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Trapping and movement of microparticles using the near field of waveguide modes enables the realization of
stable and compact integrated optical platforms for manipulating, sorting, and studying single microobjects.
In this work, the possibility of optical manipulation via Bloch surface waves propagating in polymer wave-
guides on the surface of a one-dimensional photonic crystal and localizing light at the waveguide surface is
studied. Numerical simulation of optical forces acting on a spherical particle from the fundamental waveguide
mode of the Bloch surface wave is performed. Using two-photon laser lithography, SU-8 polymer waveguides
are fabricated on the surface of a one-dimensional photonic crystal. The movement of a polystyrene micro-
particle along the waveguide when the Bloch surface wave is excited in it is experimentally demonstrated.
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The method for manipulating micro- and nanoob-
jectsvia light, called optical tweezers, has been actively
used in biology and physics for several decades, in par-
ticular to measure forces at the femtonewton level, to
study single cells and the viscoelastic properties of
media at the microscale [1]. Particle capture occurs
due to the appearance of a three-dimensional trap cre-
ated by gradient forces at the waist of tightly focused
laser radiation [2]. In this case, the area of particle
manipulation is limited by the spot size and depth of
focus of the laser radiation. To move the particles, one
must either move the trap or use structured beams
which require bulky objective lenses and optical
schemes operating in free space [3—5]. In this regard,
optical control methods using evanescent fields of sur-
face electromagnetic waves [6—8] and waveguide
modes in waveguides of various types [9—12] have
been actively developed recently. The concept of inte-
grated optics makes it possible to generate optical
forces over long distances limited only by losses in
waveguides, as well as to implement the parallel
manipulation using a large number of densely packed
waveguide systems, making the method significantly
cheaper and increasing the flexibility and stability of
microobject control.

To achieve effective control, it is necessary to local-
ize the electric field near the surface of the waveguide
structure, which is realized in the case of excitation of
surface electromagnetic waves. Specifically, the suc-
cessful trapping and movement of particles by means
of surface plasmon-polariton excited both in bare
metal films [13, 14] and in metal waveguides [15] have
been demonstrated. However, plasmon propagation is
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always accompanied by Ohmic losses, which reduce
the propagation length of plasmons to tens of microns
and limit their use in biological applications due to
heating. Another type of surface electromagnetic wave
is the Bloch surface wave (BSW) that can propagate
along the surface of a one-dimensional photonic crys-
tal (PC) in analogy to surface plasmon-polaritons in
metal films [16, 17]. Due to the use of dielectric mate-
rials, the BSW propagation length can reach centime-
tres in the visible range [ 18], and the ability of tailoring
the BSW dispersion curve by adjusting the PC thick-
nesses and materials [19] enables BSW to be excited in
a wide spectral range from ultraviolet [20] to terahertz
[21]. It was recently shown that BSW can travel along
a polymer stripe on the PC surface, acting as a wave-
guide [22—25]. As a result, a variety of elements of
two-dimensional polymer integrated optics based on
BSW have been implemented [26, 27], including
interferometers [28], input/output coupling elements
[29], and microlasers [30]. BSW can also be used to
optically trap, move and aggregate particles [8, 31—
33]. However, in these works, BSW was excited on the
bare PC surface and had a typical beam width of sev-
eral tens of microns.

In this work, we study the possibility of trapping
and moving a microparticle via BSW propagating
along a micron-wide polymer waveguide on the PC
surface. Numerical simulation of the forces acting on
the particle from the side of BSW is performed,
depending on the waveguide parameters. Polymer
waveguides are fabricated on the PC surface using
two-photon laser lithography, and the motion of a
1 um diameter polystyrene particle along the wave-
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Fig. 1. (Color online) Numerical simulation. (a) Schematic of the system under study. A spherical particle is located in water
above a waveguide situated on the surface of a one-dimensional photonic crystall. BSW waveguide modes propagate along the x -
axis. (b) Electric field distribution in the TE;, BSW mode propagating in a waveguide with the height H = 180 nm and the width
W = 1.2 um. (c, d, e) Dependences of the projections of the force acting on the particle from the TEy, BSW mode on the gap /
between the particle and the waveguide and the particle position relative to the waveguide center at 2= 50 nm. (f, g) Dependences
of the force projections on the height and width of the waveguide at the gap value 2 = 50 nm.

guide is demonstrated when the fundamental BSW
mode is excited.

