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Optothermally Assembled Nanostructures

Jingang Li,
Materials Science & Engineering Program, Texas Materials Institute, and Walker Department of
Mechanical Engineering, The University of Texas at Austin, Austin, Texas 78712, United States

Yuebing Zheng
Materials Science & Engineering Program, Texas Materials Institute, and Walker Department of
Mechanical Engineering, The University of Texas at Austin, Austin, Texas 78712, United States

CONSPECTUS:

Nanofabrication is one of the core techniques in rapidly evolving nanoscience and
nanotechnology. Conventional top-down nanofabrication approaches such as photolithography
and electron beam lithography can produce high-resolution nanostructures in a robust way.
However, these methods usually involve multistep processing and sophisticated instruments

and have difficulty in fabricating three-dimensional complex structures of multiple materials

and reconfigurability. Recently, bottom-up techniques have emerged as promising alternatives

to fabricating nanostructures via the assembly of individual building blocks. In comparison to
top-down lithographical methods, bottom-up assembly features the on-demand construction of
superstructures with controllable configurations at single-particle resolution. The size, shape, and
composition of chemically synthesized building blocks can also be precisely tailored down to the
atomic scale to fabricate multimaterial architectural structures of high flexibility. Many techniques
have been reported to assemble individual nanoparticles into complex structures, such as self-
assembly, DNA nanotechnology, patchy colloids, and optically controlled assembly. Among them,
the optically controlled assembly has the advantages of remote control, site-specific manipulation
of single components, applicability to a wide range of building blocks, and arbitrary configurations
of the assembled structures.

In this Account, we provide a concise review of our contributions to the optical assembly

of architectural materials and structures using discrete nanoparticles as the building blocks.

By exploiting entropically favorable optothermal conversion and controlling optothermal-matter
interactions, we have developed optothermal assembly techniques to manipulate and assemble
individual nanoparticles. Our techniques can be operated both in solution and on solid

substrates. First, we discuss the opto-thermoelectric assembly (OTA) of colloidal particles into
superstructures by coordinating thermophoresis and interparticle depletion bonding in the solution.
Localized laser heating generates a temperature gradient field, where the thermal migration of ions
creates a thermoelectric field to trap charged particles. The depletion of ion species at the gap
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between closely positioned particles under optical heating provides strong interparticle bonding

to stabilize colloidal superstructures with precisely controlled configurations and interparticle
distances. Second, we discuss bubble-pen lithography (BPL) for the rapid printing of nanoparticles
using an optothermal microbubble. The long-range convection flow induced by the optothermal
bubble drags the colloidal particles to the substrate with a high velocity. BPL represents a general
method for printing all kinds of building blocks into desired patterns in a high-resolution and
high-throughput way. Third, we present the optothermally-gated photon nudging (OPN) technique,
which manipulates and assembles particles on a solid substrate. Our solid-phase optical control

of particles synergizes the modulation of particle-substrate interactions by optothermal effects

and photon nudging of the particles by optical scattering forces. Operated on the solid surfaces
without liquid media, OPN can avoid the undesired Brownian motion of nanoparticles in solutions
to manipulate individual particles with high accuracy. In addition, the assembled structures can

be actively reassembled into new configurations for the fabrication of tunable functional devices.
Next, we discuss applications of the optothermally assembled nanostructures in surface-enhanced
Raman spectroscopy, color displays, biomolecule sensing, and fundamental research. Finally, we
conclude this Account with our perspectives on the challenges, opportunities, and future directions
in the development and application of optothermal assembly.

Graphical Abstract

INTRODUCTION

Bottom-up assembly techniques have attracted significant research interest for
the fabrication of functional nanostructures.1-2 Compared with traditional top-down

lithographical approaches such as photolithography and electron beam lithography, bottom-

up assembly is promising to create complex multimaterial structures with precisely
controlled configurations at single-particle resolution.3# Many bottom-up assembly

approaches also feature low-cost, simple equipment, single-step processing, and a low waste

of materials. Mean-while, chemical synthesis techniques can produce colloidal building
blocks with precisely tunable sizes, shapes, and compositions down to the atomic scale
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(Figure 1),> which enhances flexibility in the assembly of variable complex superstructures.
The intercomponent coupling in the assembled structures can also lead to improved or

new properties beyond individual components.® Self-assembly offers an autonomous way
to build colloidal particles into large-scale structures.”:8 However, it is usually restricted to
thermodynamically stable structures.

