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Abstract

Recent advances in chemical sciences have enabled the tailorable synthesis of colloidal particles 

with variable composition, size, shape and properties. Building superstructures with colloidal 

particles as building blocks is appealing for the fabrication of functional metamaterials and 

nanodevices. Optical nano-printing provides a versatile platform to print various particles into 

arbitrary configurations with nanometric precision. In this review, we summarize recent progress 

in optical nano-printing of colloidal particles and its related applications. Diverse techniques based 

on different physical mechanisms, including optical forces, light-controlled electric fields, 

optothermal effects, laser-directed thermo-capillary flows, and photochemical reactions, are 

discussed in detail. With its flexible and versatile capabilities, optical nano-printing will find 

promising applications in numerous fields such as nanophotonics, energy, microelectronics, and 

nanomedicine.
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Nanofabrication is the core technique in modern nanotechnology to effectively manufacture 

various functional devices with a wide range of applications. Conventional top-down 

methods like electron-beam lithography and focused ion-beam lithography can produce 

nanostructures with precise size and shape control. However, such methods suffer from 

small sample volume, high cost, and complex instrumentation.1 In addition, lithographic 

techniques are inherently limited to planar geometries and single-component structures.

Recently, colloidal particles have provided an appealing platform to construct 

nanostructures. Chemical synthesis permits the production of colloidal particles with 

precisely tunable sizes and shapes, tailorable compositions, and intriguing properties.2-5 The 

perfection of atomic-scale crystallinity also permits high-quality devices with minimum 

material defects.6-8 Self-assembly provides a low-cost way to autonomously build colloidal 

particles into large-scale patterns.9 Nevertheless, it is restricted to thermodynamically stable 

colloidal structures and precise control is challenging. By combining top-down fabrication 

and self-assembly approaches, templated-assisted self-assembly has been developed to 

create various functional structures with accurate design.10-13

Optical nano-printing is an alternative strategy to construct superstructures using individual 

colloidal particles as building blocks.14-16 Optical printing, the use of light to direct the 

formation of a desired image, has been of significant interest since the introduction of the 

first laser printers in the late 1960s.17 Laser printing harnesses the ability of light to change 

the surface charge of the imaging drum, where the regions that have been exposed to the 

laser are without charge. Toner particles with negative charges are repelled by the imaging 

drum at the regions without laser exposure. Thus, toner can only be applied in the laser 

exposed areas, allowing the transfer of toner from the imaging drum to paper with 

predesigned patterns. In the 50 years since the introduction of laser printing, optical printing 

technology has developed far beyond its roots in office appliances, spawning a multitude of 

scientific applications. Compared to other nanofabrication techniques, optical nano-printing 

has great potential for the on-demand and site-specific construction of multi-component 

nanostructures. Using diverse colloidal particles as inks, optical nano-printing allows 

fabrication of multi-functional nanostructures for various nanotechnological applications 

such as optical metamaterials,18, 19 photonic devices,20, 21 and drug delivery.22, 23 Moreover, 

the investigation of optical printing will provide an improved understanding of the physics of 

particle deposition24, 25 and further our insights on light-matter interactions.26-28

In this article, we review the state-of-the-art optical nano-printing of colloidal particles 

achieved by different physical mechanisms (Figure 1). First, the optical forces exerted on the 

colloidal particles can be used to trap and deliver them to the substrate at single-particle 

resolution with high precision.29-31 Apart from direct optical forces, indirect optomechanical 

coupling under a light-controlled electric or temperature field provides an alternative 

strategy to achieve manipulation and printing of colloidal particles. For example, laser 

illumination on photosensitive substrates induces local conductivity changes, and the 

electrophoretic or dielectrophoretic forces in the resulting electric field can drive particles to 

predesignated areas of the substrate.32-36 Additionally, the entropically favorable photon-

phonon conversion in optothermally responsive materials enables the generation of a strong 

temperature gradient field with low-power optical heating.37, 38 By exploiting the 
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thermophoresis of colloidal species or thermo-capillary Marangoni flow,39-42 one can 

achieve rational manipulation of colloidal particles in suspension. Optical heating also 

enables the transfer/release of nanoparticles from a donor substrate to a receiving substrate. 