Numerical simulations and experiments were car-
ried out at a wavelength of 638 nm. The scheme of the
system under study is shown in Fig. la. A spherical
polystyrene particle with a refractive index of 1.59 and
a diameter of 1 um is located in a water medium
(refractive index is 1.333) at a distance /# from a wave-
guide. The waveguide made of SU-8 polymer with a
refractive index of 1.58 supports the propagation of the
fundamental BSW mode along the x-axis. The one-
dimensional photonic crystal consists of four pairs of
223-nm-thick SiO, layers and 156-nm-thick Ta,Os
layers with refractive indices of 1.478 and 2.135,
respectively. The PC parameters are calculated so that
BSW cannot occur on the bare surface and is excited
only in the waveguide. For these PC parameters, the
waveguide is single-mode in the width W range from
0.8 to 1.2 um and height H range from 110 to 200 nm.
In this case, the effective refractive index of the funda-

mental TE,, BSW mode varies between 1.34 and 1.37,
which is very close to the refractive index of water and

ensures the BSW field localization at the top of the
waveguide, as well as effective field penetration into
the water medium above the waveguide (Fig. 1b).

Numerical simulations were performed by the
finite difference time domain method using the
Lumerical FDTD Solutions software. The values of
the force acting on the particle from the BSW field
were calculated by integrating the components of the
Maxwell stress tensor [34]. Figure 1 shows the depen-
dence of the force projections on the particle position
relative to the 180 nm high waveguide, normalized to
the power of the BSW radiation. It can be seen from
Fig. Ic that the gradient force F, increases as the gap
between the particle and the waveguide decreases,
thereby pushing the particle towards the waveguide.
The propulsion force F, also increases with decreasing
gap, while its typical values are an order of magnitude
larger than for the classical waveguide mode in an
SU-8 waveguide on a quartz substrate [9]. The maxi-
mum values of the forces F, and F, are reached when
the particle is positioned in the center of the waveguide

(see Fig. 1d), while the force F, acting across the
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waveguide vanishes. Figure 1e demonstrates that when
the particle is shifted from the center of the waveguide,

F, increases, pulling the particle back toward the cen-

ter and, together with the force F,, ensuring stable
trapping of the particle. In all cases, a decrease in the
maximum force value is observed as the waveguide
width increases, which is associated with a decrease of
the depth of BSW field penetration into the external
environment. The calculation also shows that the force

F, decreases more than 2 times as the waveguide
height H decreases from 150 to 110 nm and varies
slightly in the height range from 150 to 200 nm, while

F, is almost independent of the waveguide height and
varies within 10% (Fig. 1f). The force value also
weakly depends on the width of the waveguide,
decreasing monotonically by 20% with an increase in
width from 0.8 to 1.5 um. Therefore, in an experiment
on particle motion, it makes sense to use waveguides
with a height of at least 150 nm and a width corre-
sponding to the single-mode regime. Numerical esti-
mates of the propagation length of the TE,, BSW
mode range from 100 pum for the waveguide with H =
150 nm and W = 0.8 um to 370 um for the waveguide
with H =200 nmand W = 1.2 um.

