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ABSTRACT

Controlling the propagation of light in the form of surface modes on miniaturized platforms is crucial for multiple applications. For dielectric
multilayers that sustain Bloch surface waves at their interface to an isotropic dielectric medium, a conventional approach to manipulate them
exploits shallow surface topographies fabricated on top of the truncated stack. However, such structures typically exhibit low index contrasts,
making it challenging to confine, steer, and guide the Bloch surface waves. Here, we theoretically and experimentally demonstrate a device
for a Bloch surface wave platform that resonantly couples light from a cavity to a straight waveguide. The structure is designed using
topology optimization in a 2D geometry under the effective index approximation. In particular, the cavity–waveguide coupling efficiency of
the radiation emitted by an individual source in the cavity center is optimized. The cavity is experimentally found to exhibit a narrow
resonant peak that can be tuned by scaling the structure. The waveguide is shown to guide only light that resonates in the cavity. Fully three-
dimensional simulations of the entire device validate the experimental observations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0232450

Light manipulation in the form of surface electromagnetic waves1

on a chip has long been recognized as an enabling technology for
many applications, from sensing to integrated photonics. Among vari-
ous families of surface electromagnetic waves, Bloch surface waves
(BSWs) at the interface between dielectric multilayers and a dielectric
medium have attracted considerable interest. When compared, e.g., to
propagating surface plasmon polaritons, BSWs are distinct as they can
be sustained across a broad wavelength range2–4 at both polariza-
tions.5,6 BSWs are characterized by extremely long propagation lengths
thanks to a vanishing intrinsic dissipation7 and offer emission
enhancement capabilities from nearby quantum emitters with no or
little quenching.8 Altogether, BSWs constitute a versatile platform, also
because their dispersion in momentum and energy space can be engi-
neered to carefully control the spatial extension of the associated eva-
nescent fields extending in the outer media and the propagation
constant, so in essence, the effective index.9

To steer the propagation of BSWs on a surface, multilayers can
be coated with a spatially structured thin dielectric layer. In doing so, a
spatially dependent refractive index is introduced, which controls the
BSW propagation thanks to a dielectric loading mechanism.10–14

Fundamental optical components such as lenses can be implemented15

using basic index profiles. However, a substantial change in the effec-
tive index of the BSW is not possible, index variations on the order of
� 0:1 being typically reached. Therefore, to effectively steer light on
the chip, non-intuitive designs should be conducted to enable a desired
functionality. The design of these elements essentially constitutes an
inverse problem. In the past, elements to control light propagation
have been demonstrated, e.g., to focus an incident BSW into a prede-
fined spot.16

Whereas the efficient control of BSWs is one crucial aspect, it
remains an open question of how a supporting photonic structure
could look like for effectively extracting light from an emitter and
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funneling it into a BSW mode. Placing an emitter on the flat surface
and extracting the emitted BSW-coupled radiation is convenient for
some applications,17 but it may exhibit sub-optimal efficiency. In addi-
tion, BSWs are characterized by modest Purcell factors, mainly because
of the large associated mode volume. To overcome such a limitation,
we propose here a resonant cavity for TE-polarized BSWs connected
to a ridge waveguide. The cavity maximizes the amount of light
injected into the waveguide from a dipolar emitter in the cavity center.
The structure has been designed by topology optimization,18 which
aims to find an optimal structure for a well-defined object function.
Here, we report on the implementation of such a concept, showing
that the cavity–waveguide system is effective in injecting narrow-band
guided BSW from the cavity upon external illumination in proper
conditions.

A basic sketch of the device can be seen in Fig. 1(a). It consists of
the multilayer stack (BSW platform) and a free-form cavity connected
to a waveguide on the topmost layer. The cavity and the waveguide are
defined by structuring the topmost layer in the xy-plane. The multilayer
(or 1D photonic crystal, 1DPC) consists of a stack of alternating TiO2

and SiO2 layers on a glass coverslip, topped by an Al2O3 etch-stop layer
and a SiO2 layer wherein cavity and waveguide are etched. Patterning
this last layer encodes the desired optical functionalities. The entire stack
has the following structure, starting from the glass substrate:
(TiO2–SiO2)� 3—TiO2–SiO2–Al2O3–SiO2, with corresponding layer
thicknesses: (80–105nm)� 3—80nm–125nm–25nm–60nm. In the
following, the 1DPC without the top SiO2 layer will be referred to as
“bare,” in contrast to the “coated” 1DPC, which includes all layers listed
above. The 1DPC deposition was performed as detailed in the
supplementary material.