Next, photochemical reactions offer additional possibilities for light-controlled patterning of 

chemically functionalized nanoparticles.43 Finally, we summarize the challenges and 

prospects of optical nano-printing techniques for potential applications in a variety of 

scientific fields.

OPTICAL NANO-PRINTING TECHNIQUES

In this section, we discuss current techniques in optical nano-printing based on different 

physical mechanisms. Optical printing based on optical forces is first introduced, with 

emphasis on plasmon-enhanced optical forces. Then, we describe the indirect optical 

printing of colloidal particles with a light-controlled optoelectric field, opto-thermophoretic 

effects, opto-thermomechanical strategies, and laser-generated microbubbles. Finally, 

immobilization and patterning of colloidal particles based on photochemical reactions are 

presented.

Optical Forces.

Optical tweezers, which use optical gradient forces to trap colloidal particles, have been 

extensively applied for trapping and manipulation of dielectric particles, plasmonic particles, 

cells, and bacteria.44-48 Laser patterning of nanoparticles using optical tweezers to trap and 

drive particles to desired positions has been demonstrated.49-52 However, the laser 

wavelength in these cases is nonresonant with the localized surface plasmon resonance of 

the particles and additional steps or pretreatment of the colloidal dispersions are required to 

fix the particles to the substrate. For instance, gold nanoparticles (AuNPs) could be fixed to 

a glass substrate by ultraviolet (UV) laser irradiation, due to transient melting of AuNPs.50

Alternatively, Feldmann and coworkers reported direct optical printing of single AuNPs with 

a resonant laser (Figure 2A).14 Both the AuNPs and the substrate are functionalized to have 

the same surface charge, which avoids the spontaneous deposition of AuNPs. When the 

incoming laser is of a similar wavelength as the localized surface plasmon resonances of the 

particles, the enhanced interaction between AuNPs and light gives rise to plasmon-enhanced 

optical forces. Figure 2B shows the calculated radial (left) and axial (right) optical forces 

acting on an 80 nm AuNP in a focused Gaussian beam. AuNPs illuminated by the laser are 

drawn toward the beam center by the radial force and pushed down toward the substrate by 

the axial force. Laser printing happens when the optical forces surpass the electrostatic 

repulsion between charged particle and substrate to enable the immobilization of AuNPs on 

the substrate by van der Waals interactions. By optimizing the wavelength and the optical 

power of the laser, single 100 nm AuNPs could be precisely printed on the target position 

with an accuracy of 50 nm. Arbitrary patterns can be formed by printing nanoparticles one 

by one, and the printed NPs can resist repeated cleaning and rinsing due to strong van der 

Waals forces (Figure 2C).14 Throughput can be further increased by using a spatial light 

modulator to split a laser beam into several beams for patterning of multiple particles in 
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parallel (Figure 2D).53 Rapid and precise fabrication of patterns with different shapes, sizes, 

and materials was realized in this way without the need for a photomask (Figure 2E).53

Plasmon-enhanced optical forces also offer added possibilities due to the need to overlap the 

laser wavelength with the localized surface plasmon resonance of the particle. Scherer and 

coworkers demonstrated plasmon-selective deposition of bipyramidal AuNPs using a near-

infrared laser, while nonresonant spheroidal AuNPs could not be printed.54 Two-color 

printing using two different laser wavelengths was developed to achieve orientation control 

of printed gold nanorods (AuNRs) (Figure 3A).55 The laser that is nonresonant to the 

plasmon resonances of the nanorods is used to trap and align individual AuNRs, and another 

resonant laser is used to rapidly print the AuNRs at desired locations once the nanorods are 

aligned. This two-color approach enables fast printing and orientation control of AuNRs 

with an angular precision of ±16°. For instance, a printed “OX” pattern composed of 

perpendicularly-oriented AuNRs is shown in Figure 3B.

