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High transmission in 120-degree sharp bends
of inversion-symmetric and inversion-
asymmetric photonic crystal waveguides

WeiDai1,2, Taiki Yoda1,2, YutoMoritake1,MasaakiOno 2,3, Eiichi Kuramochi 2,3 &
Masaya Notomi 1,2,3

Bending loss is one of the serious problems for constructing nanophotonic
integrated circuits. Recently, many works reported that valley photonic crys-
tals (VPhCs) enable significantly high transmission via 120-degree sharp bends.
However, it is unclear whether the high bend-transmission results directly
from the valley-photonic effects, which are based on the breaking of inversion
symmetry. In this study, we conduct a series of comparative numerical and
experimental investigations of bend-transmission in various triangular PhCs
with and without inversion symmetry and reveal that the high bend-
transmission is solely determined by the domain-wall configuration and
independent of the existence of the inversion symmetry. Preliminary analysis
of the polarization distribution indicates that high bend-transmissions are
closely related to the appearance of local topological polarization singularities
near the bending section. Our work demonstrates that high transmission can
be achieved in a much wider family of PhC waveguides, which may provide
novel designs for low-loss nanophotonic integrated circuits with enhanced
flexibility and a new understanding of the nature of valley-photonics.

Photonic crystal waveguides (PhCWGs) that support highly confined
light modes have wide applications in telecommunication and data
processing1–4. Recently, valley photonic crystals (VPhCs), an optic
implementation of valley Hall effect (VHE)5–7, have offered large-scale,
all-dielectric designs for PhCWGs. VHE describes that two-dimensional
honeycomb lattice crystals possess a valley degree of freedom (DOF).
The valley DOF is hosted at the corners (K and K 0 points) in the first
Brillouin zone, connected by time-reversal-symmetry (TRS) and
inversion symmetry. Valley-dependent physics can be extracted by
breaking the inversion symmetry of the two-dimensional lattice, which
introduces opposite, non-zero Berry curvatures to different valleys8–10.
Inspired by this idea, the photonic version VHE has been explored in
two-dimensional photonic systems11–13. Opposite Berry curvature and
angularmomentum can be observed for photonic states with different
valley indices11–17. The usual Chern number, defined with the integra-
tion of Berry curvature over the first Brillouin zone, vanishes to zero in

a VPhC due to the TRS. However, since there exist local Berry curva-
tures around K and K 0 points, a non-zero valley Chern number can be
defined as Cv =CK � CK 0 , where CK (CK 0 ) is integrated over half-
Brillouin-zone around the K (K 0) valley16–18.

Bending loss is one of the most serious problems in constructing
photonic integrated circuits employing nanophotonics19–22. This is
because sharp bends exhibit significantly large reflections when the
bending radius is comparable to the wavelength of light. For example,
a simple single-missing-hole line defect waveguide (so-called, W1), the
mostwidely-usedPhCwaveguides, have large reflections at 120-degree
bends unless sophisticatedly modified at the corners19–21. In contrast,
many recent reports showed that VPhC waveguides, constructed by
connecting two VPhCs with opposite valley Chern numbers, exhibit
extraordinarily high transmission through 120-degree bends within a
wide frequency range14–17,23–39. This interesting property of VPhCs has
attracted considerable attention. Since backscattering suppression is
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generally expected for edge or domain-wall modes in topological
insulators, reflection-free transmission has been considered a topolo-
gical feature of VPhCs. Naively, if one assumes that inter-valley scat-
tering is prohibited, valley spins should be conserved, and thus the
back reflection should be suppressed.

However, no unambiguous demonstration proves the direct
relationship between high transmission in bends and the topological
properties. In fact, we believe some ambiguities remain. (1) In valley-
photonics, backscattering suppression requires the conversation of
valley pseudospins. However, it has not been theoretically clarified
whether inter-valley scattering could be prohibited or valley pseu-
dospins could be conserved at bends. In the usual situation, valley spin
can be easily flipped upon reflection. For example, Arregui et al.40

numerically showed that the suppression of backscattering occurs
only at ultraslow light modes in straight VPhCWGs with minimal dis-
orders, and a recent experimental work supported their conclusion41.
This minimal perturbation condition is hardly satisfied in the trans-
mission in 120-degree bends, which onemay treat as a strong disorder
that breaks the translational symmetry. (2) Experimentally or numeri-
cally, it has not been directly proved that the high transmission is due
to the valley-photonic effects. In some previous studies27,31, W1WGs are
used as the reference to verify the high transmission in VPhCWGs.
However, the domain-wall configurations ofW1WGs and VPhCWGs are
largely different. Besides the inversion symmetry in the bulk lattice,
W1WGs also have larger waveguide widths and their domain-wall
configuration is not compatible with a honeycomb structure. There-
fore, there remain possibilities that the high transmissions result from
the difference in the domain-wall configuration instead of the topo-
logical effect.

In this study, to identify the origin of high transmission in
120-degree bent PhCWGs, we separate the effect of inversion sym-
metry and the domain-wall configuration by employing a specific
model structure in which we can vary the interface condition and the
inversion symmetry separately. We show theoretical treatments first,
followed by extensive experimental works. Our theoretical and
experimental studies reveal a surprising result in which the high bend-
transmittance appears irrespective of the existence of the inversion
symmetry. It is shown that the high bend-transmission can be realized
in a much wider range of structures than previously expected. Since
the breaking inversion symmetry is the origin of the valley photonic
effect, our finding indicates that the high bend-transmittance does not
originate from the valley effect. Furthermore, we carefully investigate
the appearance condition of the high bend-transmission for various
interface structures, and finally give an intriguing insight into the ori-
gin of the high bend-transmission.

