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Multifurcate Assembly of Slanted Micropillars Fabricated
by Superposition of Optical Vortices and Application
in High-Efficiency Trapping Microparticles

Jincheng Ni, Zhongyu Wang, Zigin Li, Zhaoxin Lao, Yanlei Hu,* Shengyun Ji, Bing Xu,

Chenchu Zhang, Jiawen Li,* Dong Wu,* and Jiaru Chu

Self-assembly induced by capillary force is abundant in nature and has been
widely used in fabrication as a bottom-up method. Here a rapid and flexible
method for achieving an even number of furcate slanted micropillars by
single-exposure under a spatial phase modulated laser beam is reported,
which is produced by designing a superimposed hologram with opposite
topological charges to split the incident beam into several equal-weighting
sectors. These furcate micropillars with intentional spatial arrangement can
be directed to capillary-assisted self-assembly process for generating des-
ignable hierarchical functional arrays. Due to the slanted characteristic of
micropillars (8°-13°), the assembled arrays are very stable and can be used as
an effective tool for trapping SiO, particles to form honeycomb patterns with
an ultrahigh trapping ratio (>90%), which can image as a microlens array. The
investigation reveals that micropillars with a height of 6 pm exhibit the high
trapping ratio of particles, which maintain a fine imaging performance. The

approaches have been utilized together

with  capillary driven self-assembly
to create functional microstructures,
including electron-beam lithography,

deep dry etching [ direct laser writing,>®l
multibeam laser interference,””’ and rep-
lica molding.'! Among them, femto-
second direct laser writing is a promising
method with advantages of high resolu-
tion, good scalability, and high controlla-
bility. However, femtosecond laser needs
to fabricate the high-aspect-ratio micro/
nanopillars with single-spot scanning,
resulting in a low fabrication efficiency.
According to the previous studies, a variety
of methods, such as microlens arrays,'!]
spatial light modulator (SLM),!2 and

fast fabrication (more than 2 orders of magnitude enhancement) of furcate
slanted pillars paves an avenue for developing innovative microoptics, micro-

fluidics and biological scaffold engineering.

1. Introduction

Self-assembly of filaments induced by capillary force is ubiq-
uitous in nature, such as seaweed or wet hair pulling out of
water. Capillary force can also drive the adhesion of straight
high-aspect-ratio micro/nanopillars, which is an undesir-
able but inevitable phenomenon for researching artificial bio-
mimetic surfaces,!! bioinspired reversible interlocker,? and
nanofiber-based sensors.’l Meanwhile, there are many attempts
to analyze the assembled mechanism and control the collapse
to build designed structures. For example, the high-aspect-ratio
micro/nanostructures can be directionally collapsed to form
designed patterns by controlling their cross-sections, heights,
distances, and tilted angles.[*”] Up until now, many fabrication
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multibeam interference with four-titled
plane waves!’®)l have been developed for
rapid laser fabrication, but these methods
have not yet been explored for fabricating
furcate pillars. In addition, the assembled
micropillars have received much attention
recently because their ability in trapping microobjects is poten-
tially used in the fields of biomedical devices and chemical
analysis.[%%14] However, one challenge of these applications is
the relatively low trapping ratio (<40%) because only a part of
the straight micro/nanopillars which are used as grippers can
catch particles successfully when capillary force driving the pil-
lars to self-assembly. After immersed in liquid again, the trapped
particles can escape because the assembled pillars return to
standing state and the grippers are open. Therefore, rapid fab-
rication of micropillars for self-assembled microstructures with
an ultrahigh trapping ratio is highly desired.

Optical vortices, which carry orbital angular momentum
(OAM) ofln (I is an integer, called topological charge and 7
is reduced Planck’s constant), have helical phase wavefronts
and “doughnut’-shaped intensity profiles. The vortex beam
has been comprehensively used in optical tweezers,'” optical
communications,'® detecting spinning objects,'”] and fabri-
cating chiral microstructures.!®! The superposition of opposite
optical vortices with topological charges + | has been proved to
be able to generate 2! bright dots in a “doughnut”-shaped dis-
tribution.'! Yet, to date, the fabrication of controllable micro/
nanostructures or functional devices with superposition of the
opposite optical vortices has remained unseen.
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Here, we report a flexible and rapid strategy for achieving
an even number (2]) of furcate slanted micropillars by a single
exposure of spatial phase modulated laser beam. An incident
Gaussian beam is divided into 2I sectors for forming multiple
spots intensity distributions by a superimposed hologram
with opposite topological charges. The fabrication efficiency
can increase 2 orders of magnitude compared with traditional
direct laser writing. These furcate micropillars with intentional
spatial arrangement can be directed to self-assembly process for
generating designable hierarchical array, which is stable due to
the slanted pillars. Moreover, this assembled array is used as an
effective tool for trapping particles with an ultrahigh trapping
ratio (>90%) to form a honeycomb pattern, which can image as
a microlens array.

