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Reconfigurable optical manipulation by phase
change material waveguidesf
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Optical manipulation by dielectric waveguides enables the transportation of particles and biomolecules
beyond diffraction limits. However, traditional dielectric waveguides could only transport objects in the
forward direction which does not fulfill the requirements of the next generation lab-on-chip system
where the integrated manipulation system should be much more flexible and multifunctional. In this
work, bidirectional transportation of objects on the nanoscale is demonstrated on a rectangular wave-
guide made of the phase change material Ge,Sb,Tes (GST) by numerical simulations. Either continuous
pushing forces or pulling forces are generated on the trapped particles when the GST is in the amorphous
or crystalline phase. With the technique of a femtosecond laser induced phase transition on the GST, we
further proposed a reconfigurable optical trap array on the same waveguide. This work demonstrates GST
waveguide’s potential of achieving multifunctional manipulation of multiple objects on the nanoscale with

rsc.li/nanoscale plausible optical setups.

1. Introduction

Since the invention of optical tweezers' in the 1970s, they have
been developed into a powerful tool to manipulate micro-
objects and bio-molecules. The trapping by optical tweezers is
based on the gradient force whose direction and magnitude
are proportional to the local field gradient. In order to trap
multiple objects at different positions, acousto-optic techno-
logy* and holographic technology® are combined with optical
tweezers to generate multiple optical traps or optical trap
arrays. The trapping positions of holographic optical tweezers
could be reconfigured by programming the spatial light modu-
lator to shape the incident light, thus generating the desired
field pattern at the target plane. Meanwhile, the study of radi-
ation pressure which is owing to the transfer of momentum
from the light to the illuminated objects has also become
popular in recent years. Non-diffraction beams which could
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maintain their transverse intensity profiles during the propa-
gation such as Bessel beam and Airy beam have been used to
transport objects in the long range by the radiation pressure.*”
Intuitively, the radiation pressure should always push the
objects in the beam propagating direction. Recent advances
have taken advantages of non-paraxial structured beams to
pull instead of pushing the objects towards the light source,
i.e. optical tractor beams.®™®

The manipulated objects’ size of either optical tweezers or
non-diffraction beams is limited to the micrometer scale due
to the diffraction limits. In order to manipulate sub-wave-
length objects, optical forces generated by dielectric nano-
structures such as waveguides,” slot waveguides'® and wave-
guide loops'" have become a popular topic. Such waveguide
structures generate an exponential decayed electric field within an
area beyond the diffraction limits which traps particles on the
nanometer scale to waveguide surfaces and transports them by
the propagation fields. Another merit of manipulation by wave-
guides is that transporting objects in a certain trajectory could
be much more easily implemented by designing waveguides in
the desired shape than by controlling the propagating path of
a laser beam. Usually, dielectric waveguides are designed with
single manipulation function: transporting particles in the
forward direction. Only very recently, transporting particles by
waveguides opposite to the field-propagating direction has been
proposed in the far infrared range.'> When the injected light is
below the cutoff frequency, the propagating mode is turned
into the evanescent mode in which the field intensity decays
along the propagating direction. Under the evanescent mode,
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the gradient force overcomes the radiation pressure on the par-
ticles and pulls the particles towards the light source.
However, under different wavelengths, the calculated pushing
force (~4 x 107" N) is 8 orders smaller than the pulling force
(~6 x 107*° N). Such a small pushing force is very difficult to
demonstrate in practice. The next generation ‘lab-on-chip’
system'®™'®> combines optical manipulation, microfluidic and
other techniques to enable multifunctional devices that could
do multiple cells manipulation and analysis on a single chip.
Such a system requires tunable and multifunctional manipu-
lation tools which could be able to trap and transport objects
freely between areas.

The chalcogenide compound GST is famous for its appli-
cations in rewritable optical discs and phase-change
memory.'® Usually, the phase switching of GST can be
achieved by nanosecond and microsecond laser heating: the
amorphous GST will be crystallized when it is heated between
its crystallization temperature and melting temperature, while
a high density laser pulse will melt the crystalline GST to its
amorphous phase. The rapid phase transition rate of GST
enables a number of applications in tunable and reconfigur-
able devices. Wang et al. have demonstrated a femtosecond
laser induced bidirectional phase transition in a volume
resolution as small as 0.02 pm® and two-dimensional reconfi-
gurable functional patterns with the writing technique."”

In this paper, we proposed a multifunctional device based
on a single rectangular waveguide made of GST. The waveguide
could generate continuous pushing or pulling force with the
same order of magnitude over a distance of more than 10 pm
on gold particles (diameter = 50 nm) when the GST is in the
amorphous phase or crystalline phase respectively at a working
wavelength of 1.75 pm. Benefitting from the femtosecond laser
writing technique,'” we further demonstrated a reconfigurable
optical trap array on the GST waveguide which could trap
small particles at pre-designed regions. By switching a certain
region of the amorphous phase GST waveguide to the crystal-
line phase by using a femtosecond laser, small particles could
be trapped at the junction of amorphous and crystalline
regions. Such a trapping pattern could be erased by using the
same femtosecond laser with different configurations, making
the whole process reconfigurable. Thus, only simple modifi-
cations of a single waveguide are needed to realize the follow-
ing two functions: (1) transporting the particles in the positive/
negative direction; (2) trapping the particles at the desired
regions which mimic the function of optical pushing/pulling
by non-diffraction beams and optical trap arrays respectively
but with the potential to manipulate objects on the nanometer
scale.