Results
Model structures
We propose to employ a systematic model representing various
domain-wall configurations with and without the inversion symmetry.
In a honeycomb lattice, restoring the inversion symmetry closes the
bandgap and thus no domain-wall modes remain. Here, we adopt
triangular-lattice air-hole PhCs as shown in the inset image of Fig. 1a, b.
We manipulate the inversion symmetry by changing the hole shapes.
The PhC is inversion-symmetric (IS-PhC) w.r.t. the lattice site when the
air holes are circular; and is inversion-asymmetric (IA-PhC) w.r.t. any
on-plane point when the air holes are triangular. In valley-photonics, a
triangular lattice is sometimes treated as an extreme case of

Fig. 1 | The band structures of triangular lattice Si-slab PhCs and the proposed
structuralmodel. awith andbwithout inversion symmetry. Inset ina shows the IS-
PhC with circular air holes in the silicon slab. The lattice constant is 400nm. The
radius of air holes is 102nm. Inset in b shows the A-type and B-type IA-PhC with
triangular holes. The lattice constant is 400nm. The side length of air holes is
277 nm. The effective refractive index of silicon is 2.65. c Conceptual illustration of

the universal design of triangular lattice waveguides that are compatible with 120-
degree sharp bends. This large picture shows a bulk triangular lattice (S =0) with
inversion symmetry (circular holes). The bent interface forms a 60-degree angle.
The reddotted line is the angle bisector. The smaller pictures show the five domain-
wall configurations obtained by shifting the red regionwhen the shifting parameter
S is −2, −1, 1, 2, and 3.
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honeycomb lattice with one sublattice disappearing, which is
demonstrated by a continuous evolution of sublattice size using the
unit cell for the honeycomb lattice25,42,43. Even if the structure looks
asymmetric in the honeycomb unit cell, rigorous inversion symmetry
is still not broken in a triangular lattice. It is worth noting that such a
continuous evolution process does not always preserve the lattice
symmetry.

The IS-PhC preserves inversion symmetry and is topologically
trivial. The valley topology of IA-PhCs have been demonstrated in both
hole-type34,37,44 and pillar-type designs.13,16,35,36,38. Here we focus on the
first bandgap of TE-polarization in hole-type PhCs (Fig. 1a, b). This first
bandgap is most widely used in PhC waveguides, including W1WGs.
Since the Dirac degeneracy occurs between the second and third
bands at K points, the first bandgap always exists even with the
inversion symmetry. Therefore, one can easily alternate the inversion
symmetry without closing the first bandgap. The crucial point is that
the valley-photonic effect exists in a triangular IA-PhC. The band
topology is characterized by Berry curvature Ωnk defined as:45–47

Ωnk ==k ×Ank, ð1Þ

Ank = i unkj=k junk

� �
, ð2Þ

where unk is the periodic part of the Bloch wavefunction and n is the
band index.

To date, all established valley PhCs exhibit non-trivial Berry cur-
vature, which arises from the anomaly at the K (K 0) point. This Berry
curvature leads to novel valley-dependent phenomena, such as angu-
lar momentum. Thus, valley-dependent physics is intrinsically linked
to non-trivial Berry curvature, a concept widely regarded as funda-
mental across various areas of topological physics48–50. To verify the
topological properties of IS- and IA-PhCs, we calculate their Berry
curvatures near K point via Wilson loop and k ⋅ p perturbation method
(see Supplementary Information (2) for details). IA-PhC has nontrivial
Berry curvatures around the K and K 0 points at the first two bands.
Moreover, the Berry curvatures at the first and the second bands have
opposite signs. Thus the first TE bandgap is topological and the valley-
dependent properties should be observable at the IA-PhC. In contrast,
the IS-PhCs have zero Berry curvature around the K and K 0 points.
Thus, the topology of the first TE bandgap can be manipulated by
simply changing the hole shape.

Starting from this bulk design, a wide variety of domain-walls can
be constructed by shifting the lattice in the half-space. As shown in
Fig. 1c, we divide the triangular lattice PhC with a 60-degree angle
boundary into the blue and red regions. We can shift the two divided

regions along the angle bisector (dotted red line) to introduce a line
defect to the bulk lattice and thus construct a 120-degree bent wave-
guide.Waveguides constructed in thismanner canbe characterized by
the shift direction and shift distance D. Here, we define a shifting
parameter S=

ffiffiffi
3

p
D=a. S is positive (negative) when the red region is

shifted away from (towards) the blue region. When S = 3, the wave-
guide is a conventional W1WG with circular holes. When S = ±1, the
domain wall is a zigzag interface. When S = ±2, the domain wall is a
bearded interface. Note that when S is even, the waveguide is mirror-
symmetric.When S is odd, thewaveguide is glide-symmetric.When S is
a non-integer, the interface has neither mirror symmetry nor glide
symmetry.

We can also classify the domain-wall configuration of other types
of VPhCs previously reported in a similar manner. For example, the
zigzag interface in reference [25]25 corresponds to S = −1, and the
bearded interface in reference [28]28 corresponds to S = −2. In addition,
honeycomb lattice VPhCs can be classified in the same manner if we
focus on the configuration of large holes (or pillars). When S = ±1, the
latticebecomes one of the sublattices of a zigzag interface honeycomb
lattice14,15,23–26,40.When S = ±2, the latticebecomes oneof the sublattices
of a bearded interface honeycomb lattice17,28–32. The sign change of S
corresponds to the sublattice exchange in a honeycomb lattice. We
assume that the broken inversion symmetry and domain-wall types
(parameter S) would both be able to affect the high transmission
through sharp bends. The comparison between VPhCWGs andW1WGs
alone cannot distinguish between the two factors. Therefore, in this
study, we compare the light transmission through 120-degree sharp
bends between IS-PhCWGs and IA-PhCWGs having the same domain-
wall type and then examine different domain-wall types. We mainly
investigate the aforementioned five types of interfaces:
S = −2, −1, 1, 2, 3.