2. Results and Discussion

2.1. High-Efficiency Holographic Fabrication of Multifurcate
Slanted Micropillars by Modulating Optical Field with an SLM

The main concept for fabricating multifurcate micropillars in
our experiment is schematically illustrated in Figure 1a. A col-
limated linearly polarized femtosecond laser beam with a cen-
tral wavelength of 800 nm is modulated into six beamlets by
a hologram with topological charge I = + 3 displayed on an
SLM. A tilted shift phase hologram is added to the opposite
OAM hologram for separating the first-order diffracted beam.
A 4f relay system with an iris located at the focal plane of a
lens L; is used for filtering the undesired order of diffraction
(Figure S1, Supporting Information). This modulated beam
is focused to generate diverging multipoint optical field along
z axis by a 60x oil-immersion objective lens (NA 1.35), as
shown in Figure 1b. The multipoint femtosecond laser is used
to generate six furcate slanted micropillars with circular cross-
section in a photoresist sample, by means of precisely control-
ling the laser power and exposure time (see the Experimental
Section for details). The inverted sample is mounted on a nano-
positioning stage to precisely locate microstructures with nano-
meter resolution. Six-furcate slanted micropillars are obtained
in the sample after the unpolymerized part is washed away, as
illustrated in Figure 1c.

2.2. Optical Intensity Distributions and Corresponding
Microstructures Produced by Holograms with Various
Topological Charges

Laguerre-Gaussian beam with opposite topological charge | =
+ 3 produces six lattice sites and an alternative phase value
distribution (Figure 1d-f). The optical interference of opposite
optical vortices has bright dots in a “doughnut”-shaped distri-
bution and quantized phase at either 0 or 7 corresponding to
intensity maxima and minima, which can also be found in a
whispering gallery mode resonator.?% The holograms for gen-
erating interference of opposite optical vortices with topological
charge £l can be presented as

D(r,¢) = exp(ilp)+exp(~ilp) (1)
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where @ is the azimuthal coordinate (Figure 2a—c). Two counter-
helical phase wavefronts interfere to form an interference pat-
tern with a transverse intensity profile comprising of 2! bright
or dark petals. The simulated optical intensity can be derived
by the vectorial Debye diffraction theory for the high numerical
aperture objective (see the Experimental Section). Figure 2d-i
shows the simulated and measured intensity profiles with
different holograms of opposite topological charge | = £ 1,
+ 2, £ 3 on the focal plane of objective lens. It can be seen
that the modulated beam is focused into the designed intensity
pattern comprising of 2I petals with a cylindrically symmetric
arrangement. After exposed by the laser beam (topological
charges | = £ 1) without time-consuming scanning, double
furcate slanted pillars with a tilted angle of § = 8° are polym-
erized in the sample (Figure S2, Supporting Information). The
exposure time is 1 s and the laser power is 20 mW measured
before injecting in the microscope system (Figure 2j). The
exposure laser power is 30 and 40 mW for fabricating slanted
four- and six-pillars (B = 11° and 13°), respectively (Figure 2k ).
As the laser power increases to 100 mW, the secondary pillars
are fabricated adjacently to the four-furcate micropillars (Fig-
ures S3 and S4, Supporting Information). The exposure time of
20 ms for fabricating single six-micropillar unit with the laser
power of 100 mW is much shorter than that of 3.6 s by con-
ventional point-to-point scanning (Videos S1 and S2, Figure S5,
Supporting Information). Large-area assembled microstruc-
tures (1 mm?) can be realized with the fabrication time of less
than 5 min.