Designing resonant elements on a BSW platform requires knowl-
edge on the BSW dispersion,19–22 which is deduced from reflectivity
measurements performed on a customized setup based on an inverted
microscope. According to the setup sketch in Fig. 1(b), white-light
radiation from a halogen lamp is expanded, spatially filtered by a holed
opaque mask, and then focused onto the entrance pupil of an oil-
immersion objective (NA¼ 1.49). The focusing lens can be tilted with
respect to the optical axis and is configured so that the mask is pro-
jected onto the back focal plane (BFP) of the objective. The BFP mask
can be laterally translated relative to the optical axis. With this precau-
tion, the illumination spot can be directed onto the sample plane at
arbitrary incidence angles and positions within the field of view, a cru-
cial step to control BSW coupling. In addition, the illumination light
can be polarized through a polarization filter. The oil-immersion
objective collects reflected and leakage radiation that are polarization-
filtered using a rotating analyzer. Direct plane image (DPI) and back
focal plane image (BFPI) are formed by a pair of lenses, as indicated in
the sketch. Access to these intermediate images allows us to perform
further spatial/Fourier filtering. In particular, a movable beam blocker
on the BFPI can filter out a significant part of the reflected light, facili-
tating the detection of the leakage radiation, which ultimately carries
information about the BSW spatial distribution.23,24 An imaging box
allows us to alternatively project either the DPI or the BFPI onto the
entrance slit of a spectrometer. The slit is placed vertically and aligned
along the DPI dimension parallel to the y-axis in Fig. 1(a). It allows us
to select the portion of the image (either DPI or BFPI) for the spectral
analysis. A 600 lines/mm blazed grating is employed within a 300mm-
focal length spectrometer. In standard imaging mode, the dispersion

grating is operated as a mirror (0th order of diffraction). In contrast, in
spectroscopic imaging mode, the 1st order of diffraction is exploited
instead. When the BFP is imaged in spectroscopic mode, one dimen-
sion of the image is related to wavelengths and the other to the effective
index along the y-axis direction.25

In Fig. 2, s-polarized reflection maps of a flat bare 1DPC are
shown as collected in spectroscopic BFP imaging mode. Three separate
spectral domains ranging from k¼ 480 to k¼ 640 nm are reported.
The sharp reflectivity change at neff ¼ 1 indicates the condition of
total internal reflection (TIR). The TE-polarized BSW dispersion
emerges as a reflectivity dip beyond the critical angle. We found an
excellent agreement with the BSW dispersion curve calculated through
a standard transfer matrix method (dashed black line).26 Taking in
mind that TE-polarized modes can be mapped when s-polarized light

FIG. 1. (a) Sketch of an illustrative cavity and waveguide structure etched on top
SiO2 of the dielectric multilayer; (b) sketch of the experimental setup based on a
customized inverted microscope coupled with a spectrometer. A halogen lamp pro-
vides illumination. BB: beam-blocker; DPI: direct plane image; and BFPI: back focal
plane image.
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is detected, it is worth mentioning that the BSW dip disappears when
the polarization analyzer is rotated by 90�, allowing p-polarized light
only to be collected.

We perform a topology optimization in a simplified two-
dimensional setting to optimize the cavity and design the entire device.
Following our prior work,18 we initially considered light propagation
in the xy-plane plane corresponding to the in-plane propagation of the
BSW. The cavity consists of a circular domain with a diameter of
10.7lm. Within that spatial region, the refractive index distribution
can be optimized using topology optimization to inject the emission
from an emitter in the center of the domain into a connected wave-
guide, whose width is 260nm [Fig. 1(a)]. All details on the optimiza-
tion can be found in Ref. 18. To compare the measured response
presented below to simulations, we resort to a full-wave 3D simulation
of the actual layer stack used in the measurements and perform
adapted simulations to predict the measured observables. Fabrication
is performed by following a process involving electron beam lithogra-
phy and etching steps, as described in the supplementary material.

In Fig. 3, exemplary images of the cavities are shown, as collected
at the scanning electron microscope (SEM) and the optical microscope
in bright field (BF) and dark field (DF) modes. In particular, the DF
image gives an account of the scattered field (s-polarization) that reca-
pitulates the complex topography of the cavity.