Numerical studies of Z-shaped waveguides
(i) W1WG (S = 3, mirror-symmetric waveguides with inversion sym-
metry). Here we numerically investigate Z-shaped waveguides in Si
PhC slabs, consisting of a pair of 120-degree bends with the middle
segment length of 20a. Firstly, we investigate the configuration of S = 3
with circular holes, corresponding to W1WG, which is mirror-
symmetric and possesses inversion symmetry. It has an even and an
odd band in the PBG (Fig. 2a), and here we focus on the evenmodes in
the lower-frequency band. As shown in Fig. 2a with a black arrow, there
is a single-mode region in the frequency range a/λ = 0.265–0.282.
Within this single-mode region, we can see a clear transmission con-
trast between the straight (Fig. 2b, black curve) and the bent (Fig. 2b,
red curve) waveguides. There are strong ripples in the spectrum of the
bent waveguide. We calculate the corresponding cavity length to be

Fig. 2 | Calculation results of the straight and Z-shaped S = 3 IS-PhCWGs
(W1WGs). a The 2-dimensional band structure. The black arrow shows the single-
mode region. The inset shows one corner of the bent waveguide. b The transmit-
tance spectra of the straightW1WG (black curve) and Z-shapedW1WG. The average

transmittance is 0.47, and the F-P reflectivity is 0.40. c The out-of-plane magnetic
field Hz of the Z-shaped W1WG at a/λ =0.270. The transmittance is 0.39. The five-
pointed star indicates the location of the wave source. The arrow points toward the
propagation direction.
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around 21.5a from the free spectral range (FSR) of the ripples. This
length is very close to themiddle segment’s length 20a in the Z-shaped
waveguide. Therefore, we confirm that these are Fabry-Pérot (F-P)
ripples resulting from strong reflection at the two bends. Suppose
bend reflection is the only source of energy loss in the waveguide, one
can approximate the transmittance spectra with the transmission
function of a simple Fabry-Perot interferometer: T = 1

1 + 4R
ð1�RÞ2

ðsinσ
2Þ

2, where

R is the reflectivity at each bend. We call R the F-P reflectivity and label
it RFP. To quantitatively analyze the transmission property of a
Z-shaped waveguide, we calculate the average transmittance Tav and
the F-P reflectivity RFP from the simulated spectrum. The calculation is
conducted within the single-mode region omitting ultraslow-light
frequencies (see “Method” section for details). For the W1WG the fre-
quency range is a/λ =0.269–0.278. The calculated Tav and RFP are 0.47
and 0.40.

As a typical example of the field distribution for the Z-shaped
waveguide, Hz near a bend at a/λ = 0.270 is shown in Fig. 2c where the
transmittance is 0.39. The five-pointed star indicates the location of
the light source, exciting a rightward propagating mode. The light
intensity is fairly reduced at the output port, and there is significant
reflected intensity behind the excitation source. Hereafter, we inves-
tigate other types of waveguides focusing on their Tav and RFP.

(ii) S = −2, glide-symmetric waveguides. Here we investigate the
S = −2 IA-PhCWGs without inversion symmetry (inset of Fig. 3a). As
described before, this lattice and its domain-wall structure possess
typical VPhC properties, such as non-trivial Berry curvature and

angular momentum. In addition, due to the glide symmetry of this
waveguide, two bands degenerate at the edge of the Brillouin zone
(BZ), as shown in Fig. 3a. The modes have a mixed spatial parity at the
waveguide’s interface. The band above the degenerate frequency
(upper band) has a broad single-mode region (a/λ =0.267–0.301).
However, the band below the degenerate frequency (lower band)
overlaps with the bulkmodes,making it impossible to excite the lower
band. Here we focus on the upper band only. The upper band exhibits
a very high transmission, as shown in Fig. 3b. Tav and RFP in this
Z-shaped waveguide are estimated to be 0.97 and 0.03. Figure 3c
shows the Hz distribution at a/λ =0.270, where the transmittance is
0.97. There is no indication of attenuation during the propagation. In
addition, there is no apparent reflected intensity behind the excitation
source, indicating very weak backscattering. These results show that
the reflection at bends is significantly small. This configuration (S = −2)
corresponds to a bearded interface in a honeycomb lattice VPhC
waveguide17. This result of high transmission is essentially similar to
those reported in ref. 17.

Next, we investigate S=−2 waveguides with inversion symmetry by
changing the air hole shape from triangular to circular. That is, we keep
the same lattice configuration but restore the inversion symmetry. As
shown in Fig. 3d, S=−2 IS-PhCWG has a wide single-mode region
(a/λ=0.261–0.293) with a degeneracy point at the BZ edge (a/λ=0.270).
Since the degeneracy point is located within the bandgap, both upper
and lower bands have sufficient single-mode regions. Surprisingly, the
Z-shapedwaveguide shows also very high transmission (Fig. 3b) with Tav
of 0.94 in the upper band, even though the inversion symmetry is NOT
broken. The RFP is 0.06. This high transmittance is comparable to that of

Fig. 3 | Calculation results of the straight and Z-shaped S = −2 PhCWGs. a The
PBS of S = −2 IA-PhCWG. The black arrow shows the single-mode region. The inset
shows one corner of the bent waveguide. b The transmittance spectra of the
straight S = −2 IA-PhCWG (black curve) and Z-shaped S = −2 IA-PhCWG (red curve).
The average transmittance is 0.97. The F-P reflectivity is 0.03. c The out-of-plane
magnetic field Hz of the Z-shaped S = −2 IA-PhCWG at a/λ =0.280, with a trans-
mittance of 0.97. The Hz has mixed spatial parity and meanders along the glide-
symmetric interface. d The PBS of S = −2 IS-PhCWG. The black arrow shows the

single-mode region. The inset shows one corner of the bent waveguide. e The
transmittance spectra of the straight S = −2 IS-PhCWG (black curve) and Z-shaped
S = −2 IS-PhCWG (red curve). The average transmittance of the upper band is 0.94.
The F-P reflectivity of the upper band is 0.06. The average transmittance of the
lower band is 0.40. The F-P reflectivity of the lower band is 0.52. f The out-of-plane
magnetic field Hz of the Z-shaped S = −2 IS-PhCWG at a/λ =0.283, with
transmittance 0.93.
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the upper band in S=−2 IA-PhCWG and other reported results in
Z-shaped VPhCWGs11–17,23–25,28–39. Figure 3c shows the Hz distribution at
a/λ=0.283 (upper band), where the transmittance is 0.93. Same as that
of S=−2 IA-PhCWG, there is no indication of attenuation during the
propagation. The present result implies an important consequence.
Because the inversion symmetry is not broken in this waveguide (S=−2
IS-PhCWG), it suggests that the observed high transmission may not be
caused by the valley-photonic effect, which essentially requires the
broken inversion symmetry.