2. Results and discussion

2.1 Switchable push-pull particle manipulation of the GST
waveguide

Non-diffraction beams which trap the illuminated objects
towards their beam center and transport them along the beam
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propagating direction by radiation pressure show advantages
in simultaneous and long range manipulation. The invention
of optical tractor beams has enhanced the degree of freedom
of manipulation and opened up the gate to a myriad of novel
manipulation applications such as optical sorting'® and long
range bidirectional transportation.'® On the other hand, the
optical tractor beams need the close interplay between the
incident beams and illuminated objects which require the
objects’ sizes to be within a certain range and the illuminating
beams’ profile to be complex.*’ In the following, we will show
by using a simple nanostructure of a single waveguide made of
GST, continuous optical pushing force could be generated on
gold particles of 50 nm diameter size for over 10 pm distance.
Switching the phase of the GST material from amorphous to
crystalline by heating the structure to above GST’s crystalliza-
tion temperature, the pushing force will be turned into pulling
force. Switching GST’s phase back to amorphous by heating
the structure to above its melting temperature, the pulling
force will be turned into pushing force again.

The structure we considered is a GST rectangular waveguide
with a width of 800 nm and a height of 500 nm deposited on a
SiO, substrate as shown in Fig. 1a. The refractive index of GST
in the amorphous phase and crystalline phase is plotted in
Fig. 1b and c. A significant contrast could be found between
the two phases: above the wavelength of 1.75 pm, a pro-
nounced difference could be seen in both the real parts and
the imaginary parts of the refractive index. In this wavelength
range, the crystalline phase GST suffers from heavy losses
while the amorphous phase GST has almost zero losses. Due
to such contrast, the propagating mode could be turned into a
decaying mode when switching its phase from amorphous to
crystalline. The electric field magnitude for the Transverse
Magnetic (TM) mode above the top surface is plotted for pro-
pagating mode and decaying mode as shown in Fig. 2a. The
propagating mode maintains a relatively constant intensity
along the beam propagating direction while the field decays
exponentially for the decaying mode. The electric field inten-
sity over the waveguide cross-section is plotted in Fig. 2b. The
area with the highest field intensity above the waveguide can
be treated as the ‘hotspot’ which traps the nanoparticles in the
y-z plane (details shown in the ESIf), while the particles are
transported by the field in the x direction.

For a nanoparticle trapped above the top surface, two kinds
of optical forces are considered in the x direction: the gradient
force and the radiation pressure. Under propagating mode, the
field is almost gradientless in the propagating direction, thus
the gradient force vanishes and only radiation pressure exists.
Such radiation pressure pushes the nanoparticle towards the
field propagating direction. Under decaying mode, gradient
force and radiation pressure both exist while the gradient force
dominates due to the fast decaying rate of the field. Such gra-
dient force pulls the particles to the area with the highest
intensity ie. the light source.

To verify the above pushing and pulling forces, full wave
simulation is conducted by the Finite Difference Time Domain
(FDTD) method using a commercial software (Lumerical FDTD

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Schematic of push/pull manipulation of nanoparticles by the GST waveguide. Laser with a wavelength of 1.75 pm is injected into the GST

waveguide of 800 nm x 500 nm fabricated above the SiO, substrate. When the waveguide is in the amorphous phase, the generated field exerts
continuous pushing force on gold nanoparticles. When the waveguide is in the crystalline phase, the force is pulling. (b) The real part and (c) imagin-
ary part of the refractive index of the GST material. Above the wavelength of 1.75 pm, the crystalline phase GST suffers from heavy losses, causing

the optical field decaying during the propagating in the waveguide.

Solutions). A 50 nm gold particle is placed 30 nm above the
waveguide top surface in the medium of water and the time
averaged optical force is calculated by integrating the Maxwell
Stress Tensor

F=¢ (T)ads

1 . L1 .
(T)= ReDRE +B&H — I(E"D+H"B)

on a closed surface s enclosing the entire particle. Continuous
pushing or pulling force over 10 pm is obtained when the
waveguide is in the amorphous phase or crystalline phase
respectively. Compared with the previous demonstration of
pulling force in the microwave range where the pushing force
is eight order smaller than the pulling force, in the current
work the pushing force is enhanced to the same order with the
pulling force with the wavelength of 1.75 pm by switching the
waveguide phase. The small fluctuation of pushing force is
caused by the reflection of the gold nanoparticles. The current
structure can be used to push/pull not only metal nano-

This journal is © The Royal Society of Chemistry 2017

particles but also dielectric particles and biomolecules. The
demonstration of switching between the pushing and pulling
force enhances the degree of freedom to manipulate objects
on the nanoscale and could be used to transport small mole-
cules between different chemical environments which enables
sequencing reaction and analysis with very simple optical
setups.

