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Abstract: Modern integrated photonic platforms should

combine low-loss guiding, spectral �exibility, high light

con�nement, and close packing of optical components.

One of the prominent platforms represents a one-

dimensional photonic crystal combined with dielectric

nanostructures that manipulate low-loss Bloch surface

waves (BSWs). Proper design of nanostructures gives rise

to a variety of optical resonances suitable for e�cient

capturing and controlling light. In this work, we achieve

color-selective directional excitation of BSWs mediated by

Mie resonances in a semiconductor nanoparticle.We show

thatasingle siliconnanoparticle canbeusedasasubwave-

length multiplexer switching the BSW excitation direction

from forward to backwardwithin the 30 nm spectral range

with its central wavelength governed by the nanoparticle

size. Ourwork opens a route for the on-demand fabrication
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1 Introduction

Controlling light in two-dimensional integrated circuits is

one of themost prominent challenges ofmodern nanopho-

tonics. It is particularly relevant for the development of

quantum communications [1], optomechanical manipu-

lation [2], and lab-on-a-chip technologies [3]. To date,

silicon-based structures have received the most attention

as a platform for two-dimensional optics, providing an

excellent performance in the infrared spectrum and being

compatiblewithconventionalmicrofabrication techniques

[4]. The use of surface electromagnetic waves, primarily

surface plasmon–polaritons, presents a promising alter-

native to silicon photonics and allows one to signi�cantly

reduce the mode size and the dimensions of integrated

photonic devices [5].

One-dimensional photonic crystals present a unique

class of multilayer structures characterized by a diver-

sity of propagating and localized optical modes [6–9].

In particular, Bloch surface waves (BSWs) supported by

photonic crystals [10, 11] have been recently proposed as

a novel platform for two-dimensional integrated photon-

ics [12, 13]. In contrast to plasmonic structures, photonic

crystals are typically made of dielectric materials and

exhibit lower optical loss, which enables reaching a BSW

propagation length of up to several millimeters [14]. The

proper design of photonic crystals allows one to actually

get rid of radiation losses, reducing them to a level of

1 dB/km in BSW waveguides [15]. Moreover, dispersion

curves of BSWs can be varied by altering the photonic

crystal parameters that makes them especially attractive

for applications in the visible range [16, 17]. Currently, the

main elements of BSW-based integrated optics including
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waveguides [18, 19], lenses [20, 21], resonators [22, 23], and

interferometers [13] have been realized. Less attention has

been paid to the BSW excitation methods compatible with

the concept of integrated photonics. Since the BSW wave

vector is larger than the wave vector of light in air, spe-

cial schemes are currently in use for the BSW excitation.

The most common is a prism-based Kretschmann scheme

[24, 25]. The scheme is bulky, requires oblique incidence

and transparency of the substrate. In contrast, miniature

di�raction gratings [26, 27] have much smaller footprint,

but their fabricationbecomes extremely complicatedwhen

unidirectional excitation is required [28].

Recently, high-index dielectric structures exhibiting

pronounced optical Mie resonances have profoundly

expanded the toolbox for optical engineering and have

been shown to be useful in a variety of applications includ-

ing Purcell enhancement of both electric [29] andmagnetic

[30] dipole emission, tunable directional scattering [31],

and enhanced harmonic generation [32–35]. Variation of

the particle geometry opens up an opportunity to control

radiation patterns by tailoring the spectral position of dif-

ferent resonant modes [36, 37]. The interference of electric

and magnetic dipoles leads to directional light scattering

[38–40], that in turn can cause excitation of surface states

and guided modes [41–43]. The concept of using optically

resonanthigh-indexnanoparticles for theexcitationof sur-

face electromagnetic waves was suggested in Ref. [41]. It

has been shown that the light scattering by a silicon par-

ticle located on the surface of a metal �lm can lead to the

directional excitation of surface plasmon–polaritons.