Interestingly, the transmittance of the lower band differs sig-
nificantly from that of the upper band in S = −2 IS-PhCWGs. The Tav of
only 0.40. The RFP is 0.52which is even larger than that of theW1WG. It
should be noted that similar transmission contrast between upper and
lower modes has been reported for glide-symmetric honeycomb-lat-
tice VPhC waveguides. Yoshimi et al.30 have reported a distinctive
transmission contrast in a bearded-interface glide-symmetric PhCWG
with a honeycomb lattice (S = 2 waveguide in the terminology of the
present paper). Although the high bend-transmission was recently
confirmed for the upper band of an S = −2 triangular-lattice
IS-PhCWG42,43, it has not been reported that the similar high contrast
between upper and lower modes exists in the triangular-lattice
IS-PhCWG, which we believe is important for understanding the nat-
ure of the transmission through sharp bends. Since the upper/lower
band transmission contrast has been observed in Z-shaped glide-
symmetric PhCWGs irrespective of the inversion symmetry, we spec-
ulate that this phenomenon originates from the domain-wall config-
uration instead of the symmetry-breaking in the bulk lattice.

(iii) Other S-value waveguides and summary of numerical studies.
Following the same method as W1WGs and S = −2 PhCWGs, we have
also numerically investigated S = −1 IA-PhCWGs, S = −1 IS-PhCWGs, S = 1
IA-PhCWGs, S = 1 IS-PhCWGs, S = 2 IA-PhCWGs, S = 2 IS-PhCWGs, and
S = 3 IA-PhCWGs. For these waveguide types, we only report a brief
result here and leave a detailed discussion in the Supplementary
Information (3).

Table 1 summarizes Tav and RFP for each S with and without
inversion symmetry. When S is even, the results of both the upper and
lower bands are shown. This table shows that S = 1, the upper band of
S = −2, and the lower band of S = 2 have high Tav and low RFP. Most
importantly, these characteristics do not depend on the existence of
the inversion symmetry. It is worth noting that a large transmission
contrast between the upper and lower bands for glide-symmetric
waveguides, which was previously noted as proof of “topological
property” for one of the bands, is also seen for inversion-symmetric
waveguides. The fourth column in Table 1 shows the classification of
previously reported VPhCs by the S parameter. All previous results can
be classified in the same manner, and agree with our result. This table

strongly suggests that this high transmission behavior does not origi-
nate from the broken inversion symmetry, but possibly originated
from thedomain configuration. Before concluding this speculation,we
check other possible causes. In Supplementary Information (4), we
examine the parity of modes, the group refractive index, and the sign
of the group velocity for each case. We find no correlation between
these variables and the observed distinctive difference in the bend-
transmittance.

To conclude, we have investigated the transmittance of various
Z-shaped PhC waveguides constructed from the valley-topological IA-
PhCs and the trivial IS-PhCs. Our results strongly suggest that the
observed high bend-transmittance and low reflectivity are not
dependent on the inversion symmetry but attributed to the domain-
wall configuration.

Experimental studies of Z-shaped waveguides
In this part, we experimentally examine the transmission properties of
bent PhCWGs. We implement the PhC structures in Si slabs fabricated
by highly accurate lithography and etching process. The fabrication
details are described in “Methods”. We couple the waveguides to the
incident light from a wavelength-tunable laser with 5dBm power and
measure the transmission spectra from 1355 to 1640 nm.

Figure 4a shows the optical microscope image of the fabricated
Z-shapedwaveguide. The TE-polarized light is guided through a silicon
taper and is coupled to the PhCWG via a silicon nanowire. The three
segments of Z-shapedwaveguides have lengths of 100a, 30a, and 100a
respectively. Figure 4b shows the bending part of a S = −2 IS-PhCWG
and Fig. 4c shows the straight part of a S = 1 IA-PhCWG. The length of
the straight waveguides is 230a. In a straight waveguide, there are
reflections between the PhCWG and the siliconwaveguide, making the
whole waveguide an F-P cavity. F-P resonances may occur inside both
the 100a segment and the 30a segment in a Z-shaped waveguide. As a
typical example in ourmeasurement, for awaveguidewitha = 400 nm,
and the waveguidemode with a group velocity of 0.1c and wavelength
of 1500nm, the wavelength FSR is 1.2 nm, 2.8 nm, and 9.4 nm in the
230a, 100a and 30a cavity respectively.