Laser printing had long been limited to the patterning of arrays composed of isolated 

plasmonic nanoparticles, as the achievable minimum inter-particle distance was restricted to 

~300 nm.28, 56 Recently, Stefani and coworkers proposed that this lateral resolution issue is a 

consequence of light absorption by the previously printed metallic nanoparticle, which 

generates large temperature gradients and the resulting photothermal repulsive forces 

prevent close printing of the second nanoparticle (Figure 3F).57, 58 One strategy to avoid 

light absorption of the printed metal nanoparticle is to print another metal nanoparticle using 

a second laser wavelength at which the printed nanoparticle is transparent (Figure 3C).57 In 

this way, sequential printing of the nanoparticles can take place uninterrupted. As a 

demonstration, Ag-Au heterodimers with various interparticle distances were fabricated 

(Figure 3D), and good orientation control over the connected heterodimers was shown 

(Figure 3E). Another strategy for reducing the minimum inter-particle distance is to 

optimize heat dissipation to reduce the photothermal repulsive forces.58 Using a reduced 

graphene oxide coated sapphire substrate, optical printing of Au-Au nanoparticle dimers was 

successfully demonstrated (Figure 3G and Figure 3H). This capability is ascribed to a heat-

sink effect due to the high thermal conductivity of reduced graphene oxide.59,60

Additionally, the high transient power density of femtosecond laser enables direct optical 

printing of colloidal nanoparticles. Sun and coworkers reported a femtosecond laser direct 

writing method for controlled assembly and patterning of metal nanostructures.61, 62 Optical 

gradient forces drive the metal nanoparticles onto the substrate, which are then immobilized 

by van der Waals interactions.62 Besides metal nanoparticles, this method can also be used 

for programmable fabrication of semiconductor quantum dot (QD) nanostructures with a 

resolution of ~170 nm.63 Further discussions on femtosecond laser direct writing can be 

found in two recent reviews.64, 65

The use of optical forces offers a simple solution to directly print nanoparticles that strongly 

interact with light. Apart from plasmonic nanoparticles, the use of optical forces to print 

silicon nanoparticles has recently been demonstrated.66 The capability to optically print 

connected metallic dimers further permits the fabrication of plasmonically coupled 

structures as well as functional devices. Furthermore, optical stamping strategies using a 
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spatial light modulator can greatly enhance the printing throughput, which is necessary to 

compete with more established and scalable techniques such as photolithography. However, 

a well-focused laser beam and complex optics are usually required for laser printing 

experiments. Pulsed lasers have the potential to extend the capabilities of laser printing, 

nevertheless, the high working power could damage fragile nanoparticles, biological 

components, and cells.22, 67

Optoelectronic Printing.

In this section, we discuss optical printing by harnessing electrokinetic forces under a light-

controlled electric field. Optoelectronic tweezers utilize both light and an alternate current 

(AC) electric bias to sculpt a potential landscape on a photosensitive substrate.32, 33 Light 

illumination on a photosensitive substrate generates electron-hole pairs and increases the 

conductivity in the illuminated area to create “virtual electrodes” that locally concentrate the 

electric field. The resulting non-uniform electric field exerts a dielectrophoretic (DEP) force 

FDEP on particles through the interaction of the induced dipole moments in particles and the 

surrounding media:

