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Abstract—One-dimensional photonic crystals that support the propagation of Bloch surface electromag-
netic waves attract the interest of researchers as an alternative platform for integrated optics with potential
applications in nanophotonics, sensing, and optical manipulation of micro- and nanoparticles. In this
paper, we numerically study the properties of surface wave modes in curved waveguides on top of a one-
dimensional photonic crystal. It is shown that, when the waveguide is bent, an additional channel of
radiation losses appears, which is associated with light leakage from the surface wave mode into bulk
modes of the photonic crystal, and the waveguide mode profile becomes asymmetric with respect to the
middle of the waveguide. We also determine the conditions for minimizing transition losses, which occur at
the junctions of waveguides with different curvatures, by transverse displacement of the waveguide facets
relative to each other.
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INTRODUCTION

Multilayer dielectric structures are actively used
in optics and photonics as they allow one to control
their optical properties by changing the thicknesses
and materials used [1–3]. One-dimensional pho-
tonic crystals (PCs) are multilayer structures with
an alternating refractive index that have a photonic
band gap and can be used as dielectric mirrors or
beam splitters [4]. The presence of the photonic band
gap makes it possible to excite Bloch surface elec-
tromagnetic waves (BSWs) in such structures, the
field of which is concentrated at the interface between
the PC and a homogeneous dielectric medium and
decreases exponentially with distance from it [5–8].
The dispersion of BSWs is sensitive to the properties
of the boundary layer, due to which they are used in
sensorics [9–12], and the localization of the BSW
field on the surface of the structure makes them a
useful tool for manipulating micro- and nanoparticles
in microfluidic devices [13–16].

When an additional dielectric layer is deposited on
the PC surface, the BSW excitation conditions and
the BSW effective refractive index change [17, 18].

*E-mail: shilkin@nanolab.phys.msu.ru

For this reason, the BSW propagation can be con-
trolled using planar optical elements on the PC sur-
face [19–21]. This, in turn, makes such structures a
promising platform for integrated photonics [22–25].
It has been shown that thin polymeric ridges can be
used as waveguides for BSWs [26]. Closed in a ring,
they can act as ring resonators [27, 28], and in the
presence of Bragg reflectors, a localized defect mode
can be excited in such structures [29]. Depending
on the geometric parameters of the waveguide, it can
support either one or several modes [30]. It has been
shown that multimode interference can be observed
in BSW waveguides, and this effect has been used to
create Mach–Zehnder interferometers [31].

Curved waveguides are an essential part of many
BSW-based integrated optical devices, and their
mode properties differ from those of straight wave-
guides [32]. As in the case of standard channel
waveguides [33], the profile of propagating modes
undergoes changes in bent sections—the field max-
imum shifts relative to the center of the waveguide
width—which causes the presence of transition
losses at the junctions of waveguide sections with
different curvature [34]. One of the methods for
minimizing such losses in the case of standard
channel waveguides is the displacement of the facets
of sections with different curvatures relative to each
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Fig. 1. (a) Schematic of the PC and the BSW waveguide. (b) Distribution of the squared electric field amplitude in the BSW
modes of a waveguide with a width W = 2.5 μm and a height H = 200 nm at a wavelength of 532 nm. (c) Dependence of
the effective refractive index of the supported modes at 532 nm on the waveguide width W at a fixed height H = 200 nm.
(d) Wavelength dependence of the propagation length of the TE00 mode for three values of the waveguide width W at a fixed
height H = 200 nm.

other [35]. For the case of BSWs, to the best of our
knowledge, the mode matching of waveguides with
different curvatures has not been previously studied.

In this paper, we numerically study the properties
of BSW modes in curved waveguides on the surface of
a one-dimensional PC and determine the conditions
for minimizing the transition losses at the junctions
of waveguides with different curvatures by transverse
displacement of the waveguide facets relative to each
other.

1. MODE COMPOSITION

The PC sample under study consists of 4 pairs of
alternating layers of titanium oxide with a refractive
index of 2.67 and silicon oxide with a refractive index
of 1.46. The thicknesses of the titanium oxide and sil-
icon oxide layers are 96.8 and 343.2 nm, respectively.
The chosen thicknesses ensure low losses in the TE-
polarized BSW mode at a vacuum wavelength of
532 nm [36]. The geometry of the structure is shown
in Fig. 1a. The PC is located on a glass substrate
with a refractive index of 1.52. The waveguide which
is placed on top of the PC has a rectangular cross
section of heightH and width W . The waveguide ma-
terial is SU-8 photopolymer with a refractive index of
1.58. Previously, this material has been successfully
used to fabricate similar structures using two-photon
laser lithography [30, 31]. The parameters of eigen-
modes of the structure under study were determined

using Lumerical FDE Solver software; the eigenval-
ues and eigenfunctions of the wave equation were
found for an infinite waveguide with a given profile us-
ing the finite difference method. The waveguide profile
was specified in a region of 10× 4 μm in size, with
the longer side along the x direction and the shorter
side along the z direction. The distance between the
waveguide and the upper boundary of the simulation
region was 1.5 μm. At the boundaries of the sim-
ulation region, absorbing boundary conditions were
set. A non-uniform mesh with a density of at least
14 points per material wavelength was used in the
calculations. In order to verify the obtained results,
calculations for selected parameters were additionally
performed with an extended simulation region and a
greater mesh density.