Many approaches were developed to extend the capability of self-assembly to fabricate
nanostructures with more complex configurations. For instance, template-assisted self-
assembly can create functional structures with accurate configurations that are predefined
by the template.®10 Alternatively, the regioselective modification of colloidal particles

with organic or biological molecules (e.g., copolymer and DNA) allows interparticle
directional bonding for the programmable self-assembly of diverse superstructures,11:12

In addition, the directed motion of colloids under electric!® and magneticl4.15 fields has
been harnessed to assemble large ensembles of colloidal structures. However, these field-
directed self-assembly techniques require a sophisticated design of the colloidal systems and
experimental setups, which are also limited to specific assembly configurations and colloidal
particles that are responsive to electric or magnetic fields.

Assembling colloidal superstructures with arbitrary configurations requires the precise
manipulation and positioning of individual colloidal building blocks. Optical assembly is
highly promising for this purpose because it allows remote and site-specific control of single
components to assemble the components into superstructures with any desired configuration.
For instance, the targeted assembly of phototactic microswimmers was demonstrated under
light illumination.18 Optical tweezers are capable of manipulating colloidal particles of
variable sizes and materials in a versatile manner.1” However, it has remained challenging
for conventional optical tweezers to efficiently assemble colloidal superstructures.® This

is because the development of any optical assembly technique into a nanomanufacturing

tool requires both the precise manipulation of individual colloidal particles and the rational
control of interparticle and particle—substrate interactions. While conventional optical
tweezers lack control of the interparticle and particle—substrate interactions, optothermal
manipulation techniques exploiting entropically favorable optothermal-matter coupling are
promising for controlling these interactions for the targeted assembly of colloidal structures.
This Account summarizes our recent progress in the development of a series of optothermal
assembly techniques for the on-demand assembly of diverse nanostructures. We also discuss
the applications of the assembled structures and provide our prospects on the emerging field
of optothermal assembly.

2. OPTOTHERMAL ASSEMBLY TECHNIQUES

2.1. Opto-thermoelectric Assembly

Opto-thermoelectric assembly (OTA) is realized by trapping and assembling colloidal
particles one by one in a light-generated temperature gradient field.1%-21 To enable
opto-thermoelectric trapping of diverse colloidal particles, a cationic surfactant,
cetyltrimethylammonium chloride (CTAC), was added to the solution to create a
thermoelectric field.22 A plasmonic substrate consisting of quasi-continuous gold
nanoislands was used to efficiently create a temperature gradient field under localized laser
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heating.23 Briefly, both CTAC micelles and CI~ ions moved away from the laser beam to the
cold region under the temperature gradient field.24 The differences in Soret coefficients
(i.e., Sy(micelles) > St(CI7)) induced a spatial separation of positive CTAC micelles

and negative CI~ ions, which created an electric field pointing toward the laser beam.2>
Therefore, CTAC-modified particles with positive charge were trapped at the laser beam

by the thermoelectric forces (Figure 2a).22 It should be noted that CTAC can be replaced

by other surfactants with similar thermophoretic responses such as poly(diallyldimethyl-
ammonium chloride). By translating the laser beam or substrate, we managed to transport
the trapped particle (Figure 2b) to any targeted location (Figure 2c).

