longer devices but the agreement
between (g-k) experiment and (l) theory is excellent for L ≤ 40 µm.
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Fig. 5. Optical transmission measurements for W1 waveguide resonators of different length.
(a-e) The experimental transmission spectra for different lengths exhibit clear Fabry-Pérot
resonances and a cut-off in agreement with (f) the calculated dispersion relation. (g-k) The
extracted group index agrees very well with (l) theory below the threshold for Anderson
localization.
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to W1 waveguides for lengths L = 50-100 µm indicate lower propagation losses at high group
indices. This experimental observation may seem in disagreement with recent perturbation
theory calculations [18], but the r.m.s. roughness level we observe in our devices is smaller than
the 3 nm considered therein, even in absolute terms but even smaller relative to the wavelength,
and their calculations do not account for coherent multiple scattering effects and radiation losses.

Fig. 6. Measured ensemble-averaged group index at the cut-off wavelength as a function
of device length for W1 (red) and GS waveguides (blue). The error bars correspond to
the statistical standard deviation obtained from 5 nominally identical resonators. The GS
waveguide systematically sustains higher group indices for device lengths L>50 µm.

4. Conclusion

Our measurements confirm theoretical predictions of the dispersion relation and group index
of waveguides with GS. Importantly, we measured group indices exceeding ng = 90, which
has important implications for research on chiral quantum optics because our results imply
experimentally achievable directional β-factors approaching unity, even beyond what has been
recently reported in Ref. [15]. We have addressed the dispersive propagation losses of a GS
waveguide by evaluating fluctuations in the extracted group index as a function of the resonator
length. Comparison of these deviations to those observed in conventional W1 waveguides over a
set of nominally identical devices indicate that GS waveguides offer a competitive advantage
when operated at group indices below 50, effectively providing delay times twice as large as
those achieved in W1 waveguides. Beyond the differences observed between the two waveguide
designs, the methodology used here constitutes an important step forward in understanding light
transport in photonic-crystal waveguides subject to structural disorder, which in the slow-light
regime is governed by the localization length, ξ. While the exponential decay in transmission
measurements cannot disentangle backscattering losses from other losses [7], such as absorption
or out-of-plane scattering, the spectral properties of the (quasi-)normal modes in an open finite
system [34] are better suited to obtain ξ. The Thouless criterion [35] is not directly applicable to
the cavities here, which exhibit transmission peaks even in the absence of scattering. A more
sophisticated statistical study of the group-index fluctuations we observe may be used to extract
ξ, similar to what has been done for two-dimensional systems [36], where a univoque relation
between the localization length and the level-spacing probability distribution has been predicted.
Funding. Det Frie Forskningsråd (0135-00315); Innovationsfonden (0175-00022); Villum Fonden (13170); Danmarks
Grundforskningsfond (DNRF147).

Disclosures. The authors declare no conflicts of interest.

Data availability. The derived data that supports the findings in this study has been presented in the article. Raw
data is available from the corresponding author upon reasonable request.



Research Article Vol. 30, No. 8 / 11 Apr 2022 / Optics Express 12574

References
1. Y. Okawachi, M. A. Foster, J. E. Sharping, A. L. Gaeta, Q. Xu, and M. Lipson, “All-optical slow-light on a photonic

chip,” Opt. Express 14(6), 2317–2322 (2006).
2. T. Baba, “Slow light in photonic crystals,” Nat. Photonics 2(8), 465–473 (2008).
3. T. F. Krauss, “Slow light in photonic crystal waveguides,” J. Phys. D: Appl. Phys. 40(9), 2666–2670 (2007).
4. P. Lodahl, S. Mahmoodian, and S. Stobbe, “Interfacing single photons and single quantum dots with photonic

nanostructures,” Rev. Mod. Phys. 87(2), 347–400 (2015).
5. S. Mazoyer, J. P. Hugonin, and P. Lalanne, “Disorder-induced multiple scattering in photonic-crystal waveguides,”

Phys. Rev. Lett. 103(6), 063903 (2009).
6. J. Topolancik, B. Ilic, and F. Vollmer, “Experimental observation of strong photon localization in disordered photonic

crystal waveguides,” Phys. Rev. Lett. 99(25), 253901 (2007).
7. L. Sapienza, H. Thyrrestrup, S. Stobbe, P. D. Garcia, S. Smolka, and P. Lodahl, “Cavity quantum electrodynamics

with anderson-localized modes,” Science 327(5971), 1352–1355 (2010).
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