In thiswork,wedemonstrate both experimentally and

numerically the excitation of Bloch surface waves using

subwavelength Mie-resonant silicon particles fabricated

by the laser-induced backward transfer technique [44, 45]

on the surface of a one-dimensional photonic crystal. Due

to the excitation of variousMie-type resonances in the par-

ticle, color-selective directional coupling to the BSWmode

isachieved.Numerical simulationsupports theexperiment

and gives an estimate of 8% BSW excitation e�ciency

with a single nanoparticle for the proposed illumination

scheme.

2 Results and discussion

The idea behind our experiment is that a Mie-resonant

siliconnanoparticle (NP) atop aone-dimensional photonic

crystal will mediate the excitation of the BSW. Accordingly,

we illuminate the particle at a nonzero angle of incidence

and use the back focal plane imaging technique [13, 31, 46,

47] to study properties of the excited BSW.

The studied system is schematically shown in Figure

1(a). Silicon nanoparticles are placed on the surface of a

one-dimensional photonic crystal (PC). The PCparameters

were optimized by the transfer matrix method [48] to sus-

tain long-range TE-polarized BSWs in the spectral range

from 650 to 900 nm. The resulting structure consists of

10 pairs of alternating layers of SiO2 (refractive index nSiO2

at 800 nm is equal to 1.45) and Ta2O5

(

nTa2O5 = 2.07

)

with

thicknesses of 204 and 143 nm, respectively, deposited on a

170 μm-thick glass substrate. Figure 1(b) shows the disper-

sions of the BSW and PC waveguide modes that occur in

the studied spectral region. The spectral-angular depen-

dence of the PC re�ection coe�cient demonstrating all

excited modes of the structure is shown in Figure S1 (see

Supplementary Materials). The e�ective refractive index

of BSW (ne�), that is the ratio of the BSW propagation

Figure 1: (a) Sketch of the idea: Color-selective excitation of Bloch

surface waves (BSWs) as a result of directional light scattering at a

Mie-resonant silicon nanoparticle. (b) Spectral dependences,

measured (green dots) and calculated (green curves), of the

effective refractive index neff for BSWs (dark green colors) and

waveguide mode (light green colors), and BSW propagation length

(orange curve).
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constant kBSW and the radiation wavevector in vacuum k0,

changes from 1.29 to 1.07 (Figure 1(b)). The orange curve

depicts the dependence of BSW propagation length on

the pump wavelength and demonstrates nonmonotonic

behavior reaching the maximum value of approximately

1.5 mm near the 860 nm wavelength. As the wavelength

decreases, the maximum of the BSW electromagnetic �eld

shifts from the surface deep into the upper layer of the

PC, which leads to an increase in radiation leakage and,

as a result, a reduce in the propagation length. At wave-

length longer than 860 nm, BSW is spectrally close to the

edge of the photon band gap, which leads to a decrease

in the quality factor of the resonance and also reduces the

propagation length.

Siliconnanoparticlesweredepositedon thePCsurface

using the laser-induced backward transfer technique (see

Methods for details). We fabricated a set of nanoparticles

with sizes ranging from 150 to 210 nm that made it possible

to excite Mie resonances in the visible and near-infrared

(NIR) spectral range. The actual sizes of individual parti-

cles weremeasured by atomic forcemicroscopy (AFM) and

scanning electron microscopy (SEM). Table 1 shows the

sizes used for further numerical calculations.

We study the BSW excitation with the leakage radia-

tion microscopy technique, the scheme of which is shown

in Figure 2 (see Methods for details). TE-polarized laser

radiation illuminated the silicon particle through an objec-

tive lens with a numerical aperture (NA) of 0.95 focusing

the laser beam into a 1 μm spot at the sample surface.

The desirable angle of incidence � = 25◦ was achieved by

Table 1: Parameters of the studied nanoparticles (NP) used in the

simulations: a1 is the equatorial diameter of the spheroid, a2 is the

polar diameter.

