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Abstract

We report the optical trapping of many particles with feasible laser powers by the
nanostructured semiconductor-assisted (NASSCA) trapping technique. Furthermore,
we have found that the random array of silicon needles with spacings substantially
smaller than the nanoparticle sizes is advantageous not only for the trapping force field
enhancement but also for the realization of close-packed assembly of nanoparticles.
This counter-intuitive approach is promising for the realizations of collective structural
orders such as reconfigurable photonic crystals in liquid, which have been often regarded

to require either top-down templates or full self-assembly beyond control.
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Introduction

Optical trapping of single particles has a long history,! and the trapping force field enhance-
ment by plasmonic optical tweezer (POT)? has been attempted for the pursuit of trapping
smaller nanoparticles. However, the heat generation accompanying the plasmonic excitation
also causes thermal convection and thermophoresis.® 7 The trapping in the vicinity of heat
sinks has also been tried to overcome the temperature elevation,® but it is still difficult to
sufficiently suppress the heating of trapping domain. Nanostructured semiconductor-assisted
(NASSCA) trapping technique has recently been developed? as the non-plasmonic and non-
thermal nanoparticle trapping. NASSCA trapping is advantageous for avoiding the heating
up because of the high thermal conductivity (148 W/(K-m))!'® and low absorbance index
index (950 cm™!).! Therefore, the total grip force or stiffness of NASSCA optical tweezers

turned out to be larger than plasmonic optical tweezers.” Namely, it is basically free from the



subtraction of the trapping force by the thermophoretic force. It is also favorable to induce
nonlinear photonic processes such as multi-photon absorption, which makes it promising to
induce photo-reaction while trapping the objects. In contrast, the window of laser intensity
for stable trapping is narrowly limited for plasmonic optical trapping, because the repulsive
force due to thermophoresis easily overcomes the optical trapping force.* Since the origin of
electric field enhancement in NASSCA optical tweezers is multiple light scattering within the
nano-needles on a solid (i.e., the so-called black Si) surface, it does not require the electronic
excitation of the solid material itself. Therefore, a wide range of laser wavelength can be used
for NASSCA trapping, which is called the broad-band optical manipulation. Furthermore,
it is fairly easy (i.e., fast and low-cost) to fabricate the structure of black Si required by
NASSCA as will be addressed in the next section, whereas the plasmonic structures are gen-
erally fabricated by rather low through-put and high-cost technique such as focused electron
beam lithography.

NASSCA trapping also demonstrated one- and two-dimensional switchable trapping of
multiple polystyrene nanoparticles, where the selection of specific structure is nontrivial. 2
This switching was realized by the spot size control of the laser irradiation. Therefore, the
semiconductor-assisted approach has started attracting attention of the researchers.'® The
optical trapping of multiple nanoparticles can induce novel dynamics and collective struc-
tures.'* In this article, the term “collective” is intended for characteristics that originates
from the interaction of the discrete elements that constitute the system of interest. Trap-
ping of many particles is also important in the applied situations such as the crystallization
of colloidal particles for e.g., optical metamaterials'® and organic molecules for e.g., X-ray

16,17 and the aggregation-induced emission (AIE).!® In particu-

analysis and pharmaceutics,
lar, the collective structural order formation in liquid with a reversible protocol is promising
for the realization of reconfigurable photonic crystals in liquid. This is desired from the

related technology where the optical fiber contains liquid components for functionality.

Furthermore, a recent report has theoretically proved the longer trapping duration is re-



alized by the loose trapping when the shape of force field is varied while the potential energy
gap is the same.'? In fact, the application of the simplest Arrhenius-type model for this
problem is just an assumption, or the approximation for the convenience of calculation. The
direct numerical analysis of the Langevin equation and analytical formulation revealed the
significant difference of the actual dynamics from the useful approximation. Therefore, trap-
ping many numbers of particles with special force field realized by the unconventional optical
arrangements is of greater importance now. Here we report a large number of nanoparti-
cles trapped in a domain formed by large area of laser irradiation with a regular packing
structure with NASSCA trapping approach. Here, the term “regular” structure stands for a
clear periodic one such as well-known crystals. It should be noted that the laser power is
not higher than the previous report® where a single particle was trapped. The difference is
in the use of multimodal laser, which cannot focus up to the level of diffraction limit and

hence not used for single particle trapping.