Here we show the measured transmitted intensity. We begin with
S = 3 IS-PhCWGs (W1WGs). The lattice constant a is 424 nm. The radius
of air holes r is 97 nm. As shown in Fig. 5a, S = 3 IS-PhCWGs have single
waveguide modes between 1515 and 1574 nm (yellow region). We
evaluate Tav in the single mode region. For S = 3 IS-PhCWGs, Tav =0.31.
Note that this Z-shaped waveguide shows ripples in the spectrum,
whoseFSR is 3–10 nm.Theobserved FSR seems to roughly correspond
to the FP resonance of the 30a segment, but the ripple is complicated
especially in the longerwavelength region. Figure 5b shows the spectra
of S = 3 IA-PhCWGs (a = 416 nm), which have the same domain-wall
configuration asW1WGbut triangular air holes that break the inversion

Table 1 | The summarized numerical results of transmission properties of the Z-shaped waveguides

Waveguide With inversion symmetry Without inversion symmetry Previous VPhCs High or low
transmittance

Shifting
parameter

Band
index

Group
number

Average
transmittance

F-P reflectivity Average
transmittance

F-P reflectivity

S = 3 – 1 0.47 0.4 0.42 0.56 No report Low

S = 2
upper 1 0.13 0.98 0.08 0.98 Ref. 29–31 Low

lower 2 1.00 0.07 1.00 0.02 Ref. 29–32 High

S = 1 – 2 0.89 0.06 0.94 0.04 Ref. 14,15,24,25,40 High

S = −1 – 3 1.00 0.08 1.00 0.03 Ref. 25–27 High

S = −2
upper 3 0.94 0.06 0.97 0.03 Ref. 17,28 High

lower 4 0.4 0.52 No available mode No report Low

Thefirst column shows the classification ofwaveguidemodes by shifting parameter, band index and the bandgroupnumber. The second and third columns show theaverage transmittance andF-P
reflectivity of the IS- and IA-PhCWGs. The fourth column shows the reference numbers for the previously reported valley PhCWGs. The last column summarizes the high/low bend-transmittance.
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symmetry. The side length of the triangular air holes s is 232 nm. The
S = 3 IA-PhCWGs have single modes between 1463 and 1532 nm. The
evaluated Tav is also low, 0.48. These results agree with our theoretical
simulation. Similar to S = 3 IS-PhCWGs, there are strong ripples in the
spectrum. However, the ripples are rather complicated and hard to
analyze. This trend is seen in all samples shown below. We regard that
these complicated spectra result from the complex multiple reflec-
tions at section boundarieswhich exist in the fabricated devices but do
not in the simulated structures. Hence, we could not evaluate RFP from
the measured spectra.

Hereafter,we investigate other domain-wall configurations oneby
one and evaluate Tav. Figure 5c shows S = 2 IS-PhCWGs (a = 441 nm,
r = 92 nm). As discussed in the simulation section, the S = 2 PhCWGs
have glide-symmetric interfaces and have two touching bands in the
photonic bandgap. However, the single-mode region (1410–1580nm)
only exists in the (frequency-wise) upper band. The upper band has an
average bend-transmittance Tav of 0.19, lower than that of the W1WG.
Figure 5d shows the spectra of S = 2 IA-PhCWGs (a = 418 nm,
s = 342 nm), which corresponds to a bearded interface in honeycomb
lattice VPhCWG29–32,40. Like its inversion-symmetric counterpart, S = 2
IA-PhCWG has single modes (1405–1530 nm) in the upper band. The
Tav is 0.15. The extremely low transmittance in the upper band of S = 2
PhCWGs agrees with the previous reports29–32 as well as our simulation
results.

Figure 5e shows the result for S = 1 IS-PhCWGs (a = 427 nm,
r = 120 nm). The overall transmission in the Z-shaped S = 1 IS-PhCWGs
(red) is comparable to that of the straight waveguide. Tav is as high as
0.85 in the single-mode range 1437–1504 nm. S = 1 IA-PhCWGs
(a = 441 nm, s = 314 nm) corresponds to a zigzag interface VPhCWG.
The previous reports are all based on the honeycomb lattice12,14,15,23,24,51.
Similar to its IS- counterpart, the Z-shaped S = 1 IA-PhCWGs have
transmission comparable to that of the straight waveguides (Fig. 5f).
Tav is 0.86 in the single-mode region 1464-1553 nm.

Figure 5g shows the measured spectra of S = −1 IS-PhCWG
(a = 419 nm, r = 92 nm) has a narrow single-mode region from 1420
to 1448 nm. The Tav is 0.74. The amplitude of F-P resonances in the
Z-shaped S = −1 IS-PhCWG’s spectrum is as small as that of the straight
waveguide. S = − 1 IA-PhCWG (Fig. 5h, a = 442 nm, s = 268 nm) corre-
sponds to another type of zigzag VPhCW25. It also has a narrow single-
mode region from 1355 to 1404 nm. The Tav is 0.83.

Finally, we investigate the S = −2 PhCWGs with glide-symmetry
interface. Figure 5i shows the result for S = −2 IS-PhCWGs (a = 418 nm,
r = 115 nm). Both the straight and the Z-shaped waveguides have a
transmission gap near 1500 nm.We speculate that fabrication errors in
the air holes’ size break the glide-symmetry, opening a bandgap and
creating flat-band regions near the edges of the upper/lower bands.
The upper band (green, 1379–1486 nm) shows higher transmission in
the Z-shaped waveguide than in the straight waveguide. Therefore we
set the Tav to be 1.00. The lower band (yellow, 1516–1610 nm) shows
low transmittance in the Z-shaped waveguide. The Tav is 0.38. Figure 5j
shows the spectra of the S = −2 IA-PhCWGs (a = 469 nm, s = 287 nm). In
the numerical calculations, only the upper band of the S = −2 PhCWGs
have single modes. Actually, the lower band also lies within the
bandgap in the 3-dimensional device. Here only the lower band can be
observedpossiblyowing to the fabrication errors that separate the two
bandswith a large bandgap. Like the S = −2 IA-PhCWGs, the lower band
has low transmittance in the Z-shaped bends. The Tav is 0.41.

To summarize, the experimental results clearly show a significant
difference in the transmission properties among different domain-wall
configurations. The waveguide modes in S = 1, S = −1 PhCWGs, and the
upper band of S = −2 PhCWG have high bend-transmittance, which
agrees well with the numerical calculation results. Our experimental
results support our proposal that the bend-transmittance is dom-
inantly determined by the domain-wall configuration.