Sample a1 (nm) a2 (nm)

NP1 152 136

NP2 168 158

NP3 190 176

NP4 212 184

parallel shift of the beam within the input aperture of the

focusing objective lens andwas controlled by determining

the position of the pump spot at the back focal plane (BFP)

image. The scattering of incident light by the nanoparticle

leads to the excitation of the BSW that partially radiates

(leaks) into the substrate. We detect BSW propagation by

collecting leakage radiation using an oil-immersion objec-

tive lens with NA of 1.3. The intensity of leakage radiation

is proportional to the BSW intensity. The direction of BSW

propagation can be visualized by constructing the image

of BFP of the collecting lens, in which the studied mode

appears as a narrow bright ring with an asymmetrical

intensity dependence on the azimuthal angle �measured

from the plane of incidence. The light intensity in the ring

for a certain azimuthal angle � (Figure 2(a)) corresponds

to the amount of BSW energy propagating along the PC

Figure 2: (a) Sketch of the leakage radiation microscopy scheme: Si NP is silicon nanoparticle; PC is photonic crystal; BFP is back focal

plane; NA is numerical aperture. (b) Experimental images of the back focal plane for various excitation wavelengths (for NP4). The bright

circle between NA = 1 and NA = 1.3 corresponds to the BSW. (c) Numerical simulation of the back focal plane images.
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surface in that direction. Thus, by analyzing the depen-

dence of the leakage radiation intensity on the azimuthal

angle, it is possible to determine the directivity of the BSWs

excited by the nanoparticle.

BFP images for the NP4 nanoparticle are shown in

Figure 2(b) for three wavelengths demonstrating the cases

of BSW excitation mainly backward, omnidirectional, and

forward. The diameter of the leakage radiation ring is gov-

erned by the BSW e�ective refractive index and changes

in accordance with the BSW dispersion law when tuning

the wavelength. Since ne� of the BSW is greater than unity,

the ring is located outside the light cone denoted as the

ring with NA = 1. By measuring the diameter of the rings,

we can determine the dispersion law of the BSW and PC

waveguide mode that appears as a barely visible ring with

a slightly smaller diameter than that of the BSW ring. The

resulting spectra of the e�ective refractive index of the

modes are shown in Figure 1(b) by dots and are in good

agreementwith theoretical predictions. As the studied par-

ticles support Mie-type resonances in NIR spectral ranges,

the direction of the light scattered by them depends on

the wavelength of the incident light [37]. For the 25◦ angle

of incidence, the 210 nm particle excites BSWs predomi-

nantly forward at the wavelength of 720 nm, while for the

wavelengthof 780nm the excitationoccurs predominantly

backwards (Figure 2(b)). A similar directional excitation is

observed innumerical calculations (Figure 2(c)) performed

by the �nite-di�erence time-domain (FDTD) method using

the Lumerical software package. The complete dynamical

pictureof thewavelengthdependedchange in thedirection

of the BSW excitation is presented in the Supplementary

Video.

Since Mie resonances shift to the red part of the spec-

trum with increasing particle size, the spectral position

of the BSW switching region (changing the propagation

direction from backward to forward) depends on the par-

ticle size as well. Figure 3 (top row) shows the e�ciency

of the BSW excitation as a function of the azimuthal angle

� and the wavelength of the incident light measured for

studied particles. The images are obtained by processing

the BFP images using the ring scan method (see Methods

for details) and possess di�erent azimuthal dependencies

of the BSW excitation e�ciency on the wavelength. For

small NP1 and NP2 particles, BSW is excited predomi-

nantly forward in the entire studied spectral range. When

the particle size increases, the switching region and more

e�ective backward excitation are observed at short wave-

lengths. Starting from particle sizes of 200 nm (NP4 case),

Figure 3: Measured (a) and calculated (b) efficiencies of the BSW excitation as a function of the pump wavelength and the azimuthal angle

for various nanoparticle (NP) sizes. (c) Experimental (dots) and calculated (curves) scattering spectra of the particles: ED is electric dipole

resonance; MD is magnetic dipole resonance. The insets show dark-field images of the particles; the shaded areas demonstrate the spectral

range of the BFP measurements.
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forwarddirection is suppressed atwavelengths from680 to

730 nm, and backward BSW propagation is dominated.