FDEP = 2πr3εmα∇E2 (1)

where r is the particle radius, εm is the absolute permittivity of the surrounding medium, α is 

a parameter defining the effective polarizability of the particle, and ∇E2 is proportional to 

the gradient and the strength of the non-uniform electric field.68

DEP forces have been widely applied for trapping, manipulation, assembly, and sorting of 

particles and molecules.34, 69-73 Wu and coworkers developed an optoelectronic platform for 

dynamic light-actuated printing of nanoparticles, dubbed NanoPen.74 An optical pattern is 

projected onto a photosensitive hydrogenated amorphous silicon (a-Si:H) layer to create a 

non-uniform electric field under an AC bias, generating DEP forces acting on the 

nanoparticles. In addition to DEP forces, the non-uniform electric field and the heat 

generated by light absorption of the a-Si:H layer result in two other electrokinetic forces: 

light-actuated electroosmotic flow and electrothermal flow. Both the electroosmotic flow 

and the electrothermal flow contribute to the long-range flow-based collection of particles, 

while the DEP forces lead to the short-range attraction and immobilization of nanoparticles 

at the illuminated area (Figure 4A). The combination of these electrokinetic forces provides 

a versatile tool for low-power and high-throughput printing of large-area patterns (Figure 

4B). Furthermore, the linewidth and density of immobilized structures can be controlled by 

tuning the AC voltage source parameters (e.g., peak-to-peak voltage and frequency), light 

source parameters (e.g., optical intensity and beam size), and operational parameters (e.g., 
exposure time and scanning speed).

Apart from AC electric field-induced dielectrophoresis, electrophoresis based on direct 

current (DC) electric fields can also be exploited for optical printing applications.75 Pascall 

et al. demonstrated light-directed electrophoretic deposition using light and DC electric 

fields to dynamically fabricate multi-material composites with arbitrary 3D patterns on 
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photoconductive electrodes.76 Recently, optoelectric printing of plasmonic nanoparticles into 

arbitrary 2D circuits using laser and DC electric field was reported.77 A laser beam is 

focused on an indium tin oxide substrate to create a laser-heated region working as a light-

activated “virtual electrode”. In the presence of a uniform electric field, nanoparticles can be 

massively captured and printed onto the substrate along the laser exposed area (Figure 4C). 

Unlike NanoPen, this method does not require the use of a photoconductive substrate or a 

high-frequency AC electric field. Tailored deposition of plasmonic nanoparticles can be 

achieved by simply reconfiguring the shape of the laser curve and controlling the printing 

time. The printed plasmonic nanoparticle assemblies are promising for tunable light 

scatterers at the micro-/nano-scale and biosensing applications (Figure 4D).

Light-driven deposition of colloidal particles with the assistance of AC/DC electric fields 

enables fast printing of large-area patterns, and arbitrary structures can be fabricated by 

shaping the projected light curve on the targeted substrate. Thanks to the photoconductive 

gain, optoelectronic printing can work at low optical intensities, even with an incoherent 

light source.33, 74 This in turn reduces the cost of the laser required, providing a cost-

effective means for on-demand fabrication of colloidal structures. The use of electric fields 

also offers additional possibilities to control the printing performance by tuning the AC/DC 

parameters. However, more studies are needed to fully understand the dependence of 

electrokinetic forces on the strength and frequency of the electric field, as well as the 

material and size of particles, to generalize this method for all kinds of colloidal particles.
70, 78 In addition, due to the diffraction limit of light the resolution of optoelectronic printing 

is relatively low, making single particle printing with nanoscale accuracy a challenge.

Opto-Thermophoretic Printing.