Experimental details

NASSCA trapping is realized by the laser irradiation on the so-called black silicon (b-Si). The
b-Si substrate was prepared by dry plasma etching (20 min.) in SFg and O, mixture?® (cf.
Fig. 1(a)). The detail of fabrication method and spectroscopic characterization of b-Si have
been previously described.® The b-Si is a needle-like structure of silicon substrate as shown
in the scanning electron microscope (SEM) image of Fig. 1(b). The height of the nanonee-
dles was ca. 200 nm on average and the diameter was 40 to 240 nm on surfaces.? The b-Si
substrate was exposed to the sample solution of fluorescent polystyrene nanospheres with a
diameter of 500 nm (Invitrogen, FluoSphreres F8813) and a concentration of 1.5x107? par-
ticles/mL. The experimental setup including the optical system is shown in Fig. 1(c). For
NASSCA optical tweezers, a continuous-wave near-infrared (NIR) laser beam (wavelength

808 nm, Spectra-Physics, ProLite CW CWA0400-808-30-01) was loosely focused on the b-Si
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Figure 1: Experimental setup: (a) schematic diagram of the black Si (b-Si) fabrication, (b)
Scanning electron microscopy (SEM) image of b-Si substrate, and (c) Schematic diagram of
the measurement system.

surface with an objective lens (N.A. 1.30, magnification x100) of an inverted optical mi-
croscope (Nikon, Ti-U). In our previous study of NASSCA trapping,® the semiconductor
laser has a laser beam quality closer to TEMyy. In contrast, we employed the multimodal
laser usually oriented for material processing in this study. Considering the limitation of
focusing level, the use of the industrial laser for trapping study is unusual. Our purpose is
to realize a large area of irradiation with acceptable level of powers. The trapping behaviors
were observed by fluorescence microscopy and recorded with a color charge-coupled-device
(CCD) (frame rate of 117.6 fps, exposure time of ca. 8.3 ms, and resolution of 40 nm/px).
We carried out NASSCA optical trapping by changing laser intensity at the same posi-
tion for the examination of laser power dependence on the structure and dynamics of the
nanoparticles. We extracted the particles trajectories from the obtained microscopy movie

data. The algorithm is based on Ref.?! First, the feature point detection for each image is



executed. Then, the identification of each detected feature points between the consecutive
images. The radius of particles to be detected in the images and the intensity percentile
for detection is necessary for the definition of particle in the images, and the identification
of the same particles requires the limit of possible displacement. The input parameters for
the tracking were as follows: Radius: 7 (px), Cutoff: 0, Intensity percentile: 20, Link range:
1, Displacement threshold: 7 (px). Once the trajectory data is obtained, we analyzed the
characteristics of the dynamics.!4?? Our analysis is based on the time-sequential images in
two-dimensions without any distinction of the position in the direction perpendicular to the
observation plane. In such cases when the particles had piled up on the b-Si, the outermost
layers were observed and analyzed as they were the only observable part. The piling up had
been qualitatively observed for different conditions of the experimental setup in our previous

study.?

Results and discussion

Fig. 2(a) shows the snapshots of trapped nanoparticles in a steady state for different laser
powers by fluorescence images. The higher power of laser irradiation tend to cause larger
domain of particle assembly. Here, the term “assembly” simply means that a distinctive struc-
ture consisting of multiple particles formed from the original state without any structural
order. The size of the trapping domain is in the order of 10 pm, which is huge considering the
level of laser focusing and power. The number of trapped particles are much larger than the
previous demonstration of NASSCA trapping experiment.® Furthermore, at sufficiently high
laser power leads to the formation of regular packing of nanoparticles, whereas the particle
assembly does not show a regular structure at lower laser powers. It should also be noted
that this regular packing is realized by the subtle condition of the Si needle structure of the
black Si. The same laser power does not necessarily leads to this level of regular packing