The complete switching from backward to forward direc-

tion of the BSW excitation is observed over a 30-nm

wide spectral region; for wavelength longer than 760 nm

the only forward BSW excitation is observed. Thereby,

the nanoparticle can be used as subwavelength multi-

plexers within the 30-nm spectral range. Such behavior

was proved by numerical simulations (see Methods for

details). The calculated spectral-angular e�ciency of the

BSW excitation by particles of di�erent sizes is shown in

Figure 3(b). The experimental results are in good agree-

ment with the results of numerical calculations and

demonstrate that the regions of directional excitation are

red-shifted with an increase in the particle size, as well as

the Mie resonances.

Themeasured and calculated scattering spectra of the

studiedparticles are represented in Figure 3(c). The spectra

show that the BSW direction switching region corresponds

to thepositionof themagneticdipole (MD)resonanceof the

particle. The predominant forward excitation is observed

on the long-wavelength slope of the MD resonance. In

the region of electric dipole (ED) resonance, the backward

wave excitation becomes predominant. The directivity of

the BSW excitation can be estimated by introducing its

numerical characteristic as the ratio of the energy of BSW

propagating in a certain range of angles �0 ±Δ� to the

total energy of BSW propagating in all directions. Using

data from Figure 3(b) (NP4 case), we obtained the spec-

tral dependence of the directivity for the cases of BSW

excitation forward (�0 = 0◦) and backward (�0 = 180◦)

at Δ� = 22.5◦. The dependence is shown in Figure S2

and demonstrates that the maximum directivity reaches

60%for the forwardBSWat awavelength of approximately

760 nm and 50% for the backward BSW at a wavelength of

approximately 720 nm, respectively.

The maximum value of BSW excitation e�ciency

obtained by integrating calculated spectral-angular e�-

ciency of the BSW excitation over all azimuthal angles

is observed for the NP4 particle and 750-nm wavelength

and is approximately 8% (see Methods for details). The

spectral dependence of the device e�ciency has a non-

monotonic behavior and decreases at a distance from

750 nm (see Figure S3 of Supplementary Materials). The

e�ciency of the nanocoupler also strongly depends on the

beam size, since only part of the radiation interacts with

the particle. As the beam size increases, a smaller part of

the radiation falls into the scattering region of the particle

and e�ciency of BSW excitation decreases. We calculated

the coupling e�ciency for various Gaussian beam sizes

and NP4 particle. The obtained values are 8, 2 and 1% for

1 μm, 5 μm, and 10 μm beam diameters, respectively. We

have also calculated the e�ciency of BSW excitation in

the Kretschmann prism con�guration for the same beam

diameters and e�ciencies are 0.5, 3 and 7%, respectively

(see Figure S4). With the decrease in its size, the beam

becomes more divergent and fewer angular components

coincide with the BSW resonance, which decreases the

excitation e�ciency in theKretschmannscheme. Thus, the

proposed Mie-resonant nanocoupler turns out to be more

e�ective for tightly focused beams in comparison with the

Kretschmann scheme.

One of the main advantages of photonic crystals as an

integrated photonic platform is the possibility of tuning

the dispersion of the supported waveguide modes by vary-

ing the structure parameters. This idea can be applied to

the studied system in order to shift the operating wave-

lengths to the visible range or to use higher-order Mie

resonances for greater control over the direction of prop-

agating modes. Figure 4 shows the properties of the BSW

nanocouplers obtained numerically for the structureswith

variedgeometricalparameters.Figure4(a)showsthedirec-

tional BSW excitation in the NIR spectral region for the PC

parameters used in the experiment. To shift into the visi-

ble spectral range, the optical thicknesses of the PC layers

must be reduced. Figure 4(b) shows the PC consisting of

alternating layers of SiO2 and Ta2O5 with thicknesses of

143 and 101 nm, respectively, sustaining BSW excitation in

the spectral range from 450 to 700 nm. To achieve direc-

tional BSW excitation in the visible range, we must use

a smaller particle since ED and MD resonances blueshift

with the decrease in NP size. Thereby, an example of

110 nm silicon nanoparticle is presented in Figure 4(b)

showing the ease of scaling the system. Another approach

is to use larger nanoparticles that allow for a more com-

plicated BSW excitation diagram due to quadrupole and

high-order Mie resonances (Figure 4(c)). In addition, one

can use a particle of another shape available for fabrica-

tion, suchas a cubeor a cylinder,which cangive evenmore

freedom in controlling the directivity of the excitation of

waveguide modes [49].