Waveguide band classification
We have numerically and experimentally demonstrated high bend-
transmission through 120-degree sharp bends for PhCWGs with var-
ious S regardless of the existence of the inversion symmetry. In addi-
tion, the high transmission appears regardless of the mode parity and
the group velocity. To observe the correlation between S and the bend-
transmittance more intuitively, we plot Tav against RFP for each simu-
lation result in Fig. 6a. If S changes continuously, the waveguide bands
will accordingly evolve in the bandgap, until they disappear into the
bulk mode regions. Different bands can be traced to one another in
this process before disappearing.We classify such bands into the same
group as S changes from 3 to −2 (see Supplementary (7) for detailed
explanations). Thus we can classify the investigated waveguide bands
into four different groups. We label each band group with different
colors in Fig. 6. The even mode of W1WG and the upper band of S = 2

Fig. 4 | Waveguide samples for transmittance measurement. a Optical microscope image of the fabricated Z-shaped S = 3 IS-PhCWG. The three segments of the
waveguide have lengths 100a, 30a, and 100a. b SEM image of the bending part of a S = −2 IS-PhCWG. c SEM image of the straight part of a S = 1 IA-PhCWG.
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glide-symmetric PhCWG belong to group 1 (green). The lower band of
S = 2 glide-symmetric PhCWG and the even band of S = 1 PhCWG
belong to group 2 (blue). The odd mode of S = −1 PhCWG and the
upper band of S = −2 glide-symmetric PhCWG belong to group 3
(orange). Finally, the lower band of S = −2 glide-symmetric PhCWG
belongs to group 4 (gray).

Nowwe focus on the transmission properties of each band group.
As shown in Fig. 6a, group 2 (blue) and group 3 (orange) have high
bend-transmittance and low F-P reflectivity, and group 1 (green) and
group 4 (gray) have low bend-transmittance and high F-P reflectivity.
This shows that the band classification corresponds with the trans-
mission property of the Z-shaped waveguide very well. In addition,

each group includes waveguide bands of both IS-PhCWGs and IA-
PhCWGs, meaning that the existence of inversion symmetry has no
significant influence.

It is worth noting that when continuously changing S, groups 1
and 2 are connected at the BZ edge degeneracy point of the S = 2
PhCWG, and groups 3 and 4 are connected at the BZ-edge degen-
eracy point of the S = −2 PhCWG. Interestingly, a degeneracy point of
glide-symmetric waveguides connects two different band groups
having high and low transmissions.

Next, we summarize the Tav obtained in simulation and mea-
surement in Fig. 6b. We plot Tav against the shifting parameters. Solid
markers show the simulation results and hollow markers show the

Fig. 5 | Measured transmission spectra of the straight and Z-shaped PhCWGs.
a,b S = 3 PhCWG, c,d S = 2PhCWG, e, f S = 1 PhCWG,g,h S = −1 PhCWGand i, j S = −2
PhCWG. Black lines indicate the straight waveguides and red lines indicate the
Z-shaped waveguides with two bends. Yellow and green boxes show the single-

mode regions. Tav shows the relative average transmittance of the Z-shaped
waveguides. A SEM image of the corresponding waveguide is shown on the right
side of each plot.
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experiment results. The experiment results agree well with the simu-
lation results, showing that group 1 and group 4 have low bend-
transmittance, and group 2 andgroup 3 have high bend-transmittance.

The effect of circular polarization singularities
To account for the physical mechanism of the high bend transmission
in these groups of waveguides,we propose amodel shown in Fig. 7a, b.
Suppose the light is linearly polarized at themirror-symmetric line of a
120-degree bend (broken lines in Fig. 7a). Then, the polarization

orientation differs across the line, and polarization mismatch occurs,
which leads to a large modification of the field profile and may gen-
erate local resonances and high reflection. This mismatch may be
resolved when the orientation of polarization is uncertain along the
mirror-symmetric line. In Fig. 7b, the light is circularly-polarized at this
line. Since there is no specific direction of the linear polarization for
circularly-polarized states, changing the propagation direction by 120
degrees does not cause polarization mismatch. In fact, such states
where the polarization direction is uncertain exist in various types of

Fig. 6 | Bend-transmission properties of different band groups. a Average bend-
transmittance against F-P reflectivity for simulation results. The circles indicate the
results of waveguide modes in IS-PhCWGs, and the triangles indicate that of IA-
PhCWGs. Colors indicate the band classification. Black texts show the shifting

parameters of each waveguide, where U indicates the upper band, and L indicates
the lower band for a glide-symmetric interface. b Average bend-transmittance
against shifting parameters for simulation and experiment results. Solid markers
indicate the simulation results. Hollow markers indicate the experiment results.

Fig. 7 | Relation between bend-transmission and C-points (CPs). a Schematic
illustration of linear polarization causing low transmittance via the bend of a con-
ventional W1WG, b Schematic illustration of polarization singularities causing high
transmittance via the bend of an S = −2 IS-PhCWG (in the upper band). The red and
blue arrows represent the directions of polarization. Black dotted lines indicate the
connection interface of the 120-degree bend. c The simulation results of CP

distributions in S = −2 IS-PhCWG. Red, green, and blue lines show the zero values of
S1, S2, and S3, respectively. Black boxes show the location of CPs. Gray boxes show
the location of VPs. Color maps show the amplitude of electric fields in the wave-
guide. Black dotted lines show the connection interfaces of a 120-degree bend. The
normalized frequencies, the normalized amplitudes of the electric field, and the
bend-transmittances are shown below each plot.

Article https://doi.org/10.1038/s41467-025-56020-8

Nature Communications |          (2025) 16:796 8

www.nature.com/naturecommunications


PhCWGs, and are called topological polarization singular points,
including the circular polarization singularities (C-points or CPs) and
vortex singularities (V-points or VPs)52–55 of the electric/magneticfields.
These singular points exhibit various topological properties and canbe
employed for controlling the propagation direction. For example,
unidirectional excitation of waveguide modes can be realized by
exciting the CPs29,42,53,54. It may be worth noting that they are based on
vectorial topology of light, which is fundamentally different from the
scalar topology discussed in valley photonics. We speculate that if
these polarization singular points exist at the mirror-symmetric line,
and the field intensity at this line ismostly concentrated at the singular
points, the high bend transmission may appear. We have noticed that
some recent works have demonstrated high bend-transmittance via
S = −2 IS-PhCWGs, and explained thehigh bend-transmissionas a result
of the valley-photonic effect featured by phase vortices in the bulk
lattice42,43. We note that their model is fundamentally different from
the present model since our results cannot be explained by the bulk
properties, as we have already emphasized.