2.3. Capillary Force Induced Controllable Self-Assembly
of Multifurcate Slanted Pillars with Different Intervals

Individual vertical pillars can be bent and stuck to adjacent
ones at their top ends with the aid of evaporation-induced cap-
illary force.! This phenomenon can also be found in multi-
furcate slanted pillars fabricated by superposition of opposite
optical vortices. As a double-pillars unit is diverged, the dis-
tance between its two tips is larger than the bottom distance. As
a result, it can be visualized from the scanning electron micro-
scope (SEM) images that capillary force bends the furcate pil-
lars to almost vertical situation but hardly contacting each other
(Figure 2j-1). In order to realize self-assembly, we can control
the distance between adjacent micropillar units by moving
the nanopositioning stage in the horizontal directions. The
self-assembly process between the furcate pillars can be con-
sidered as a competition between elastic restoring forces and
evaporation-induced capillary forces, as shown in Figure 3a.
As developed liquid evaporates to the tips of tilted pillars, a
menisci interface between the tips will produce a capillary force
presented asP?!]

E. ~yricos’® [ (Ad—d) ()

where v, r, 6, Ad, and d are surface tension, the radius of pil-
lars, contact angle, the interval between adjacent pillars units
and the distance between symmetric tips in a unit, respectively.
There is also a supporting force to resist the capillary force, gen-
erating by an elastic restoring force, which can be defined asl’!
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Figure 1. High-efficiency holographic fabrication of six furcate slanted micropillars by modulating optical field with an SLM. a) SLM-based optical
setup for fabrication. The femtosecond laser is modulated to six beamlets by an SLM, which displays the designed hologram. b) The simulated optical
intensity distribution of superposition of opposite optical vortices under the objective lens at different z planes. c) Illustration of six-furcate micropil-
lars is polymerized in the sample illuminated by opposite optical vortices without scanning procedure. The simulated intensity and phase distribution
of optical vortex with topological charge of d) | = 3 and e) | = — 3. f) Bright optical lattices are obtained by the interference of optical vortices with

opposite topological charge | = +3.

F. ~Er'8/(h/cosB)’ (3)

where E, §, h, and B are Young’s modulus, the deflection of
pillar from original location, the height, and the tilted angle
of pillars, respectively. According to the formulas, a small
interval between the tips and a large height of pillars (F; < F,)
facilitate self-assembly process. The double-micropillars
in a row are isolated with a sparse interval (Ad > 5 um),
where capillary force is not strong enough to bend the pil-
lars to contact each other (Figure 3b). When the double-
micropillars are arranged with a moderate interval (4 < Ad
< 5 um), they are assembled by capillary force after liquid
solvents evaporation (Figure 3c). Once the distance decreases
to a tight interval (Ad < 4 um), the pillars connect each other
by polymerization instead of self-assembly process, as shown
in Figure 3d. To systematically study the different states of
micropillars (isolation, self-assembly, or polymerization),
parameter studies are performed by fabricating a series of
pillar arrays with different intervals and heights. It is impor-
tant to note that the intervals between micropillars units
predominate the result of evaporation in our experiment,
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as shown in Figure 3e. Owing to the high flexibility of laser-
modulated technique, more even numbers of micropillars
can be achieved by loading diverse holograms on the SLM.
The assemblies of adjacent units can also be found in four-
and six-pillars array by controlling their positions on the sub-
strate. For realizing equal intervals between corresponding
slanted micropillars, four- and six-furcate pillars are arranged
in square and triangular patterns, respectively (Figure 3fi).
When keeping a sparse interval for four-(10 um) and six-
(15 um) pillar array, the furcate pillars remain standing after
liquid evaporation process (Figure 3g,j). By precisely tuning
the intervals between the units, four- and six-pillars assem-
bled array are achieved. Due to the excellent control of spa-
tial phase modulated laser, fine replication of furcate four-/
six-pillars and high uniformity of self-assembly property can
be realized (Figure 3h,k). More asymmetric patterns can also
be realized by controlling the furcate micropillars and their
arrangements on the substrate (Figure S6, Supporting Infor-
mation). The assembled arrays of furcate slanted pillars are
stable after immersed in solvent again, while straight pillars
return to standing state.’!
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(b

Figure 2. Flexible control of optical intensity distributions and corresponding microstructures
by laser-modulated beam with various topological charges. Holograms for generating interfer-
ence beams with superimposed holograms with topological chargea) | = £1,b) [ = £2, and
c) | = % 3.d-f) Simulated and g—i) measured optical intensity patterns on the focal plane of
an oil-immersion objective lens with NA = 1.35 corresponding to the holograms in (a—c). After
developing, 45° tilted-view SEM images j-I) of two-, four-, and six-furcate slanted micropillars
with the original angles of 8°, 11°, and 13°. The fabrication efficiency can be enhanced by 2

orders of magnitude compared with traditional direct laser writing.