Theobservede�ectsopenupavarietyof opportunities

for advanced lightmanipulation inplanarBSW-basedpho-

tonic devices. Subwavelength nanoparticles can be used

for color-selective coupling of light from free space to spe-

ci�c modes of integrated waveguides and resonators. In

the case of particles hovering above a PC surface, the

directional excitation of BSWs is accompanied by the

appearance of optical forces [50] and can be used for

in-plane sorting of particles according to their optical
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Figure 4: Schemes of 3 simulation cases (up row), their scattering cross-sections (middle row) and efficiency of Bloch surface wave (BSW)

excitation (down row): IR is red and infrared spectral range; VIS is visible spectral range; ED is electric dipole resonance; MD is magnetic

dipole resonance; EQ is electric quadrupole resonance; MQ is magnetic quadrupole resonance.

resonances [51]. Such a feature of the BSW platform as

access to an optical �eld concentrated on the PC surface in

combination with directional BSW excitation can be used

to implement active integrated optical devices for sens-

ing [52], strong light–matter coupling [53], or enhancing

nonlinear optical e�ects [54].

3 Conclusions

We demonstrate the directional color-selective Bloch sur-

facewaveexcitationbysiliconMie-resonantnanoparticles.

Due to the versatile fabrication technique by laser-induced

transfer, nanoparticles can be easily integrated into vari-

ous platforms, for example, deposited at the surface of a

one-dimensional PC. By tuning the parameters of the par-

ticles for the e�ective excitation of certain Mie resonances,

it is possible to accomplish directional excitation of BSWs

in both forward and backward directions. The ability to

vary the system parameters, such as PC layer thicknesses

and materials and particle size, enables achieving more

complicated diagrams of BSW excitation. Adjusting the

dispersion of the supported modes by changing the PC

geometry allows one to shift the working spectral range to

the visible part of the spectrum.

4 Methods

4.1 Fabrication of nanoparticles

The particles have been fabricated using the laser-induced back-

ward transfer (LIBT) technique, also referred to as femtosecond laser

printing [45, 55]. This technique is based on focusing a single laser

pulse on a target �lm, which causes its melting and formation of a

particle with a momentum directed from the target substrate. The

technique allows one to produce isolated close-to-spherical particles

with a controllable size and place themon a broad range of substrates

in a controllable manner.

Weuseda commercial laser system (Tsunami femtosecond oscil-

lator and Spit�re regenerative ampli�er, Spectra Physics) providing

laser pulseswith a central wavelengthof 800 nmand anominal pulse

duration of 40 fs; the repetition rate was set to 10 Hz. To control the

optical power, the laser outputwas passed through a half-wave plate,

a Glan prism, and a stack of absorptive neutral density optical �lters.

The pulse energy in the passed beam during the particle fabrication

process was estimated as 17 nJ. The beam was focused on the target

substrate using a 50× Nikon microscope objective lens with an NA

of 0.45; this corresponds to the waist diameter of 1.1 μm. As a tar-

get, we used a silicon-on-insulator (SOI) wafer with a 50 nm upper

single-crystalline silicon layer and a 200 nm silicon dioxide layer. In

the transfer region, the distance between the target and the PC was

at least 20 μm, which provided the creation of crystalline particles

[56]. During the transfer process, the sample wasmoved on a transla-

tion stage with a constant velocity, while the target was irradiated by
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single laser pulses. The distance between the neighboring shots was

set to 25 μm, allowing us to work with individual particles in further

experiments.