Here we examine this speculation by analyzing the polarization
profile of the simulation results and investigating the distribution of
CPs.Wefirst investigate the S = −2 IS-PhCWG,whose large transmission
contrast between the upper and lower waveguide band is intriguing
yet poorly understood. In Fig. 7c, we plot the CP distributions in unit
cells of S = −2 IS-PhCWGat several frequencies. To identify the location
of CPs, we plot the zero-value isolines of Stokes parameters55,56. The
crossing nodes of the S1 = 0 (red) andS2 = 0 (green) lines indicate
C-points (CPs). The crossing nodes of the S1 = 0, S2= 0, and S3 = 0 (blue)
lines indicate VPs.

In Fig. 7c, the first three columns show the high-transmittance
band, and the last two columns show the low-transmittance band. The
high-transmittance band has CPs (black boxes) close to the mirror-
symmetric interface (black broken lines). The calculated degree of
polarization (S3/S0) is over 0.99 at each CP. The normalized electric
field amplitude (∣E∣/∣E∣max) is over 0.5 at each CP. Bright CPs’ existence
agrees with the high bend-transmittance. These CPs are located inside
the air holes. As we change the frequency, we observe that these CPs
gradually move away from the hole centers and disappear exactly at
the degeneracy point.

Now we investigate the low-transmittance band. As shown in the
fourth and fifth columns in Fig. 7c, the low-transmittance band has no
bright CPs near the broken lines. There are only dark CPs in the silicon
area where ∣E∣/∣E∣max is lower than0.1. Instead, VPs (gray boxes) appear
near the broken lines. The sudden disappearance of bright air-hole CPs
is consistent with the abrupt change in bend-transmittance across the
degeneracy point. The absenceof bright CPs agreeswith the lowbend-
transmittance throughout the lower band.

We have also investigated other domain-wall types of IS- and IA-
PhCWGs (Supplementary Information (8). We have confirmed the
existence of bright air-hole CPs in most of the high bend-transmission
bands and their disappearance in the low bend-transmission bands.
For the glide-symmetric S = 2 PhCWGs, we have also observed that CPs
located inside the air holes disappear around the position where the
bend-transmission abruptly decreases. These results suggest some
correlation between the high bend-transmission and the existence of
CPs near themirror-symmetric line. Another important point is that for
all the investigated domain walls, the CP distribution in IA- and IS-
PhCWGs have no significant difference. This means that the inversion
symmetry does not alter the CP properties. We admit that these
arguments are still speculative because it is difficult to estimate the
transmittance quantitatively from the distribution and brightness of
CPs.We leave amore rigorous theoretical explanation to futureworks.

As a final remark, we would like to address the influence of
breaking inversion symmetryon bend-transmissions. Notably, wehave
observed amarginal enhancement in bend-transmission for certain IA-
PhCWGs when compared to IS-PhCWGs, as evidenced by both

numerical calculations and experimental data. It is important to note
that this modest variation should be distinguished from the primary
transmission contrast discussed in this study. Nevertheless, there
exists the possibility that this slight improvement can be attributed to
the valley-photonic effect. However, it is currently beyond the scopeof
this study to conduct a quantitative analysis of this subtle difference
with our waveguide design, and we leave it for future works. Since the
recent works40,41 indicate that the suppression of the backscattering
may occur in a slow light region with a small disorder, one needs to
analyze this issue in sharp bends in a meticulous manner.

Discussion
In summary, we have investigated the bend-transmission in a series of
triangular-lattice PhCWGs compatible with 120-degree sharp bends.
We systematically investigated different domain-wall configurations
by adjusting S for waveguides with and without the inversion sym-
metry. Our numerical and experimental results demonstrate that sig-
nificantly high bend-transmission can be achieved for certain domain-
wall types, including typical VPhCWGs. Surprisingly, the presence of
the inversion symmetry does not affect the emergence of high bend-
transmission, which contradicts the previous understanding of the
VPhCWGs. Our findings provide new possibilities for achieving
uniquely high bend-transmission in a broader range of PhCs, not
restricted to VPhCWGs. Since bending loss is one of the serious issues
for nanophotonic integrated circuits, this work carries significant
implications for constructing flexible low-loss nanophotonic circuits.
As an empirical explanation, we propose a band classification that links
the high bend-transmission to specific groups of waveguide modes.
Regarding the origin of the high bend-transmission, a preliminary
study suggests that the abrupt change in bend-transmission is
accompanied by the emergence or disappearance of topologically-
protectedCPs near the bending interface. Therefore, we speculate that
the high bend-transmission phenomenon is related to the existence of
CPs at the interface, whose behavior is mostly determined by the
domain lattice configuration and is minimally influenced by the pre-
sence of the inversion symmetry. It remains possible that the observed
slight difference in the bend-transmission between the PhCWGs with
and without the inversion symmetry can be attributed to the sup-
pression of backscattering due to the valley-photonic effect. However,
an unambiguous conclusion requires more detailed and deliberate
work. Our present workmay pave the way to open up novel designs of
nano-waveguides for low-loss nanophotonic integrated circuits and
shed new light on the nature of valley-photonic properties.

Methods
Simulations
The thickness of the photonic slab is 220 nm. The lattice constant is
400nm. The radii of circular air holes are 102 nm, and the length of
one side of the triangular air holes is 277 nm. The area of each circular
and triangular air hole is approximately the same. The simulations
were conducted using finite element method in commercial software
(COMSOL). We first calculated the three-dimensional (3D) photonic
band structure (PBS) and then approximate the 3D PBS in two-
dimensional (2D) models. In 3D calculation, the refractive index of
silicon was 3.48. In 2D calculation, the effective refractive index of
silicon was set to be 2.65 to keep the photonic bandgap within
approximately the same wavelength range as the 3D results.