2.4. Microscale Topographic Control of Capillary Assembly for
Trapping Microobjects

The ability of manipulating particles desired in biological
devices and chemical analysis has drawn crucial attentions from
researchers.'l For example, substantial mechanical grippers
are used to capture, hold, and analyze living cells for genomics,
proteomics, and diagnostics.??l Moreover, nanofingers can cap-
ture analyte molecules on their tips by capillary-force-driven
self-assembly to form a Raman hot spot for molecule detection
and identification based on surface enhanced Raman spec-
troscopy (SERS).[?3l Here, we demonstrate that the assembled
micropillars array in our experiment can be harnessed for
trapping particles, as illustrated in Figure 4a. In the proce-
dure, distilled water solution containing 5 um diameter SiO,
particles is dropped on the horizontal sample with assembled
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pillars array (see the Experimental Section).
A part of particles are trapped within micro-
217 cavities of assembled-pillars units modulated
by gravity and hydrodynamic forces. Then
the sample is washed in distilled water for
flushing away the non-captured particles.
These assembled-pillars maintain contacting
with each other in water because the elastic
0 restoring force of tilted pillars is smaller than
van der Waals’ force (Figure S12, Supporting
Information). The trapped particles with a
grasping force produced by contacting pillars
are relatively more stable than free-particles.
So the trapped particles are increased with
repeating cycles, as shown in Figure 4b,c.
In the end, almost all microcavities are
0 filled with particles after repeating this pro-
cess about four times. These particles are
arranged in a honeycomb shape by trap-
1 ping in the center of six-micropillar units
(Figure 4d,e). As the furcate micropillars are
fabricated by the spatial-modulated optical
field, the gaps between trapped particles
and high (h > 6 um)/short (h = 4 um) pil-
lars are located at the bottom/flank of parti-
0 cles (Figure 4f). When the height of pillars is
h = 4 um, the trapped particles in micro-
cavities are not stable enough to survive in
the washing process because of the less con-
tact area between micropillars and particles.
We investigate that trapping ratio of micro-
cavities, which is assembled by high pillars
(h = 6 um), is increasing with repeating
cycles (Figure 4g). As a result, 4 um height
pillars relatively trap less particles (=50%)
because some trapped particles escape from
the microcavities, as shown in Figure 4h.
According to our experiments, the trap-
ping efficiency can reach to >90% and can
be further improved by repeating the trap-
ping process (Figures S7 and S8, Supporting
Information). However, in the previous
reports,>? the trapping efficiency of straight
pillars array is <40% because the assembled pillars recover
after being immersed in solvent.

The trapped particles are stable in the iterative process
because of the strong van der Waals force between pillars and
particles. The furcate micropillars are firstly self-assembled
to form periodic microcavities in air (Figure 5a). When drop-
ping the distilled water solvent containing SiO, particles, the
trapped particles are fixed in the microcavities by balancing the
acting forces-gravity (Fy), buoyancy (Fy), supporting force (F),
and van der Waals force (F,;), as shown in Figure 5b. To ana-
lyze magnitude of the relative force, we reverse the sample to
remove the supporting force (Figure 5c). The trapped particles
maintain stable in the microcavities after evaporation process,
which means that the van der Waals force is larger than gravity
of particles (Figure 5d). The van der Waals force determined by
gravity and the tilted angle of pillars is presented as
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Figure 3. Capillary force induced controllable self-assembly of multifurcate (2, 4, and 6) slanted micropillars with different intervals. a) Illustration of
the self-assembly process between adjacent furcate pillars with a moderate interval and forces acting on the pillars during evaporation process. Tilted
SEM images of double-furcate micropillars fabricated in alignment with a b) sparse, c) moderate, and d) tight interval. ) The quantitative study is
conducted on the intervals and heights of double micropillars with different states after evaporation. f) Top-viewed schematic of four micropillars with
square arrangement and the self-assembly result. Black dashed lines indicate the moderate intervals (Ad) between four adjacent micropillars units.
Four furcate pillars in the dashed box are bent and stuck at their tips with the aid of evaporation-induced capillary force. g) Tilted SEM image of a
four-micropillar array with a sparse interval. h) Top-view SEM image of a four-micropillar array with a moderate interval. i) Corresponding schematic
as in (f), for the case of six micropillars with triangular arrangement. Six-micropillar array with a j) sparse and k) moderate interval. Insets are the
magnified views (scale bar, 2 um).