The photonic crystal samples were fabricated on a
170-um-thick glass (BK-7) substrate using magnetron
sputtering. Waveguide structures on the PC surface
were fabricated by two-photon laser lithography in
thin films of SU-8 2015 photoresist (Microchem), the
thickness of which determined the height of the wave-
guides and was chosen in the range from 150 to
200 nm. The method of producing samples is
described in detail in [28, 35, 36]. The waveguide
structure (Fig. 2a) consisted of an 80-um-long cou-
pling triangle with a 26-um base, onto which the
pump radiation is focused, and a straight waveguide
whose length varied from 95 to 140 um. Using adhe-
sive tape and a 150-um-thick cover glass, a cell was
formed around the waveguides and filled with an
aqueous solution of the following composition:
sodium dodecyl sulphate—surfactant—with a concen-
tration of 0.01 mM to prevent the adhesion of micro-
particles to the surface of the waveguide and PC;
sodium azide at a concentration of 0.02% to prevent
the formation of bacteria in the solution; spherical
polystyrene particles with a diameter of 1 um and a
concentration of 1 pug/mL. The excitation of BSW
modes in the waveguides was implemented in the
Kretschmann geometry (Fig. 2b) by focusing
TE-polarized radiation in the coupling triangle into a
spot 20 x 50 um in size. The cell was placed on a glass
prism through an immersion oil. The radiation of a
continuous diode laser with a wavelength of 638 nm
was directed onto the sample from the prizm side at an
angle of incidence, which could be adjusted in the
range from 58° to 70°. Visualization of the sample and
of the laser radiation scattered by the waveguide and
the particles was performed using a water immersion
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objective lens (numerical aperture of 1.2, focal length
of 3 mm) mounted on the side of the cover glass and a
CMOS camera. The same objective lens was used to
form the optical trap at a wavelength of 1064 nm,
which optically trapped single microparticles and
transferred them to the waveguide surface.

To excite BSW in the Kretschmann geometry, it is
necessary to fulfill the phase-matching condition

. BSW BSW . .
n,Sing = g [29], where n.; - is the effective refrac-

tive index of the BSW mode and n, = 1.516 is the
refractive index of the prism material. Since the mode
effective refractive index must be higher than the
refractive index of water, the angle of incidence of
radiation on PC must exceed the angle of total internal
reflection at the prism/water interface, which is 61.5°.
On the other hand, for efficient transfer of radiation
energy into BSW, the angular beam width should be
comparable to the angular width of the BSW reso-
nance, which is determined by the BSW propagation
length [37, 38]. Consequently, the pump beam size
along the waveguide should be comparable to the BSW
propagation length of 100—400 um for the fabricated
waveguides. In the experiment, we used a beam with a
diameter of 20 um, stretched along the waveguide to
50 um due to oblique incidence, and its divergence was
1.45°. As a result, the low beam divergence enabled
selective excitation of BSW waveguide modes by posi-
tioning the beam directly on the waveguide and adjust-
ing the incidence angle of radiation in accordance with
the phase-matching condition. Figure 3a shows an
example of mode composition of the waveguide with
dimensions H = 180 nm and W = 1.2 um. The pump
spot was positioned on the waveguide to the right of
the triangle, and the signal scattered on the waveguide
end was measured depending on the angle of inci-
dence of radiation on the sample. In the graph in
Fig. 3b, two maxima are visible at angles of incidence
of 62.6° and 65°, corresponding to the excitation of
two different BSW modes in the waveguide. Using the
phase-matching formula, it is possible to obtain the
values of the effective refractive indices of the modes,

which are /3 = 1.373 and n/3"" = 1.345. According to

calculations, nﬁf"‘) = 1.371 and nerff‘” = 1.333 for the

€

waveguide with the above parameters. Thus, it can be

concluded that TE,, and TE,;;, BSW modes are excited
in the experiment, but their effective refractive indices
exceed the calculated ones. This may be associated
with errors in the size of waveguides that emerge
during their fabrication, as well as with the formation
of the tens of nanometers thick surfactant film on the
waveguide surface, since the surfactant concentration
slightly exceeds the critical concentration for micelle
formation [39]. For example, increasing the wave-
guide width by 100 nm and height by 20 nm leads to
values of the effective refractive indices of the BSW
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Fig. 2. (Color online) Experimental sample and setup. (a)
Dark-field microscopy image of the waveguide structure
printed on the PC surface. (b) Scheme of the experiment:
(PC) photonic crystal and (WG) waveguide. Yellow
dashed curves depict the beam of optical tweezers used to

bring the particle to the waveguide.

modes n;f“() = 1.378 and nerff“‘ = 1.342 close to those

obtained in the experiment.