Opto-thermoelectric tweezers can trap particles with an optical intensity of 0.05-0.4 mW
um~2 that is 2 to 3 orders of magnitude lower than the typical laser intensity in optical
tweezers (10-100 mW zm~2), thus providing a noninvasive tool to handle the building
blocks for colloidal assembly. The general strategy of surface charge modification makes it
a universal technique for trapping all kinds of colloidal particles. In addition, our integrated
optical spectroscopy allows in situ characterization of the optical properties of the particles
to reveal their size, shape, and composition for the precise assembly of multiscale and
multicomponent structures (Figure 2b). By integrating opto-thermoelectric tweezers with a
digital micromirror device, we have demonstrated the highly efficient parallel trapping and
manipulation of multiple colloidal particles of different materials and sizes (Figures 2d,e).

The addition of CTAC to the solution not only creates the thermoelectric field for the
trapping and manipulation of particles but also provides the interparticle bonding for

OTA. When two particles are trapped at the laser beam, thermophoresis drives CTAC
micelles out of the interparticle gap, leading to a depletion force between two connected
particles (Figure 3a).26 This interparticle bonding is highly tunable depending on the CTAC
concentration, which can be maintained even after the temperature field is off, making it
possible to assemble colloidal matter with tunable interparticle bonding in the solution. By
using colloidal particles of different materials, shapes, and sizes as the building blocks,

we demonstrated the capability of OTA to assemble complex superstructures.28 Figure 3b—
d shows the hybrid assembly of a one-dimensional (1D) chain, a two-dimensional (2D)
lattice, and a 2D Saturn-ring structure using PS beads with different sizes, respectively. The
assembly of anisotropic particles was also demonstrated with precise orientational control
(Figure 3e). The OTA strategy can be widely applied to various materials. For instance, we
demonstrated the assembly of a PS/SiO, heterogeneous lattice (Figure 3g) and the PS/Au
dimer structure (Figure 3h). By incorporating optical scattering forces for the out-of-plane
control of colloidal particles, we further showed the assembly of three-dimensional (3D)
structures using OTA (Figure 3f). OTA was also used to assemble the larger-area patterns
with precisely controlled configurations by assembling individual colloidal particles one by
one (Figure 3i).

Although OTA permits the assembly of diverse colloidal matter in solution, the
immobilization of these assembled structures onto solid substrates, which is essential to

the implementation of on-chip devices, remains a challenge.2’ We have proposed two
approaches to overcome this challenge. One is that, by assembling colloidal structures in a
photocurable hydrogel solution, we demonstrated the immobilization of colloidal structures
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through the localized cross-linking of hydrogels with ultraviolet irradiation (Figure 4a).28
In this way, the assembled patterns could remain intact even after the samples were rinsed
and dried (Figure 4b). The second strategy is to print the particle onto the substrate via

the depletion attraction between the substrate and the particles.2 Similar to the interparticle
bonding in OTA, the depletion of CTAC micelles at the particle—substrate gap leads to

an adhesion force that can bind the particle to the substrate (Figure 4c). Interestingly, by
centering the laser beam on the printed particle, we can drive back CTAC micelles into

the particle-substrate gap to release the printed particle back into the solution due to the
repulsive electrostatic force between CTAC micelles and the CTAC-coated particle (Figure
4d). As a demonstration, we achieved the reconfigurable printing of particle arrays from a
“sad-face” pattern to a “smiley-face” pattern by releasing and reprinting one particle within
the arrays (Figure 4e).

2.2. Bubble-Pen Lithography

Optothermal microbubbles can be generated by localized optical heating in the solution39:31
and have been used to trap and manipulate colloidal particles.32-34 We developed bubble-
pen lithography (BPL) as a versatile optical printing technique using a microbubble as the
micropen (Figure 5a).3% The microbubble is generated by the plasmon-enhanced optical
heating when a laser beam is directed onto the plasmonic substrate. The Marangoni
convection flow induced by the microbubble drives particles toward the bubble surface
(Figure 5b), where particles are then immobilized on the substrate by van der Waals
interactions. The diameter of the microbubble can be precisely controlled by tuning the
optical density. Particles with a wide range of sizes can be printed (Figure 5c), which

is desired for printing multiscale structures. By steering the laser beam and controlling

the on/off state of the laser, BPL can realize both the one-by-one assembly of single
particles into arbitrary patterns (Figure 5d) and the continuous writing of particle assemblies
(Figure 5e,f). It should be mentioned that the line width of particle assemblies during
continuous printing can be well-controlled by the laser power (Figure 5g), which allows easy
modulation of the printed patterns.