and integrated on optical fiber tips for sensing applications.*’!
Here the trapped particles in microcavities of furcate slanted
micropillars can be used for imaging periodic patterns. An
optical setup for imaging test of sample is shown in Figure 6a.
The intensity distribution on the focal plane of trapped par-
ticles can be caught by a charge-coupled device (CCD) (see
the Experimental Section). It is indicated that the focusing
performance of particles is related with the height of pillars
(Figure 6b, Figures S9 and S10, Supporting Information).

E
v3 = .g (4)
6sinf

There are no particles falling out when we inverse the
sample with trapped particles (Figure 5e,f). In fact, the trapped
particles can still be trapped even if the sample is flushed under
distilled water (Video S3, Supporting Information).

2.5. Imaging Test of the Sample after Trapping SiO, Particles
Microscale and nanoscale functional devices constituted by

the complex nested microlens array can be used as a relief
mask for generating diffraction images like a kaleidoscope?*l
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As the roots of high tilted pillars are under the trapped par-
ticles, these parts projecting on the microsphere will affect
the imaging performance, which is simulated using Comsol
Multiphysics 5.2 (Figure S11, Supporting Information). Con-
sequently, the optical intensity of focusing spot decreases with
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Figure 4. Microscale topographic control of capillary assembly for trapping particles with ultrahigh ratio (>90%). a) Schematic of the SiO, parti-
cles traps of the six-micropillar array (dimensions not to scale). The distilled water solution mixed with SiO, particles is dropped on the sample
after self-assembly process. Then the sample is flushed by distilled water to wash away the free particles. A high trapping ratio is achieved after
iterating this process. Optical images of the sample are captured after washing for cycle once (b) and fifth (c). d) SEM image of the sample after
trapping SiO, particles. €) A magnified view. f) Schematic of trapping SiO, particles with different height of six micropillars. g) Quantitative study
on the percentage of trapping ratio as a function of cycles (h = 6 um). The curve is drawn as a guide to the eye. h) Trapping ratio of the sample
as a function of the height after iterating over the trapping process for the fifth time. Error bars are the standard deviation of three samples with

the same parameters.

increasing the height of furcate slanted pillars. Accordingly,
the kaleidoscopic images of a letter “A” by particles with dif-
ferent heights of pillars are achieved by accurately trapping
and rearranging particles. The periodic patterns have fine
qualities with short pillars (b = 4 and 6 pm), and the quali-
ties become inferior with increasing heights of pillars, shown
in Figure 6¢—f. Due to the stable capillary-driven self-assembly
between furcate slanted micropillars units, the trapped parti-
cles located on the same horizontal plane maintain consistent
imaging performance.

3. Conclusion

In summary, a rapid and flexible method is proposed to
fabricate furcate slanted micropillars with the aid of holo-
graphic superposition of opposite optical vortices. The fab-
rication efficiency of this laser-modulated technique can
increase 2 orders of magnitude compared with traditional
direct laser writing. These furcate pillars can be accurately
self-assembled by controlling their intervals with intentional
spatial arrangement. Moreover, the assembled array can trap
SiO, particles with a high trapping ratio (>90%) to arrange
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in a honeycomb lattice. The superior imaging quality of
trapped particles can be achieved by decreasing the height
of pillars. Our investigation reveals that the 6 um height
furcate slanted micropillar arrays have a high trapping ratio
and still maintain a fine imaging performance. We believe
that the strategy, which combines superimposing optical
vortices with capillary-driven self-assembly to rapidly fabri-
cate furcate slanted micropillars, will find extensive applica-
tions in microoptics, microfluidics, and biological scaffold
engineering.