when different locations in the same substrate were selected. The exact sufficient condition
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substrate subJect to the laser irradiation, (b) two-dimensional maps of potential energy and
(c) logarithm of diffusion coefficients for different laser powers after 30 min. from the start
of the laser irradiation. The potential is evaluated based on Eq. 1. As with the potential
in general, the relative difference within a map is the significant information, whereas the
absolute value does not make much sense. The diffusion coefficient is based on the slope of
mean squared displacement with a simplification as the normal diffusion for a time span of
frame interval, i.e., 8.5 x 1073

of this needle structure specification is beyond the scope of this study. Nevertheless, this
location dependence clearly indicates the essential role of the substrate in combination with
the laser irradiation. In other words, the collective structure formation is not due to the
inter-particle interactions that exist without laser nor b-Si. This regular collective structure
was formed in tens of minutes after starting the laser irradiation. This process is shown in
Fig. 3(a).

On condition that sufficient number density of particles exists in the observation domain
and the system is at least in a steady state, the particle position distribution p(r) can be

evaluated and be transformed into the potential energy (or free energy) ¢(r) of the laser
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Figure 3: (a) Fime-series fluorescence images of 500-nm polystyrene nanoparticles, (b) two-

dimensional maps of potential energy and (c) logarithm of diffusion coefficients for the laser
power of 20 kW /cm? in time series. The analysis for 0, 10, 20, 30 min. is conducted for the
movies in the periods starting from each time point for 10* frames with 117.594 fps, which
corresponds to 85 s of movie duration. The potential is evaluated based on Eq. 1. As with
the potential in general, the relative difference within a map is the significant information,
whereas the absolute value does not make much sense. The diffusion coefficient is based on
the slope of mean squared displacement with a simplification as the normal diffusion for a
time span of frame interval.

trapping: '
¢(r) = —ksT Inp(r), (1)

where kg and T are the Boltzmann constant and absolute temperature, respectively. Fig. 2(b)
shows the potential energy map of the systems with different laser powers. It should be noted
that the white (or blank) spots indicate that there had been no particles within the particle
tracking period of time. By construction, Eq. 1 can be discussed only where the probability is
larger than zero. Therefore, the undefined part corresponds to the higher potential compared

to the determined highest potential in the map. Baring this in mind, the potential energy



difference between inside and outside of the trapping domain is understood as at least ca.
10 kgT'. In spite of the fact that the laser irradiation was observed at the same location of the
substrate, the potential energy landscape within the range from 10 kW /cm? to 17.5 kW /cm?
is similar, and makes contrast with the 20 kW /cm? leading to the clearly regular packing.
The clear point-wise distribution within the trapping domain implies that the potential
energy landscape is not flat there but rather ragged. Otherwise, the symmetry of the system
would cause the intermittent rotation of the assembled cluster at the solid-liquid interface. !4
The highly nonlinear relation between the laser power and trapping force field enhanced by
the needle-like structure of the black Si can be observed as the strongly trapping spot with
roughly single particle size at 20 kW /cm?, which does not exist when the laser power was
17.5 kW /cm? or lower.

The zoomed-in figures of the central parts of particle assembly for different laser powers
are shown in Fig. 4(a). In spite of the same location of black Si, the collective structure of
the particles are different depending on the laser power. In particular, the regular packing
structure at 20 kW /cm? was not observed when lower laser powers were applied to the system.
The zoomed-in figure for 20 kW /cm? also reveals the slight anisotropy of the regular-packing
that the trapped spots of respective nanoparticles are prolate in the similar orientation. The
quantitative evaluation of the collective structures by radial distribution functions (RDF)
is shown in Fig. 4(b) and (c). Although RDF does not distinguish the orientation of the
structure, it reveals some characteristics unclear from the two dimensional maps. The nearest
neighbors are located close to but in a slightly larger distance from that (i.e., 500 nm) of
the contact state. The randomly-aligned inter-needle distances of b-Si are substantially
smaller than the possible particle neighboring distance in two dimensions. Therefore, it is
not the direct topography of b-Si but the optical force field generated by the combination of
topography and the laser that constrain the location of nanoparticles in a specified regular
packing. The collective structure beyond the scale of 3 ym is observed for 17.5 kW /cm?, but

the structural order extending to 10 pum is present only for 20 kW /cm? among the examined



(a)

10.0kW/cm,, ——
- i 15.0kW/cm?