We further demonstrated the use of BPL for the high-throughput printing of quantum

dots (QDs).36 Arbitrary patterns consisting of QD assemblies can be created by the
programmable translational motion of the stage that holds the substrate in an optical
microscope. We achieved a printing speed of up to 1 cm/s, which was limited by the

stage motion speed (Figure 6a). This printing speed can be further improved with advanced
motorized stages or fast-scanned laser beams. Figure 6b shows the printing of a large-area
pattern, where the fluorescence lifetime mapping shows the uniform deposition of QDs. We
further integrated BPL with a smartphone to develop haptic-interfaced BPL for the facile
control of QD printing (Figure 6c).37 Free-form printing of QDs can be achieved by simply
drawing the desired patterns on the smartphone (Figure 6d). In addition, the printing scale
and speed can be preset by the smartphone for versatile control of the printed structure
(Figure 6e).

Besides printing the preformed colloidal particles and quantum dots, BPL also provides a
powerful platform for directing in situ synthesis and the subsequent assembly of metallic
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nanostructures. For instance, we have demonstrated the bubble-mediated fabrication of silver
ring nanostructures3® and metal alloy nanoparticles3® directly from the precursor solutions.

2.3. Optothermally-Gated Photon Nudging

The manipulation and assembly of particles are mostly operated in fluidic environments.
However, to assemble stable colloidal nanostructures, liquid-phase operation suffers from
undesired pattern collapses and the Brownian motion of nanoparticles. To address these
limitations, we proposed solid-phase optical manipulation with optothermally-gated photon
nudging (OPN) (Figure 7a).%0 In comparison to the particle manipulations in the liquid
environment, manipulating particles on the solid substrate needs to overcome the much
stronger van der Waals friction forces at the solid-solid interfaces.*! In our case, we

solved this issue by introducing a thermoresponsive layer to reduce the friction forces by
modulating the particle—substrate interactions. Briefly, a solid CATC layer is introduced
between the particles and the substrate, acting as an optothermal gate. At room temperature,
the CTAC remains at its solid phase to bind particles with van der Waals forces. After

the laser is turned on, the optical heating of colloidal particles leads to a localized phase
transition of CTAC from the solid phase to a quasi-liquid structure (Figure 7b). In this

way, the resistant friction forces between particles and the substrate is significantly reduced,
and particles can be nudged by optical scattering forces simultaneously. By translating

the laser beam or the substrate, particles can be manipulated to any target location. OPN

is generally applicable to a wide range of materials that interact strongly with light,
including metals, semiconductors, dielectrics, and metal oxides. As a solid-phase technique,
OPN can effectively avoid the Brownian motion of nanoparticles to achieve high-accuracy
manipulation. For instance, we demonstrated the precise manipulation of nine randomly
dispersed silicon nanoparticles into a 3 x 3 array with an average position error of ~200 nm
(Figure 7c). Since OPN is operated on a solid substrate, it allows the dynamic manipulation
of particles to new sites for the reconfigurable assembly of colloidal structures. As an
example, four gold nanoparticles were sequentially assembled into an L-shaped pattern, a
square, a mirrored L-shaped pattern, and a straight line (Figure 7d). We also demonstrated
the reconfigurable assembly of metal—dielectric structures for functional on-chip devices.
For instance, one gold nanowire and two silicon nanoparticles were arranged into a “Y”
letter and then transformed to a “Z” letter by moving the particles and rotating the nanowire
(Figure 7e).

3. APPLICATIONS OF OPTOTHERMALLY ASSEMBLED
NANOSTRUCTURES

With the diversity in compositions, configurations, and properties, the assembled
nanostructures can be applied to a broad range of applications. In this section, we discuss
some of the applications enabled by optothermally assembled nanostructures.