In the experiment on the trapping and movement
of particles by the BSW field, it is important that only

TE,, mode is excited in the waveguides. When multi-
ple modes propagate simultaneously, multimode

(a) ¢ (deg) (b)
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interference occurs, leading to a change in the BSW
near-field distribution depending on the coordinate
along the waveguide [28]. In this case, the uniform
motion of the particle along the waveguide is most
likely impossible, and the problem should be consid-
ered separately. The experiment was therefore carried
out for the waveguides with a minimum design height
H =150 nm and width W = 0.8 pum, in which the sin-
gle-mode regime is maintained even in the presence of
the above-mentioned size additions. By positioning
the pump spot on the waveguide, it was found that
only one mode with an effective refractive index n.4 =
1.339 is supported by the waveguide. The pump spot
then moved to the triangle, where BSWs were gener-
ated from the entire spot area and focused into the
waveguide due to reflections from the triangle edges.
Using optical tweezers, arbitrary particle was trapped
in the field of view of the objective lens and transferred
to the waveguide. The particle was placed at a distance
of 5 um from the triangle/waveguide junction, after
which the trap was turned off. Figure 3c shows the
images of the scattered pump radiation taken at regular
intervals during the first 12 seconds after the trap was
turned off. It can be seen that BSW excited in the
waveguide ensures stable movement of the particle
strictly along the waveguide. In total, the particle trav-
elled for 66 seconds, moving 65 um before being dis-
placed from the waveguide due to thermal motion.
The average velocity in the first few seconds was
2.2um/s and gradually decreased as the particle
moved away from the beginning of the waveguide
because of BSW attenuation. Applying Stokes’ law
with a correction for the viscous friction force associ-
ated with additional hydrodynamic resistance near the
surface [40], the propulsion force can be estimated
from the velocity of the particle, which was F, =47 fN
for the estimated distance # = 50 nm between the par-
ticle and the waveguide. Based on the calculations pre-

(c)

Intensity

¢ (deg)

62 64 66 68

Time (s)

Fig. 3. (Color online) Experimental results. (a) Images of scattering of BSW excited in the waveguide with A = 180 nm and
W = 1.2 um at various angles of incidence. The white ellipse indicates the position and size of the pump spot. The white rectangle
indicates the area from which the scattered radiation is detected. (b) Intensity of radiation scattered at the end of the waveguide
as a function of the angle of incidence. (c) Series of images of a particle above the waveguide with # = 150 nm and W = 0.8 um,
taken with an interval of 2 seconds. Yellow circles indicate a spot of light scattered by the particle moving along the waveguide

under the action of the BSW field.
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sented in Fig. 1, the corresponding power of the
BSW mode can be estimated as 0.2 mW.

In summary, the stable trapping and moving of a
microparticle along a polymer waveguide on the sur-
face of a one-dimensional photonic crystal are
demonstrated when the fundamental mode of the
Bloch surface wave is excited in the waveguide. It is
numerically shown that at a mode radiation power of
1 mW, the typical value of the propulsion force of the
Bloch surface wave is from 100 to 200 fN for a 1 um
polystyrene spherical particle, which is an order of
magnitude larger than in the case of conventional
waveguide mode in a polymer waveguide on a quartz
substrate. The system under study is experimentally
implemented and the movement of the microparticle
along a micron-width waveguide at a velocity of
2.2 um/s is demonstrated.
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