102 | | 7.5kW/cmy,
! 0.0kW/cm*~ —*—

10kW/cm?

0o 1 2 3 4 5 6 7 8 9 10
Distance (um)

-
o

17.5kWicm? \ ' (© S
F _ - 10.0kW/cm

15.0kW/cm . ‘

17.5kW/em; —
20.0kW/cm -

-
o
-

O 4 M WA O N ® ©
Potential (kgT)

00 05 10 15 20 25 30 35 40
. . . Distance (um)
Figure 4: (a) The nanoparticle assembly states for different laser powers shown as the

zoomed-in maps of potential energy, and (b),(c) radial distribution functions. The potential
is evaluated based on Eq. 1. As with the potential in general, the relative difference within
a map is the significant information, whereas the absolute value does not make much sense.
The sampled domain size for (b) and (c) corresponds to Figs. 2 and 4(a), respectively. The
samples of projected distances are collected from 500 nm as the particle diameter is 500 nm
and overlapping are not taken into account in the microscopy images.

four conditions. The location of peaks are also different for different laser powers.

Since the potential energy landscape is simply derived from the position distribution of
the particles without time dependence, the dynamics is another story. The particle tracking
analysis includes the information of the dynamics. The stochastic dynamics is evaluated as
the diffusion coefficient. Fig. 2(c) shows the highly inhomogeneous distribution of diffusion
coefficients. Because of the large range of diffusion coefficients to be mapped in a single figure,
the logarithm is mapped.'*?32* The bulk diffusion coefficient of 500-nm-sized nanoparticles
in water is ca. 10712 m?/s based on the Stokes-Einstein relation. The trapped nanoparticles
at the peripheral part of the trapping domain exhibit this bulk value of the diffusion coeffi-
cient. The higher laser power leads to smaller diffusion coefficients in the central part of the

trapping domain. The regularly-packed nanoparticles exhibits smallest diffusion coefficients
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in the domain, and the occasional translocation from a trapping site to another one takes
place with a larger diffusion coefficient similar to the bulk value. In general, the extremely
high concentration?® and vicinity to a solid wall are the suppressing factor of the diffusion
coefficient by hydrodynamic effects.?532 However, the needle-like topography of the black Si
is nontrivial to estimate this wall effect. On the other hand, the irradiation of laser causes
scattering force as well as the gradient force. This non-conservative force can drive incessant
stochastic motion.'* The one or two orders of smaller diffusion coefficient compared to the
bulk value suggests the dominant conservative force on the nanoparticles at the time scale
of frame intervals.

As already shown by the fluorescence images in Fig. 3, the collective structure was formed
in tens of minutes. Assuming that the 10* frames corresponding to ca. 85 s are approxi-
mately regarded as steady state, the corresponding potential energy landscape and diffusion
coefficient field are shown as time series in Fig. 3(b) and (c). There is a fundamental limita-
tion that the particle concentration is too small to conclude the early stage of smaller number
of particles are caused by smaller trapping domain (e.g., the fluorescence image at 5 min.
of Fig. 3(a)). Nevertheless, there is a feature in the transient period of collective structure
formation. The central part of the trapping domain once shows slightly higher potential
energy than the surrounding part at around 20 min. This is understood as the character-
istics of metastable structure before being regularly packed. The metastable structure was
temporarily maintained with potential energy differences or a few kgT. Then, the converged
regular structure shows the potential energy differences at least several times larger than
those of the metastable structure. The diffusion coefficient is substantially smaller than that
in a bulk state once the sufficient nanoparticle concentration is attained at the central part.
Then, the subdomain of this small diffusion coefficient extends the size. It appears that the
regularly-packed state is realized when the size of trapping domain stops to grow. The tran-
sient period of particle assembly does not show the regular packing structure. The regular

packing requires the sufficiently high local concentration of the nanoparticles, but it is not a
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Figure 5: Displacement distribution with a time span of 8.3 x 1072 s corresponding to the
frame rate of 120 fps for (a) different laser powers and in (b) time series, and mean squared
displacements (MSDs) as a function of time for (c¢) different laser powers in a steady state and
(d) in time series at 20 kW /cm?. The size of the sampled domain corresponds to Fig. 4(a).
The dashed line of the bulk value is derived from the Stokes-Einstein relation.

sufficient condition.