4.2 Leakage radiation microscopy

We used a home-build leakage radiation microscopy setup allowing

theBFPvisualization [13, 47]. Ti:Sapphire laser (CoherentChameleon)

wasused toobtain a linearly polarized radiation tuning in the spectral

range from 680 to 1000 nm. The radiation was focused on the PC

surface into a 1 μm spot using an objective lens with NA = 0.95. In

this case, the focusingNAwas approximately 0.45. Hence, the central

angle of incidencewas chosen equal to 25◦ to avoid clipping the beam

at the entrance pupil of the objective lens. The leakage radiation

transmitted through the PC and the substrate was collected using an

oil-immersion objective lens (100×, NA = 1.3, Olympus). For further

spatial �ltering, intermediate images of the direct and back focal

planes were constructed. In the direct intermediate image, we placed

a round block over the particle image to cut o� an image area with

a radius of about 10 μm around the particle, blocking its scattering

and the transmitted laser beam. As the result, only leakage radiation

of BSW propagating outside the blocked area was detected, along

with weak scattered radiation. To highlight the area of interest and

improve the visibility of particles, an additional round block in the

intermediate BFP image was used, eliminating the area with a radius

corresponding to NA ≤ 1.

4.3 BFP image processing

The dependence of the BSW leakage radiation intensity on the

azimuthal angle, shown inFigure3(a),wasobtainedbyprocessing the

BFP images recorded by a 16-bit CMOS camera (Thorlabs CS2100M).

Each point of the BFP image can be represented in a polar coordi-

nate system with certain values of the wavevector of light ne� and its

propagation angle� relative to the incidence plane of the laser beam.

Since BSW has the same wavevector value regardless of the propa-

gation direction, it appears as a narrow ring in the BFP image (see

Figure 2). For each wavelength, we determined the diameter and cen-

ter of the BSW ring. Then, the ring was divided into the sectors with a

step ofΔ� = 1◦. For each �, the BSW intensity was found as the sum

of intensity values in all pixels located within the ranges both for the

angle [�;�+Δ�] and the wavevector [ne� −Δn; ne� +Δn], where

Δn is determined by the width of the BSW ring and is about 0.03. The

dependence of the BSW intensity on the azimuthal angle obtained in

this way was smoothed out, normalized to its maximum, and plotted

as a column on the graph in Figure 3(a).

4.4 Numerical simulations

The numerical simulation of directional BSW excitation was per-

formed using the commercial Lumerical FDTD Solutions software

package. The model sample was a one-dimensional PC of experi-

mental parameters on a semi in�nite fused silica substrate. A silicon

nanoparticle was located on the PC surface. Ellipsoidal particles were

selected with sizes according to Table 1 to simulate the experiment.

For the systems shown in Figure 4(b) and (c), spherical particles

were used. The calculations were performed for both crystalline

and amorphous silicon. The best agreement with experiment was

found for the crystalline particles as expected for the case of

LIBT with a 20 μm distance between the donor and receiving

substrates.

To calculate thedirectivity of theBSWexcitation, anarray of one-

dimensional monitors oriented across the PC surfacewas located at a

distance of 3 μm around the particle in a circle with a step of 1◦. Each

monitor measured the distribution of the electromagnetic �eld inside

the PC layers and in the area of BSW attenuation in air. The radiation

transmitted through the monitor is a combination of incident and

scattered radiation. Todeterminehowmuchof this radiation transfers

to BSW, the overlap integral between the �eld distribution measured

by themonitorand theBSW�elddistributionwascalculated.TheBSW

�eld distribution depending on the wavelength was calculated using

mode source function and is shown in Figure S5 of Supplementary

Materials.

The e�ciency of BSW excitation was obtained as a product of

the overlap integral and the ratio of the �ux of the Poynting vector

through the PC cross-section to the incident one.

The result value of the device e�ciencywas found by integrating

the calculated values of BSW excitation e�ciency for all azimuthal

angles. The maximum e�ciency is observed for NP4 nanoparticles

and is 8% obtained for the 750 nm wavelength and 1 μm beam

diameter.

The BFP images (Figure 1(c)) were simulated using the Fourier

transform (far-�eld transformation) from the near-�eld distribution

in the upper layer of PC. By analogy with the experiment, the region

with NA ≤ 1 was excluded from consideration.
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