Depending on the waveguide geometry, it can
support a different number of the BSW modes [30,
31]. The structure under study can support both
TE- (electric field along Ox) and TM-polarized sur-
face waves. Figure 1b shows the distribution of the
squared electric field amplitude in the lowest-order
modes of the waveguide with a width W = 2.5 μm
and a height H = 200 nm. The mode profiles were
calculated for a vacuum wavelength of 532 nm. Fig-
ure 1c shows the dependence of the effective refrac-
tive index of the supported modes at 532 nm on the
waveguide width W at a fixed height H = 200 nm.
The minimum possible value of the effective refractive
index of the surface wave modes is determined by the
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edge of the photonic band gap for the correspond-
ing polarization and the chosen wavelength. For
TE-polarization this value is approximately equal to
1.37, and for TM-polarization it is approximately
1.42. As the waveguide width increases, the number
of the supported modes and their effective refractive
indices increase. Note that in regions where TE- and
TM-polarized modes have close values of the effective
refractive index, the modes hybridize and anticrossing
is observed if not forbidden by symmetry. This effect,
which is typical for systems of coupled oscillators in
the strong coupling regime [37, 38], was previously
observed for the modes of standard channel waveg-
uides [39]. For the modes of BSW waveguides this
effect is discovered for the first time to our knowledge.

Figure 1d shows the wavelength dependence of
the propagation length at which the field amplitude
decreases by a factor of e for the TE00 surface wave
mode. The dependence is shown for three values of
the waveguide width W at a fixed heightH = 200 nm.
For example, the propagation length at 532 nm is
23 mm at a width W = 0.6 μm, and it is 1.16 m at
W = 1.0 μm. Note that by changing the geometric
parameters of the PC, the losses in the BSW mode
can be minimized in other spectral ranges.

2. CURVED WAVEGUIDE MODE
PROPERTIES

When the BSW waveguide is bent, the properties
of the modes undergo significant changes. As in the
case of standard channel waveguides [33, 40], the
mode profile is modified and an additional channel of
radiation losses appears. The geometry of calcula-
tions for the case of curved waveguides is shown in
Fig. 2a; the radius of curvature R is determined by the
waveguide axis shown by the dashed line. Figure 2b
shows the dependence of the effective refractive index
of the TE00 mode at a wavelength of 532 nm on the
radius of curvatureR for three values of the waveguide
width W at a fixed height H = 200 nm. Note that
the value of the phase front velocity is not constant
inside the waveguide, but increases linearly with the
distance from the center of curvature [40], which cor-
responds to the inversely proportional dependence of
the effective refractive index on this distance. The dots
in Fig. 2b show the values of the effective refractive
index on the waveguide axis, and the vertical bars
show the range of values within the waveguide. The
minimum value corresponds to the outer boundary
of the curved waveguide, and the maximum value
corresponds to the inner boundary.

The BSW propagation is only possible if the prop-
agation of bulk waves with the same tangential com-
ponent of the wave vector is forbidden inside the PC.
The shaded areas in Fig. 2b show the PC bands for
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Fig. 2. (a) Calculation geometry. (b) Dependence of the
effective refractive index of the TE00 mode on the radius
of curvature R. The dots show the values on the waveg-
uide axis; the bars show the range of values within the
waveguide. The shaded areas show the PC bands for two
polarizations. (c) Dependence of the propagation length
of the TE00 mode on the waveguide radius of curvature
R. The calculated data are shown by dots; the curves are
guides for the eye. The waveguide height is H = 200 nm;
calculations were carried out for a wavelength of 532 nm.

two light polarizations. For R ≥ 10 μm and all three
waveguide widths W , the effective refractive index of
the TE00 mode within the waveguide takes values
from the range that lies entirely in the photonic band
gap for TE-polarization, but only partially in the band
gap for TM-polarization. Due to the limited width
of the waveguide, the evanescent field of the TE00

mode has a TM component [36], and, as a result, a
part of the TM-polarized radiation can pass through
the PC and leak into the substrate. Moreover, since
the mode profile is not limited by the width of the
waveguide, a part of radiation can also leak through
TE-polarized bulk modes, and with a decrease in the
radius of curvature, the fraction of such radiation in-
creases. Thus, in addition to leakage into free space—
the previously described loss mechanism in curved
BSW waveguides [32]—an important role in the for-
mation of losses in such systems is played by coupling
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Fig. 3. (a–c) Distribution of the squared electric field
amplitude in the TE00 surface wave mode (a) for a straight
waveguide, (b) for a waveguide with a radius of curva-
ture R = 30 μm, and (c) for a waveguide with a radius
of curvature R = 10 μm. The calculation geometry is
shown in Fig. 2a; the waveguide height is H = 200 nm,
the width is W = 800 nm. (d) Dependence of the position
of the electric field amplitude maximum in the TE00 mode
on the waveguide radius of curvature. The calculated
data are shown by dots; the curves are guides for the
eye. The waveguide height is H = 200 nm; the position
x = 0 corresponds to the middle of the waveguide. The
calculations were carried out for a wavelength of 532 nm.

with bulk TE- and TM-polarized PC modes. The
dependence of the propagation length of the TE00

BSW mode on the radius of curvature is shown in
Fig. 2c. As the radius of curvature decreases, the
losses increase significantly, and while in a straight
waveguide with a width W = 800 nm the propagation
length is approximately 0.4 m, at R = 30 μm it is
reduced to 1 mm.