As suggested in Fig. 2(c) for the case of 20 kW /cm?, the stochastic dynamics of nanopar-
ticles in the central subdomain is likely to be different from the simplest form of Brownian
motion. Since the dynamics is highly non-uniform depending on the distance from the laser
focus, we examine the displacement distribution at frame intervals in the central subdomain
of the system (e.g., Fig. 4(a)) as shown in Figs. 5 (a) and (b). The higher laser power leads to
more highly non-Gaussian distribution of the displacements, where the probability is more
concentrated into the smaller displacements. The higher probabilities for larger displace-
ments at 20 kW /cm? compared to those at 17.5 kW /cm? is considered to be the difference

of collective structure. The occasional jumps from one stable trapping site from another
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is faster when it happens because of the conservative force acting on the nanoparticles,
compared to the incessant dynamics at the less localized trapping state. The nanoparticles
show the displacement distribution closer to the Gaussian one at the stage of increasing
concentration, compared to that at the later stage after the concentration saturated. The
sufficiently crowded state of nanoparticles, where the nanoparticles interact with each other
in the trapping domain, leads to the non-Gaussian displacement distributions.

The displacement distribution and time evolution of mean squared displacements (MSDs)
are different aspects of stochastic dynamics.3® The diffusion coefficients mapped in Figs. 2(c)
and 3(c) are based on an assumption of normal diffusion where the MSD is a linear function
of time. However, the trapped state indicates the nonlinearity of the dynamics. Fig. 5(c)
shows that the slope of the MSD is smaller but the MSD itself is slightly yet significantly
larger within a second of the time span at 10 kW /cm?, compared to the bulk normal diffusion
derived from the Stokes-Einstein relation. This means that the dynamics at 10 kW /cm? is
already subdiffusive, i.e., the slope of the time derivative of MSD decreases with time, within
the time scale of a few seconds, but the stochastic motion is enhanced presumably by the
non-conservative optical force. As the laser power is increased, the MSD for a specific time
span decreases. The slope of the MSD also decreases with the increase of the laser power,
but the scaling of the MSD as a function of time also changes with the range of time scale.
The time evolution of the nanoparticle assembly shown in Figs. 5(d) indicates that the initial
stage of increasing concentration exhibits more enhanced stochastic motion than the bulk
normal diffusion. Then, the dynamics becomes gradually subdiffusive. The curve at 20 min.
compared to that at 30 min. suggests that the slow down of the stochastic dynamics at

shorter time span (< 1 s) proceeds earlier than that at the larger time span (> 1 s).
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Conclusions

Combination of NASSCA optical trapping with multimodal industrial laser source leads to
the large area of nanoparticle trapping domain with standard laser powers. When trying
to collect as many particles as possible rather than fixing the position of a single particle,
the focusing sharpness is not of primary importance. With an aid of needle-like topography
of b-Si, the stable trapping of large amount of nanoparticles were realized. Furthermore,
the fine combination of b-Si structure with 20 kW /cm? results in a regularly-packed col-
lective structure of the nanoparticles. Considering the randomness and narrower spacing
of Si needles compared to the nanoparticle size and symmetry of the laser irradiation, this
regularly packed state is caused by a nontrivial interplay of the laser and substrate. These
findings are important in the applications ranging from optical metamaterial formation to
the aggregation-induced emission. Furthermore, it is of particular importance in the realiza-
tion of reconfigurable photonic crystals in liquid. Trapping large collection of nanoparticles
and tight tweezing of a single particle require distinctive approaches while they are directly

related with each other.
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