Optothermal effects exploit entropically favorable photon-phonon conversion to generate 

heat,38 which has been applied for various applications such as photothermal therapy,79, 80 

photothermal imaging,81 and materials processing.82 Recently, by harnessing the 

thermophoretic migration of colloidal species under an optical heating-created temperature 

gradient, opto-thermophoretic tweezers were developed to achieve low-power and versatile 

manipulation of colloidal particles, liposomes and biological cells.83-86 Lin et al. reported 

reconfigurable opto-thermoelectric printing of colloidal particles via light-controlled 

thermoelectric fields.87 A laser beam is focused on a plasmonic substrate composed of 

quasi-continuous AuNPs to create a well-defined temperature gradient by the plasmon-

enhanced optothermal effect. Under the laser-generated thermal gradient, both Na+ and Cl− 

ions migrate from the hot to the cold region (i.e., move away from the laser spot) due to 

thermophoresis. The differences in the Soret coefficients (i.e., ST (Na+) > ST (Cl−)) lead to 

the spatial separation of Na+ and Cl− ions, establishing a thermoelectric field ET pointing 

from the cold to the hot region , which is given by:41

ET =
kBT ∇T

∑
i
ZiniSTi

e ∑i Zi
2ni

(2)
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where i indicates the ionic species ions (Na+ and Cl−), kB is the Boltzmann constant, e is the 

elemental charge, T is the environmental temperature, ∇T is the temperature gradient, and 

Zi, ni, and STi are the charge number, the concentration and the Soret coefficient of i species, 

respectively.

Thus, Cetyltrimethylammonium chloride (CTAC)-functionalized polystyrene (PS) particles 

with positive charges were trapped at the laser spot by thermoelectric forces (Figure 5A). At 

a higher optical power, the depletion of CTAC micelles at the particle-substrate interfaces 

leads to the printing of particles via depletion attraction. Nanoparticles with variable sizes 

can be printed into arbitrary patterns with opto-thermoelectric printing (Figure 5B). By 

centering the laser beam back on the printed particle, CTAC micelles are driven into the 

particle-substrate gap, leading to release of the printed particle due to the repulsive 

electrostatic force between the CTAC micelles and the CTAC-coated particles overcoming 

depletion interactions. Reconfigurable printing was demonstrated by the selective release 

and reprinting one of the printed colloidal particles to realize the transformation of a “sad”-

face pattern into a “smiley”-face pattern (Figure 5C).

CTAC micelles can also act as depletants to control the colloidal particle assembly by 

interparticle depletion attraction force. The incorporation of opto-thermoelectric fields with 

micelle-mediated depletion interactions enables the opto-thermophoretic assembly of 

colloidal matter into arbitrary configurations.88 Peng et al. further demonstrated the opto-

thermophoretic construction of colloidal superstructures in a photocurable hydrogel.89 

Particles were trapped and arranged into desired structures with thermoelectric fields and 

depletion attraction, and the assembled superstructures were then immobilized on substrates 

through UV cross-linking of the hydrogel (Figure 5D). Colloidal particles with various 

materials and sizes can be used as building blocks to construct diverse colloidal matter with 

controllable configurations and dimensions (Figure 5E). The as-built colloidal structures 

remained intact even after the samples were rinsed and dried, as confirmed by scanning 

electron microscopy (Figure 5E).

Opto-thermophoretic assembly and printing techniques provide a simple and reliable way to 

build colloidal superstructures with low optical power. The wide applicability of opto-

thermophoretic techniques make them powerful tools to fabricate multifunctional colloidal 

nanomaterials and devices. Furthermore, the precise control of colloidal assembly 

configuration and the capacity for reconfigurable printing allow for tunable coupling 

between colloidal particles as well as the functions of the assemblies. Currently, generation 

of the thermal gradient relies on a quasi-continuous plasmonic substrate and a continuous-

wave laser. The key to future development of opto-thermophoretic printing is the 

optimization of light-controlled temperature gradients. Specifically, further optimization of 

both the optothermally responsive substrate and the heating optics is highly desired. For 

instance, substrates with high photon-phonon conversion efficiencies and low thermal 

conductivities can be exploited to reduce the required optical power. Prepatterned substrates 

such as plasmonic nanoantenna arrays can serve as nanoheaters to manage the laser-induced 

hot spots with nanoscale precision.90 Furthermore, using a pulsed laser as the heating source 

would further limit both heat transfer and collective heating on the substrates, optimizing the 
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temperature gradient and leading to a better general understanding of opto-thermophoretic 

printing.