As described above, the resonant cavity is designed to optimize
the coupling from a single emitter located at its center. The electric
dipole momentum was assumed to be in the 1DPC plane and perpen-
dicular to the waveguide. In such a situation, the short distance
between the emitter and the structure would substantially alter the
emitter’s radiative behavior in terms of decay rate (e.g., Purcell effect)
and power spectrum in the momentum space. In particular, thanks to
the high Local Density of States (LDOS) offered by the BSW on the
1DPC top surface, a significant amount of emitted power would be
naturally transferred to the surface mode, resulting in the so-called
Bloch surface wave coupled emission (BSWCE).27,28 This situation is
clearly illustrated in Fig. 3(d), where the intensity distribution of light
emitted by a dipolar source in the cavity center (i.e., x ¼ 0 lm,
y ¼ 0 lm, z ¼ �hwvg=2 with, z ¼ 0 lm being the terminating inter-
face of the entire structure) is calculated by a fully 3D FDTD model
(Tidy3D). The discontinuity in intensity distribution, specifically visi-
ble at the waveguide sidewalls, comes from the x-component of the
shown electric field being discontinuous because of the usual interface
conditions from the Maxwell equations (see supplementary material
Figs. S2 and S3). The intensity is shown in the plane of the emitter.
However, if the cavity is fed with far-field propagating radiation, as in

the present case, coupling to BSW is generally poorly favored unless
specific illumination conditions are met. For this reason, we control
the illumination spot such that its incidence angle is above the critical
angle (TIR condition), with the direct illumination hitting the cavity
only while leaving the waveguide unilluminated [see top-right inset in
Fig. 1(b)]. In addition, to have a good separation between reflected and
leakage radiation on the BFP and to facilitate background filtering, the
illumination direction is set as antiparallel to the y-axis so that any
guided mode heading toward the waveguide end will be ascribed to
backscattering from the cavity only, with a negligible contribution
from direct illumination. With this arrangement, we facilitate the cou-
pling of BSW in the cavity region and the collection of leakage radia-
tion from guided BSWs.

The results of the optical characterizations are shown in Fig. 4. In
Fig. 4(a), a DPI of the cavity and the waveguide is presented, wherein
the reflected light is substantially filtered out by the beam blocker on

FIG. 2. s-polarized reflectivity maps R(k,
neff) of the bare 1DPC collected in spec-
troscopic BFP imaging configuration.
BSW is visible as a reflectivity dip. The
calculated BSW dispersion is also shown
(dashed yellow line). Total internal reflec-
tion (TIR) occurs at neff ¼ 1.

FIG. 3. Images of a fabricated cavity taken with a (a) scanning electron microscope
and optical microscope in (b) bright field and (c) dark field, respectively. The DF
image is collected in a no-BSW coupling condition. (d) Intensity distribution
ðjEðx; yÞj2ÞÞ of light emitted by a dipole in the cavity center and coupled within the
waveguide. The colormap is thresholded such that the intensity at the source loca-
tion is at saturation.
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the BFP, leaving scattered and leakage radiation only to reach the cam-
era. Radiation injected into the waveguide and propagated through the
waveguide is clearly visible. It is worth underlining that the waveguide
is not directly illuminated, and the illumination direction from the
objective is antiparallel to the propagation direction of the guided
BSW.

When the DPI is projected onto the spectrometer and the
entrance slit is sufficiently narrow to select only a vertical strip centered
about the waveguide, a wavelength-dispersed image of the x ¼ 0 cross
section is obtained [Fig. 4(b)]. The spectral signature of the guided
BSW is substantially dominated by a 1.4 nm FWHM peak, centered at
about k ¼ 565nm, kept across the cavity center and the waveguide.
This evidence suggests that light into the waveguide comes from reso-
nant scattering by the cavity, after BSW coupling from the external
white-light illumination. The weak periodic modulation along the
waveguide direction in Fig. 4(b) is probably caused by interference of
the leakage radiation from guided BSW with a residual reflected light
having comparable wavevectors.

The spatial confinement of guided modes in the transverse direc-
tion of the waveguide corresponds to a broad angular spectrum in the
Fourier space, specifically in the wavevector component transverse to
the propagation direction. This has been widely observed in, e.g., BSW
waveguides29–31 as well as plasmonic25,32 and hybrid guiding sys-
tems.33,34 When the imaging box is configured to project the BFPI
onto the spectrometer, the intensity distribution shown in Fig. 4(c) is