First, we discuss the applications of closely assembled colloidal nanoparticles. Plasmonic
nanostructures exhibit a strong electric-field enhancement to enable surface-enhanced
Raman spectroscopy (SERS) for the detection of molecules at low concentrations.*2 We
demonstrated that the plasmonic nanoparticle assemblies prepared by OTA are promising
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candidates for in situ SERS detection of molecules in liquid environments (Figure 8a).43
Numerous plasmonic hotspots are present in the metal nanoparticle assemblies, where

the electric field enhancement can be further controlled by the CTAC concentration, the
composition and geometry of the metal nanoparticles, and the size of the particle assemblies
(Figure 8b). We have achieved a detection limit of 1 4M for rhodamine 6G using the

100 nm silver nanoparticle assemblies. In another example, the site-specific assembly of
fluorescent QDs on the substrate by BPL can be used for microdisplay applications. We
have demonstrated the regioselective printing of QDs with different emission colors on a
single substrate (Figure 8c).38 This multicolor printing was accomplished by a multistep
process involving sequential supplies of the different QD inks. Alternatively, we established
the fluorescence tuning of printed QDs via programmed control of printing speeds. During
QD printing, laser heating can cause the photo-oxidation of printed QDs to reduce their
effective size, leading to a spectral blue shift.*4 Thus, by tuning the printing speed to control
the oxidation time, we demonstrated the printing of QDs with tunable fluorescent color
from yellow to blue.3” High-resolution printing of multicolor QDs makes BPL a promising
technique for applications in full-color microdis-plays.

With their site-specific control of individual building blocks, optothermal assembly
techniques allow us to precisely tune the structural configurations of assembled
nanostructures to explore the new properties and establish the structure—property
relationships. For instance, by mimicking the molecular structure of chiral molecules,

we used OTA to assemble chiral meta-molecules using colloidal particles as the meta-
atoms.*> Individual particles dispersed in the solution were assembled into specific
molecular structures, which could be disassembled and subsequently reassembled to their
enantiomers with different handedness (Figure 8e). The differential scattering spectra

of the left-handed (LH) and right-handed (RH) meta-molecules had a bisignate feature
(Figure 8f), indicating the mirror symmetry between the enantiomers. Chiral metamolecules
assembled by OTA provide a microscopic model for bridging molecular structures with
optical chirality to understand the fundamental origin of chirality in the actual molecular
and colloidal systems.#6:47 We also exploited OPN to assemble tunable chiral nanostructures
on the solid substrate using a silicon nanoparticle and a silicon nanowire as the building
blocks (Figure 8g).48 The coexisting electric and magnetic resonances in the assembled
dielectric nanostructures support the strong enhancement of optical near-field chirality for
the detection and sensing of chiral molecules.9:50 We demonstrated this chiral sensing
capability using two enantiomers of phenylalanine as the sample analytes. The peak shifts
of differential scattering spectra (A y and AArpy for LH and RH structures, respectively)
induced by the adsorption of chiral molecules were measured to obtain the dissymmetric
factor, AAA = ALy — AARn (Figure 8h). This factor reflects the structural chirality of the
adsorbed molecules,5 where AAA is positive (1.16 + 0.47 nm) for b-phenylalanine and
negative (—-0.90 £ 0.44 nm) for L-phenylalanine (Figure 8i).

4. CONCLUSIONS AND OUTLOOK

As an entropically favorable process, light-to-heat conversion provides a convenient and
efficient way to regulate the temperature field and optothermal-matter interactions for
on-demand control of colloidal particles. In the liquid environment, regioselective optical
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heating can create a temperature gradient field, where the motion of particles and other
colloidal species can be controlled by thermophoresis. Localized optical heating in the
solution can also create an optothermal microbubble for assembling and printing colloidal
particles with bubble-mediated Marangoni flow. Alternatively, the optothermal effect can
effectively modulate the particle—substrate interactions to enable the optical manipulation
and assembly of nanostructures on solid substrates. With the diverse working mechanisms
and operational environments, optothermal assembly techniques present a general platform
for the versatile construction of colloidal nanostructures with complex architectures.