Figures 3a–3c show the distribution of the squared
electric field amplitude in the TE00 surface wave mode
for three values of the radius of curvature R. As the
radius of curvature decreases, the maximum ampli-
tude of the electric field shifts relative to the middle
of the waveguide width in the direction away from
the center of curvature. At R = 10 μm (Fig. 3c), the
part of radiation for which the effective refractive index
falls into the PC band leaks into the PC bulk mode.
Figure 3d shows the dependence of the position of
the amplitude maximum on the waveguide radius of
curvature R for three values of the waveguide width
W at a fixed height H = 200 nm. For example, in the
case of a curved waveguide with a width W = 800 nm
and a radius of curvature R = 30 μm, the maximum
amplitude of the electric field is shifted by 60 nm.

3. MINIMIZING TRANSITION LOSSES

The data obtained highlight the importance of
BSW mode matching in waveguides with different
curvatures. Since the position of the amplitude
maximum with respect to the waveguide axis depends
on the curvature, one of the methods for minimizing
transition losses at the junctions of waveguides
with different curvatures is the displacement of the
waveguide facets relative to each other. Figure 4
shows the dependence of the transition loss at the
junction of straight and curved waveguides on the
relative transverse displacement of the facets Δx. To
obtain this dependence, for each displacement value
a three-dimensional simulation of light propagation
through the system was carried out by the finite-
difference time-domain method using Lumerical
FDTD Solutions software. The size of the simulation
region was 4.0 × 2.3 × 4.0 μm3 along the x, y, and z
directions, respectively. A non-uniform mesh with a
density of at least 18 points per material wavelength
was used in the simulations. The source was the TE00
mode in the straight waveguide, which was partially
coupled into the mode of the curved waveguide. Upon
completion of the simulation, the spatial distribution
of the field and the Poynting vector flux were found
at a wavelength of 532 nm in the cross section of the
curved waveguide at a distance of 100 nm after the
junction. Then, by calculating the overlap integral
of the field distribution in this cross section and
the TE00 eigenmode field of the curved waveguide,
the fraction of the Poynting vector flux coupled into
the curved waveguide mode was determined. This
allowed us to estimate the transition losses with a
minimum contribution from radiation losses, which
are inevitably present in curved waveguides. The
resulting transmission into the curved waveguide
eigenmode T is maximum at a positive shift Δx. For
example, for the junction of a straight waveguide and
a curved one with a radius of curvature R = 30 μm,
the transition losses are minimal when the facets are
shifted by Δx = 40 nm; with respect to the case of
zero shift, they are reduced by a quarter. Note that
the optimal lateral shift of the facets is less than the
displacement of the field amplitude maximum with
respect to the waveguide axis, which is explained
by the significant asymmetry of the bent waveguide
mode profile.

To estimate the practical potential of the proposed
method, let us compare the reduction in transition
losses at a junction with radiation losses in a curved
waveguide. For example, at the junction of a straight
waveguide and a curved one with a radius of curvature
R = 30 μm, 5.4% of the power is lost at zero shift and
3.9% is lost at the optimal value of Δx, i.e., the differ-
ence is 1.5%. At the same time, 1.5% of the power is
lost in the same curved waveguide when propagating
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Fig. 4. Dependence of the transition losses at the junction
of a straight and curved waveguides on the lateral shift
Δx for three values of the radius of curvature R. The
calculated data are shown by dots; the curves are guides
for the eye. The waveguide height is H = 200 nm, the
width is W = 800 nm. The calculations were carried out
for a wavelength of 532 nm.

15 μm. Similar calculations for the junction of a
straight waveguide and a curved waveguide with a
radius of curvature R = 70 μm show that the optimal
shift of the waveguide facet reduces losses by a value
equivalent to the light propagation by 0.3 mm in the
curved waveguide. The results obtained demonstrate
the importance of optimizing the junctions of waveg-
uides with different curvatures to minimize losses at
the development of BSW-based integrated optical
devices.

CONCLUSIONS

We have numerically characterized the modes of
curved BSW waveguides on the surface of a one-
dimensional PC. It has been shown that as the radius
of curvature decreases, the radiation losses associated
with the leakage of light into bulk PC modes increase,
and the BSW mode profile becomes asymmetric with
respect to the waveguide axis. We proposed a method
for minimizing transition losses at the junctions of
BSW waveguides with different curvatures by trans-
verse displacement of the waveguide facets relative to
each other. In the system under study, the proposed
method allows one to reduce these losses by a quarter.
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