Opto-Thermomechanical Printing.

Opto-thermomechanical printing exploits the coupling between photothermal effects and 

mechanical forces to control the motion of nanoparticles. One strategy is called laser-

induced transfer, which involves local melting of the donor film and ejection of small melted 

droplets towards the receiver substrate. This method has been applied for the fabrication of 

complex 2D and 3D microstructures consisting of plasmonic nanoparticles.91, 92 Recently, 

Chichkov and coworkers reported optical printing of silicon nanoparticles with controlled 

optical properties based on such a laser-induced transfer strategy.93 A tightly focused 

femtosecond laser is illuminated on a thin silicon film as the donor substrate, and absorption 

of light by the Si layer leads to ultrafast heating and local melting of this layer to form a 

droplet induced by surface tension. The generated droplet acquires an upward momentum 

during the droplet formation, driving it towards the receiver substrate (Figure 6A). The 

liquid material further solidifies at the receiver substrate surface to produce well-defined 

spherical nanoparticles. The diameter of Si nanoparticles can be varied by slightly increasing 

the laser pulse energy (Figure 6B). By irradiation with additional laser pulses, the laser-

printed amorphous Si nanoparticles can be transformed into crystalline particles or into 

particles with mixed amorphous/crystalline phases. Laser-induced crystallization of Si 

nanoparticles results in a blue shift in the resonance peak and enhanced scattering efficiency 

(Figure 6C), providing a precise way to tune the optical properties of the fabricated particles. 

Besides Si, femtosecond laser printing of single crystalline Ge and SiGe nanoparticles was 

further demonstrated.94 Such printed nanoparticles with controllable size and optical 

response are promising for nanophotonics and optoelectronics applications.

Another example of opto-thermomechanical approaches is to release nanoparticles from a 

donor substrate externally. For instance, Zhao and coworkers reported a release-and-place 

strategy to fabricate metallic nanostructures in air.95 A laser is directed to AuNPs that are 

placed on a soft plastic donor substrate. The plasmon-enhanced heating of AuNPs leads to 

rapid surface expansion of the soft substrate, which results in the transfer of AuNPs to 

another receiver substrate (Figure 6D). Both in-plane and out-of-plane nanostructures can be 

fabricated in this way (Figure 6E). In comparison to laser-induced transfer, this method only 

requires a low-cost continuous-wave laser. In addition, the fabricated nanostructures are not 

limited to spherical shapes. Nanostructures with any desired shape can be nondestructively 

released from a donor substrate and additively transferred to another substrate. Further 

efforts are needed to improve the position control of the released nanoparticles. Potential 

strategies to enhance the fabrication accuracy include improving the flatness of the donor 

substrate, optimizing the separation distance between the receiver and the donor substrate, 

and applying an external field to guide the motion of particles.

Laser-induced transfer provides a simple and single-step approach to simultaneously 

fabricate and pattern colloidal particles with tailorable sizes. However, opto-

thermomechanical methods rely on the photothermal effects of the donor film or the targeted 
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particle. Thus, an inherent limitation to this technique is that it is only applicable to materials 

with an optothermal response.

Bubble Printing.

Microbubbles can be generated by laser heating of metal nanostructures due to plasmon-

enhanced optothermal effects.96, 97 Optothermal bubbles have enabled many intriguing 

applications including plasmofluidic lenses,98 particle trapping,99 photothermal motors,100 

and cell manipulation.101 Recently, Zheng and coworkers developed bubble-pen lithography 

(BPL) to achieve patterning of colloidal particles by optically controlled microbubbles 

(Figure 7A).102 A focused laser beam is directed onto a plasmonic substrate, and the 

resulting plasmon-enhanced heating creates a microbubble at the interface between the 

substrate and the colloidal suspension due to water vaporization. Convective flow caused by 

the temperature gradient drags the colloidal particles down to the plasmonic substrate. 