Table 1 summarizes the merits and limitations of the optothermal assembly techniques
presented in this Account. Depending on the purpose of colloidal assembly, one can

choose a specific technique for optimum performance. For instance, OTA is suitable for the
assembly of colloidal matter in the solution with tunable bonding strengths, which is highly
desired for the study of various couplings among colloidal particles and the development of
tunable colloidal metamaterials. OPN is more capable of patterning nanostructures on the
solid substrate for the fabrication of reconfigurable nanodevices. While OTA and OPN are
more suitable for relatively small-scale colloidal assembly, BPL presents a high-throughput
approach to printing colloidal inks into large-scale patterns for functional materials and
devices. Herein, we further discuss challenges and potential directions for the future
development of optothermal assembly techniques and their applications in architectural
nanostructures.

First, as bottom-up techniques, optothermal assembly has the advantage of constructing
architectural nanostructures at single-particle resolution. However, this feature also results
in one of the most significant limitations of this method: low throughput. In comparison

to top-down lithographic techniques that can define a large-scale pattern within seconds,
optothermal assembly relies on the manipulation of single building blocks to build the
superstructures, which is a relatively time-consuming process. To enhance the throughput
of optothermal assembly, one could improve the efficiency in manipulating single colloidal
particles by better understanding the manipulation mechanism and further optimizing the
manipulation system. For instance, one can further optimize the laser wavelength, optics,
and substrate quality in the OPN technique to achieve a more effective manipulation of
colloidal particles on the solid substrate. An alternative way is to integrate a programmable
spatial light modulator or digital micromirror device to achieve parallel control of multiple
particles.>2 Additionally, the incorporation of microfluidics into the optothermal assembly
platform will provide an efficient approach to the continuous and automated assembly of
colloidal structures.

Second, optothermal assembly has mainly been applied to assemble 2D structures. Although
OTA has demonstrated the capability of 3D assembly with simple configurations, the
versatile assembly of complex 3D structures remains elusive. This limitation comes from the
challenge of realizing a stable trapping potential along the out-of-plane direction (i.e., zaxis
in Figure 7b). We have recently developed two approaches to achieving a 3D optothermal
manipulation of colloidal particles that can help to overcome this limitation. One method

is to integrate the optothermal substrate into an optical fiber to achieve a 3D manipulation

of particles via on-demand control over the laser focus along the zaxis.>3 The other
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approach uses the target particle as a self-heating source to achieve the manipulation along
all directions without the need for an optothermal substrate.>* Both methods can be extended
to assemble more complex 3D structures. Other approaches to achieving a 3D optothermal
assembly can involve the 3D engineering of the substrate and the integration of other forces,
including optical forces and electric forces.>>—>7

Finally, with the versatile capability in the manipulation, assembly, and printing of

diverse colloidal particles, optothermal assembly techniques are expected to stimulate more
advances in a broad range of fields. They provide an ideal platform for studying colloidal
sciences, materials science, and nanophotonics. For example, optothermal assembly can
turn colloidal particles into nanostructures with tunable bonding strength and reconfigurable
geometry. The easy integration of optical spectroscopy into the assembly system provides
an effective tool for characterizing the optical properties and interparticle interactions

in the assembled structures in situ. In addition, during the further development and
optimization of optothermal assembly techniques, one will have tremendous opportunities
to advance the fundamental understanding of colloidal sciences, surface chemistry, thermal
science, photonics, and fluidics. Optothermal assembly techniques are also suitable for the
fabrication of functional nanodevices with new functions and ultimate miniaturization. With
their advantages of applicability to a wide range of materials, site-specific multicomponent
fabrication, and low optical damage to nanomaterials, optothermal assembly techniques,
once further developed, are promising for prototyping novel optical gratings,>® optical
waveguides,> optical circuits,®0 topological nanostructures,®! and other photonic and
electronic nanodevices.
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Figure 1.
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Dielectric Janus particle
(e.g., silicon) (e.g., PS-Au)

Microparticles (1-1000 pm)

Triangle Cube

Schematics of representative colloidal particles as building blocks in the optothermal
assembly of superstructures. Chemical synthesis techniques can precisely tune the
composition, size, and shape of the diverse building blocks down to the atomic scale.
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Figure 2.