observed. In this pattern, we recognize a bright arc corresponding to
the scattered BSW, propagating radially from the cavity and an addi-
tional straight line associated with the BSW-guided mode within the
ridge. When the spectrometer slit is closed to select a vertical strip cen-
tered on the BFPI at neffx ¼ 0, the dispersion of the BSW-guided
mode can be retrieved. In Fig. 4(d), we observe a clear localization of
light within a 3nm-wide spectral interval, peaked at k ¼ 565nm. The
spectral shape is affected by the slit opening, which has been kept
wider as compared to the case in Fig. 4(b) because of the need to collect
stronger light signals onto the camera. It is worth noting that the
guided BSW has an effective index between the BSW dispersion on the
bare 1DPC and the BSW dispersion on the coated 1DPC, i.e., nbareeff
< nguidedeff < ncoatedeff , where nbareeff ¼ 1:06, nguidedeff ¼ 1:165, and ncoatedeff
¼ 1:18. This is expected, as the guided mode confined within the ridge
possesses evanescent tails extending transversely on both sides, thus
decreasing the mode effective refractive index as compared to the cases
of a uniform slab or very wide ridge. Thanks to the dielectric loading
mechanism, increasing the ridge height leads to an increase in ncoatedeff ,
while increasing the ridge width makes the waveguide become
multimodal.19,35

Linear scaling of the optimized cavity pattern provides an addi-
tional way to fine-tune the spectral position of resonant modes. We
upscaled the dimensions of the cavity described above by linear factors
Dl=l ¼ 6%; 18%, resulting in the red-shifted spectra shown in
Fig. 5(a). The waveguide width is kept unchanged. Moreover, reso-
nance bandwidths are seen to increase as the peak wavelength
increases. As the BSW dispersion approaches the light line at longer
wavelengths, resulting in more extended evanescent tails, a lower effec-
tive index of the resonant modes and corresponding weaker confine-
ment are produced. We could observe no guided/resonant mode peaks
for larger scaling factors, probably because no BSWs are available any-
more at wavelengths longer than 630 nm. This trend is also confirmed
by FDTD simulations on the 3D model, wherein the dipolar emitter is

FIG. 4. (a) Full-spectrum DPI of the cavity and waveguide, after spatial filtering of
the reflected light; (b) spectrally resolved DPI (normalized and background-sub-
tracted) of the cavity and waveguide taken along the x ¼ 0 cross section in (a).
The yellow line depicts the spectrum of the guided BSW, integrated along the whole
waveguide length; (c) BFPI on the (neffx , neffy ) plane corresponding to the image in
(a), where only the lower BFPI portion with wavevectors parallel to the positive y-
axis is visible; (d) spectrally resolved BFPI along the neffx ¼ 0 cross section in (c)
showing the guided BSW mode dispersion. Calculated BSW dispersions on the
bare 1DPC (white dashed-dotted line) and coated 1DPC (black dashed-dotted line)
are also shown.

FIG. 5. (a) Measured transmission spectra of guided BSW from scaled cavities:
original pattern (blue line); scaled cavity with Dl=l ¼ 6% (green line), scaled cavity
with Dl=l ¼ 18% (red line); (b) Calculated output flow from the waveguide: original
pattern (blue dashed line), scaled cavity with Dl=l ¼ 6% (green dashed line),
scaled cavity with Dl=l ¼ 18% (red dashed line).
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placed in the cavity center, and the power flow out of the waveguide is
monitored [Fig. 5(b)]. Calculated resonant peaks are slightly red
shifted with respect to measurements, such that the discrepancy
increases with cavity size and peak wavelengths. This is not surprising,
as small thickness variations in the deposited 1DPC layers can result in
BSW shifts that ultimately affect the resonance spectral positions, in
particular at longer wavelengths, where the BSW dispersion deviates
from being linear when approaching the light line.

In conclusion, we provided experimental validation of an on-chip
photonic component for BSW consisting of a resonant planar cavity
coupled to a waveguide. The cavity design is obtained by exploiting a
2D topology optimization method to maximize the power injection
from an isolated emitter into the waveguide. Characterization based on
white-light illumination shows a narrow resonant peak (Dk ’ 1:4
nm) that is propagated through the waveguide. By carefully acting on
the linear size of the cavity pattern, the resonant peak can be spectrally
shifted, provided BSW modes are supported by the underlying multi-
layer. The system considered in this work is characterized by low effec-
tive refractive index contrast in a quasi-2D photonic environment
wherein the cavity pattern is etched in a 60 nm thick SiO2 layer. In per-
spective, these kinds of devices may represent interesting platforms for
on-chip polaritonics,36–39 nano-lasers,40 and quantum nanophotonics,
provided the deterministic integration of quantum sources, such as
colloidal quantum dots,41 molecules,42 or color centers.43

See the supplementary material for more details on the fabrica-
tion process as well as the cavity design based on topology optimiza-
tion and the BSW propagation along the ridge waveguide.
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