By connecting the bulk PhCs with an arbitrary interface, we could
construct PhCWGs that support interface modes. The broken inver-
sion symmetry that causes the couplingbetween the chirality ofmodes
and valley DoF is the foundation of the valley-photonic explanation of
high transmission in sharp bends. This explanation will remain valid if
weobserve low transmission in IS-PhCWGs andhigh transmission in IA-
PhCWGs.Otherwise, if we observe relatively high transmission in some
IS-PhCWGs or relatively low transmission in some IA-PhCWGs, we
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should consider other factors affecting the transmission other than
inversion symmetry. For each domain-wall type in Fig. 1c, we con-
structed the IA-PhCWGs and the IS-PhCWGs. We connected domains
constructed from patterns A and B to construct the IA-PhCWGs with
broken inversion symmetry. We had numerically confirmed that the
A-B and B-A type waveguides have no essential difference in their
transmission properties. Here we set most of the IA-PhCWGs to be the
A-B type interface for convenience. S = −1 IA-PhCWGs were exceptions
and have a B-A type interface because the air holes overlap with each
other at the A-B type interface. We calculated the light transmittance
through a straight waveguide and a Z-shaped waveguide of the same
length for each type of waveguide design. Details of the settings of the
wave source are described in the Supplementary Information (1).

For each waveguide band, we calculated the average transmit-
tance and estimate the reflectivity at bends from the amplitude of the
F-P ripples. Given the reflectivity at each bend R, the transmittance
through anF-P cavity isT = 1

1 + Fðsinσ
2Þ2
, whereF = 4R

ð1�RÞ2 is the coefficient of

finesse. F is estimated as F = Tmax/Tmin − 1, where Tmax and Tmin are the
maximum and minimum transmittance in the single-mode region.

Thus we can calculate R as R= F + 2�2
ffiffiffiffiffiffiffi
F + 1

p
F . We call the calculated R the

F-P reflectivity and use this value to evaluate the bend-transmission in
addition to the average transmittance.

Undesirable mode conversions may occur if other waveguide
modes or bulk modes are near the edge of the single-mode region. In
addition, we disregarded the ultraslow light region near the mode
edge where large reflection makes the analysis difficult. Thus, the
actual frequency range where the transmittance can be accurately
evaluated is slightly narrower than that calculated in the PBS. In our
calculation, the frequency range in which the average transmittance
andF-P reflectivity are calculatedwas set to benarrower than the single
mode region of the waveguide band by 6 THz (0.08a/λ) when the
lattice constant is 400nm.

Fabrication and experiments
The PhCWGs were fabricated from an silicon-on-insulator wafer. The
top silicon layer is 220 nm thick. The middle SiO2 layer is 3000nm
thick. The substrate silicon layer is 525μm thick. The photonic crystal
patterns were defined by electron-beam lithography, using ZEP-530 as
resist. The resist layer patterns were transferred to the top silicon slab
by inductively coupled plasma dry-etching. The air-bridge structure
was formed by wet-etching the SiO2 layer with buffered hydrogen
fluoride acid.

To measure the transmittance spectrum, light from a wave-
length-tunable laser (Santec TSL-710) was launched into an input
silicon waveguide with a width of 8 μm. The output intensity is
5 dBm. The silicon waveguide is connected with an appropriate taper
to a silicon nanowire, which is 400–700nm in width and 12.5 μm in
length. Light was coupled to the PhC region via the silicon nanowire.
The transmitted light is collected from an output silicon waveguide
of the same design. The transmitted intensity was measured by a
lightwavemultimeter (Keysight 8163B). Due to fabrication errors, the
transmitting wavelength ranges in most waveguides deviate
from those predicted by the band calculation of a 3-dimensional
waveguide. Therefore we determine the single-mode region
directly from the transmission spectra. Considering that multi-
modes can have relatively high transmission through a straight
waveguide, we determine the cut-off wavelength of the single modes
using the Z-shaped waveguide’s spectra. Suppose the peak trans-
mitted intensity is Imax at wavelength λmax we defined the single-
mode range as (λ1, λ2) where λ1 =max({λ∣λ o λmax, I(λ) o 0.1Imax}),
and λ2 =min({λ∣λ4 λmax, I(λ) o 0.1Imax}). For waveguide bands that
have extremely low transmittance via 120-degree bends, like the
upper band of S = 2 PhCWGs, we calculate (λ1, λ2) using the straight
waveguides’ spectra in the same manner.

To eliminate the influences of insertion loss and coupling loss, we
used the measured intensities of straight PhCWGs as the reference to
calculate the average transmittance of the bent PhCWGs. We con-
verted the transmitted intensities of the straight and bent waveguides
into the linear scale (in milliwatts) and respectively calculated their
average intensities in the single-mode region. The average transmit-
tance of the bent waveguide was derived as the division of the bent
waveguides’ average intensity and the straight waveguides’ average
intensity. Onemay also calculate the relative transmittance of the bent
waveguides before taking the average. However, due to fluctuations in
the spectra, the bent waveguides’ intensities can be larger than that of
the straight waveguides’ at some wavelengths, which is amplified in
linear scale and brings unnecessary errors to the results. Most of the
measured transmission spectra of the Z-shaped waveguides had
complicated resonance ripples in addition to the simple pattern of the
30a cavity F-P resonance. Therefore it was difficult to calculate the FP
reflectivity from the measured data in the same manner as in the
numerical studies.

Data availability
The source data of waveguide transmittance in simulation and
experiment, the processed average transmittance data, and Fabry-
Perot reflectivity data have been deposited in FigShare (https://doi.
org/10.6084/m9.figshare.27490629).
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