Opto-thermoelectric tweezers for on-demand trapping and manipulation of colloidal
particles as building blocks in optothermal assembly. (a) Schematic of the working

principle of opto-thermoelectric tweezers. (b) Dark-field optical images, experimental
scattering spectra, and simulated scattering spectra (dashed lines) of the trapped single metal
nanoparticles with different sizes. (¢) Schematic and successive optical images showing the
dynamic manipulation of a single 100 nm silver nanosphere. (d) Parallel trapping of six
150 nm gold nanotriangles. (e) Optical images showing the parallel trapping of PS beads of
different sizes. Scale bars: (b) 2 tm, (c) 20 gm, (d) 5 gm, and (e) 10 zm. (a—d) Adapted with
permission from ref 22. Copyright 2018 Springer Nature. (e) Adapted with permission from
ref 26. Copyright 2017 American Association for the Advancement of Science.
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Figure 3.

Opto-thermoelectric assembly of colloidal matter. (a) Schematics of the depletion attraction
between two colloidal particles. (b) Assembly of 2 and 0.96 m PS beads into a 1D chain.
(c) 2D assembly of 2 and 0.96 um PS beads into a hybrid square. (d) 2D hybrid assembly of
a double-layer Saturn-ring structure with 2 and 0.96 pm PS beads. (e) 2D hybrid assembly
of 2 um PS beads and anisotropic PS particles. (f) 3D reconfigurable assembly of four 500
nm PS beads. (g) 2D assembly of a heterogeneous superlattice with 2 z/m PS, 0.96 ym PS, 2
um silica, and 1 zm silica beads. (h) Assembly of a dimer with a 500 nm PS bead and a 200
nm Au nanosphere. (i) 2D assembly of a large-area star pattern with 2 zm silica beads. Scale
bars: (b—e, g, and i) 5 um; (f, h) 2 /m. Adapted with permission from ref 26. Copyright 2017
American Association for the Advancement of Science.
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Figure 4.

OSto-thermoeIectric printing of colloidal structures. (a) Schematic illustration of the opto-
thermoelectric trapping of a colloidal particle in a hydrogel solution and subsequent
immobilization of the trapped particle through UV cross-linking. (b) Optical, schematic, and
scanning electron microscopy (SEM) images of the examples of the immaobilized colloidal
structures. (c) Schematic of the CTAC micelle-mediated depletion attraction between the
particle and the substrate for opto-thermoelectric printing. (d) Schematic of releasing a
printed particle from the substrate by accumulating CTAC micelles in the gap between the
particle and the substrate. (e) Optical images of the reconfigurable printing of a “sad-face”
pattern into a “smiley-face” pattern with 2 um PS beads. Scale bars: (b, €) 5 zm. (a, b)
Adapted with permission from ref 28. Copyright 2018 American Chemical Society. (c—e)
Adapted with permission from ref 29. Copyright 2017 The Royal Society of Chemistry.
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Working principle and capability of bubble-pen lithography. (a) Schematic of BPL. (b)
Simulated convection flow around a 1 m bubble. (c) Printing single particles with different
sizes ranging from 540 nm to 9.51 ym by BPL. (d) SEM image of the BPL pattern of printed
0.96 1m PS beads. (e) Optical images showing the continuous printing of 540 nm PS beads
by BPL. (f) Dark-field optical image of the SP pattern of printed 540 nm PS beads. (g) Plot
of the width of the continuously printed lines vs the incident laser intensity. Scale bars: (c,

d, and f) 10 gm, inset in (c) 500 nm, and (e) 50 um. (a—f) Adapted with permission from ref
35. Copyright 2016 American Chemical Society. (g) Adapted with permission from ref 36.