4. Experimental Section

Numerical ~Simulation of Field Distribution under the Objective:
Considering the linearly polarized laser beam focused by a high NA
objective lens after modulated by SLM, the vectorial Debye diffraction
theory was used to simulate electromagnetic wave propagation near the
focal spot.[2¢]

Materials and Equipment: A commercially available zirconium-
silicon hybrid sol-gel material (SZ2080, IESL-FORTH, Greece)
was used for photopolymerization in our experiment. A prebaking
process for evaporating the solvent in SZ2080 was set to 45 min on

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Schematic of the physical mechanism of the particles trapping process. a) The furcate micropillars maintain stable contact state in air.

b) The SiO, particles are trapped stably by the balance between gravity (F,), buoyancy (Ff), supporting force (F;), and van der Waals force (F).

c) The

van der Waals force is strong enough to maintain particles in the inverted microcavities. d) The particles are still trapped after evaporation. The optical
images of e) upright and f) inverted sample with trapped particles are mirrored, indicated by the gray boxes, which also verifies the trapped particles

are very stable due to the strong van der Waals force.

a 100 °C thermal platform. After polymerized by the femtosecond-
laser-modulated beam, the sample was developed in 1-propanol for
half an hour until all unpolymerized part is washed away. During
the evaporation process after withdrawing from 1-propanol liquid,
the micropillar array on the sample was induced to assemble into
various complex 3D microstructures with the aid of capillary force.
The femtosecond laser source is a mode-locked Ti:sapphire ultrafast
oscillator (Chameleon Vision-S, from Coherent Inc, USA) with a
central wavelength of 800 nm, a pulse width of 75 fs, and a repetition
rate of 80 MHz. The reflective liquid-crystal SLM (Pluto NIR-2, from
Holoeye Photonics AG, Germany) has 1920 x 1080 pixels, with pixel
pitch of 8 um, on which CGHs with 256 gray levels can be displayed.
Only the central portion of the SLM with 1080 x 1080 pixels was
used to generate the modulated beam, and the other pixels were
assigned to zero as a reflective mirror. The sample was mounted on a
nanopositioning stage (E545, from Physik Instrumente GmbH & Co.
KG, Germany) with nanometer resolution and a 200 um x 200 um X
200 um moving range to precisely locate microstructures.
Manipulation of Microspheres: SiO, particles with the diameter of
5 um synthesized by Wakely Scientific Corp. Inc. were mixed in distilled
water with a concentration of 107 g mL™'. Because the microspheres
gradually subside, the solution stored at room temperature was
shaken up before use. The sample was horizontally installed on the
stage of an optical microscopy. For trapping particles, the solution
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was dropped on the sample by a pipette until covering the assembled
structures. The rest solution was blown away after 5 min with most
particles sank to the bottom. In this process, a part of particles
were trapped within the microcavities of assembled-pillars units.
Therewith the sample was flushed by distilled water using a pipette to
remove the noncaptured particles. The sample with trapped particles
was turned to be vertical by a tweezer for washing =10 s. Then the
sample is mounted on the stage for a few minutes to evaporate the
rest distilled water. Finally, optical images of the sample with trapped
particles in the microcavities can be caught by a CCD on the optical
microscopy. This process of dropping solution with microspheres and
flushing under distilled water is iterative to achieve a sample with a
high trapping ratio.

Sample Characterization and Image Acquisition: The SEM images were
taken with a secondary electron SEM (ZEISS EVO18) operated at an
accelerating voltage of 10 keV after depositing =10 nm gold. An optical
microscopy (CEWEI LW200-3)T/B, China) with a white light source
performed imaging experiments of trapped particles. For capturing
optical images of honeycomb patterns, the sample with trapped particles
on the stage of optical microscope was placed, then illuminated with a
white light source from below. Next, the vertical position of microscopy
stage was adjusted to achieve clear images of particles foci. Finally, a
mask with a letter “A” was placed on the white light source to achieve
kaleidoscopic optical images.
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Figure 6. Imaging test of the sample after trapping SiO, particles.
a) Schematic of optical setup for the imaging test. b) The optical inten-
sity distributions of trapped particles foci as a function of micropillars
heights. Inset is a schematic of light irradiating on a particle. c—f) Optical
images of the letter “A” by the sample with varying the heights of micro-
pillars from h = 4 to 10 um. Insets are the magnified views of the cor-
responding array (scale bar, 5 um). The 6 um height furcate slanted
micropillars have a high trapping ratio of particles, which maintain a fine
imaging performance.
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