2.2 Reconfigurable optical traps based on the GST waveguide

In the previous section, we have demonstrated the continuous
bidirectional transportation of nanoparticles when the whole
waveguide is in the amorphous phase or crystalline phase. The
advance of the femtosecond laser induced GST phase tran-
sition enables us to switch the phase within a very small
region instead of switching the whole waveguide. In the follow-
ing, we will show that the nanostructure discussed in the last
section can be used to trap nanoparticles at pre-defined
regions when introducing certain small-area phase inhomo-
geneity to the waveguide. As shown in Fig. 3a, when a certain
region of an amorphous phase GST waveguide is switched to
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(a) Electric field of propagating mode when the waveguide is in the amorphous phase and decaying mode when the waveguide is in the crys-

talline phase. (b) Electric field of the cross section. TM mode is considered and the nanoparticle is trapped above the waveguide where the field
intensity is strongest. (c) Optical force on 50 nm gold particles when the waveguide is in the amorphous phase and crystalline phase under 100 mW
incident power. Continuous pushing force is switched to pulling forces when the GST material is switched from the amorphous phase to the crystal-

line phase.

the crystalline phase, in the x direction, nanoparticles could
be trapped near the junction between these two regions. The
waveguide is in the same dimension with the one described in
the previous section. The laser with a wavelength of 1.75 pm is
injected from the region with the amorphous phase in the
Transverse Electric (TE) mode. Since the region of the crystal-
line phase next to the amorphous region has a different refrac-
tive index, some reflection exists in the propagating field. In
the current design, the length of the crystalline region is set to
330 nm to minimize these reflections. As can be seen from the
electric fields with single or double crystalline phase regions
on an amorphous phase waveguide (Fig. 3b and c), the field
intensity drops abruptly at the junction of the amorphous
region and the crystalline region while it restores to almost
90% of the original value when it continues to propagate in
the next amorphous region. The field decaying is very limited,
thus several crystalline regions could be written on the same
waveguide which enables an optical trap array. In the full
picture, the crystalline regions behave like ‘defects’ in the
whole waveguide which causes large oscillations of the field.
Within the crystalline regions, the field oscillations generate
large restoring forces on nanoparticles which could trap these
particles at those regions. After passing through the crystalline
regions, the field propagates with relatively constant intensity
which generates radiation pressure dominated optical forces
that push the particles in the field propagating direction. The

6898 | Nanoscale, 2017, 9, 6895-6900

distance between the different crystalline regions could be
designed to fulfill different tasks.

To demonstrate the trapping function of the device, the
optical forces on 50 nm gold particles in single or double
optical traps are calculated using the same method of the
Maxwell stress tensor in the previous section and plotted
against its positions along the waveguide in Fig. 4a and c.
Continuous pushing forces in the amorphous phase region
could transport particles towards the crystalline region and
large restoring forces trap these particles near the junction of
the amorphous region and the crystalline region. The major
trapping positions are marked in Fig. 4a and c where the
restoring force stiffness is maximum. Although some small
turbulence of optical force exists in the amorphous region due
to the reflections mentioned above, the force always pushes
the particles towards the next trapping region. To illustrate the
trapping more intuitively, we calculated the potential along the
waveguide by integrating the optical force*' U(x) = — [; Fx - dx.
One or two potential wells of around 4 KT are derived for wave-
guides with single or double traps as shown in Fig. 4b and d.
In the amorphous regions, the potential continuously goes
lower, which transports the particles to these potential wells
and the potential wells could trap the particles at the local
potential minimum. These potential wells could be written in
the waveguide by femtosecond laser induced phase transitions
from amorphous to crystalline. When a new trapping array

This journal is © The Royal Society of Chemistry 2017
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(a) Schematic of reconfigurable optical waveguide traps. Originally the whole waveguide is made of amorphous phase GST. Then the pre-
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defined trapping regions (green region) are phase switched from amorphous to crystalline by using a femtosecond laser. When a 1.75 um laser is
injected into the waveguide, the nanoparticles are trapped at the junction between the amorphous phase region and the crystalline phase region. (b)
Electric field above the waveguide when one and (c) two trapping regions are defined.
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Fig. 4 Simulated optical force on 50 nm gold particles in the x direction in GST optical waveguide traps with (a) one and (c) two predefined trapping
positions. (b) and (d) Calculated potentials for these two cases under 100 mW incident power.
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with different numbers of traps or distance between traps is
needed, the crystalline regions could be easily erased by using
the same femtosecond laser with different configurations.
Such writing and erasing processes make the whole device
reconfigurable subject to different designs.

3. Conclusions

In conclusion, we have demonstrated a novel optical manipu-
lation platform based on a single waveguide made of the
phase change material GST. Compared with the conventional
waveguide which could only push objects in the forward direc-
tion, our device is able to pull objects backward and the
switching between push and pull can be simply realized by
switching the phase of GST. Besides this, the device also inte-
grates the function of reconfigurable trapping nanoparticles at
multiple predefined regions. This work may inspire new appli-
cations of simultaneous trapping and transporting multiple
nanoparticles/molecules in fundamental physics and biology
studies.
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