Copyright 2017 American Chemical Society.
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Figure 6.
Bubble printing of quantum dots. (a) Fluorescence image of a butterfly contour consisting

of red QDs printed by BPL. The line width is 1 ym. (b) Fluorescent image of the Mona
Lisa printed with red QDs using a raster scanning approach. The magnified fluorescent
image along with fluorescence lifetime mapping shows the high-resolution, high-density,
and uniform patterning capability of BPL. (¢) Schematic of haptic-interfaced BPL. (d)
Snapshot showing the basic shapes drawn on the smartphone screen. (e) Printing of the
pattern in (d) with red QDs at different downscaling factors via haptic-interfaced BPL. (a,
b) Adapted with permission from ref 36. Copyright 2017 American Chemical Society. (c—e)
Adapted with permission from ref 37. Copyright 2017 The Royal Society of Chemistry.
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Figure 7.
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Optothermally-gated photon nudging. (&) Schematic illustration of OPN on a solid substrate.

(b) Working mechanism of OPN based on the synergy of optical heating and optical

scattering forces. (c) SEM image of a 2D assembly of 500 nm silicon nanoparticles into

a 3 x 3 array. (d) Reconfigurable assembly of four 300 nm gold nanoparticles. Four particles
were sequentially arranged into an L shape, a square, a mirrored L shape, and a straight

line. The dashed arrows show the reconfigurable patterning sequence. (e) Reconfigurable
assembly of metal—dielectric hybrid nanostructures. Two 500 nm silicon nanoparticles and
one gold nanowire were sequentially patterned into “Y” and “Z”. Scale bars: (c, d) 5 gm and

(e) 3 um. Adapted with permission from ref 40. Copyright 2019 Springer Nature.

Acc Mater Res. Author manuscript; available in PMC 2022 May 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Li and Zheng

AuNIs or glass

b

Page 20

SERS Color display

Printing speed
LowW s G

’ 15pm

500+ :<‘ (15;‘1‘:2;‘ Fu;damental science
. 7 e
3 ? © @ - o2 —
z 3 0.1
N s o Il
/\ & 600 700 800 900 1000
38 67 8

Wavelength (nm)

b

OH

)
NH,
0
B HO
NH

L-Phenylalanine D-Phenylalanine

-
T

AAZ (NM)
o

L

1—w/o molecule ---w/ molecule

680 700 720 740 760 780
Wavelength (nm)

Figure 8.
Applications of optothermally assembled nanostructures. (a) Schematics of the nanoparticle

assemblies for multiplex in situ SERS. (b) Assembly-size-dependent SERS intensities of
rhodamine 6G based on the assemblies of golf nanotriangles. (c) A U.S. map with the states
of Texas, California, and Pennsylvania printed with different QDs. (d) Fluorescent image of
the patterns of yellow QDs printed by haptic-interfaced BPL. The printing speed decreases
from left to right, which is controlled by the hand movement speed. (e) Schematic and
optical images of the chiral metamolecules composed of a 1 gm PS bead, a 400 nm gold
nanoparticle, a 500 nm silicon nanoparticle, and a 700 nm silicon nanoparticle. (f) Circular
differential scattering (CDS) spectra of the chiral metamolecules in (e). (g) Schematic,
optical, and SEM images of the assembled LH and RH chiral nanostructures with a

silicon nanoparticle and a silicon nanowire. (h) CDS spectra of the LH and RH structures
before and after the adsorption of L-phenylalanine. (i) AAA values for L-phenylalanine

and p-phenylalanine with opposite signs. Insets show the chemical structures of the chiral
molecules. Scale bars: (e, g) 1 ym. (a, b) Adapted with permission from ref 43. Copyright
2016 American Chemical Society. (c) Adapted with permission from ref 36. Copyright 2017
American Chemical Society. (d) Adapted with permission from ref 37. Copyright 2017 The
Royal Society of Chemistry. (e, f) Adapted with permission from ref 45. Copyright 2019
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Elsevier. (g—i) Adapted with permission from ref 48. Copyright 2021 American Chemical
Society.
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