Particles are then driven toward the microbubble via Marangoni convection induced by the 

stress tension gradient at the bubble surface (Figure 7B) and immobilized on the substrate by 

van der Waals interactions. The microbubble diameter and the size of the printed colloidal 

assemblies can be precisely controlled by tuning the optical power density (Figure 7C). BPL 

can also be used to print particles with a wide range of sizes (Figure 7D), 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 continuous writing of particle assemblies and one-by-one 

patterning of single particles into arbitrary patterns.

BPL was applied for programmable and high-throughput patterning of semiconductor QDs.
103 Large-area uniform patterns composed of QDs were created by scanning the laser beam 

(Figure 7E). Figure 7F shows a U.S. map where the states of Texas, California, and 

Pennsylvania are printed with different QDs fabricated by a multistep printing process, 

demonstrating the potential for full-color QD printing. Pattering QDs on flexible substrates 

was also achieved and the printed QDs can withstand the bending of the substrates, which 

shows promise for future use in flexible devices. Rajeeva et al. further integrated BPL with a 

smartphone to develop a haptic interface for facile control of bubble printing (Figure 7G).104 

This haptic interface enables free-form patterning of QDs by simply controlling hand 

movement over the smartphone display.

Besides colloidal particles, BPL also demonstrated the capability for single-step site-specific 

fabrication of metallic nanostructures.105 Large-scale uniform Ag rings are fabricated from a 

Ag precursor using an optically-controlled microbubble (Figure 7H), where Ag ring size can 

be controlled by laser power. The tunable Ag ring arrays exhibit surface plasmon resonances 

in the mid-infrared regime from 3.8 to 4.6 μm (Figure 7I) and showed excellent performance 

as a surface-enhanced infrared spectroscopy substrate.

Compared with other optical printing techniques, BPL has shown versatility in direct 

printing of low-dimensional objects of diverse sizes (several nanometers to microscale) and 

materials (dielectric, semiconductor and metallic). However, high temperature from 

plasmonic heating is required to generate optothermal bubbles, and such heat and related 

cavitation effects resulting from plasmonic heating106 can cause damage to fragile biological 

objects such as cells. Additionally, the printing of nanoscale colloids at single-particle 
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resolution is still challenging. This can be potentially addressed through engineering of the 

substrate, such as patterning with isolated plasmonic nanoantennas, to generate nanosized 

bubbles.

Photochemical Printing.

Photochemical reactions provide a facile strategy for light-directed synthesis and 

functionalization of various nanoparticles with well-controlled sizes, shapes, and properties.
107-111 Photochemistry has been extensively applied to control the coordination of 

nanoparticles with other nanoparticles and surfaces through the photochemical formation 

and breakage of covalent bonds. Therefore, photochemical printing of colloidal particles can 

be achieved by applying light-controlled chemical reactions to anchor or immobilize 

surface-functionalized nanoparticles.112-115

Many different strategies toward photochemical printing of colloidal particles have been 

developed in the last decade. For instance, immobilization of TiO2 nanorods and γ-Fe2O3 

nanocrystals passivated with unsaturated long-chain carboxylic acids on hydrogenated 

silicon was realized by a UV-induced hydrosilylation reaction.116 Similarly, the anchoring of 

surfactant-modified AuNPs and magnetic nanoparticles on hydrogen-terminated silicon by 

UV irradiation was also demonstrated.117, 118 Recently, Fischer and coworkers reported in 
situ immobilization of dynamic assemblies of colloidal particles by UV-triggered click-

chemistry.43 The underlying click reaction is the “thiol-yne” alkyne hydrothiolation, which 

is an organic reaction between a thiol and an alkyne to form a covalent bond (Figure 8A). 

This reaction is fast, efficient, general to arbitrary particles, and can work in the presence of 

external optical and magnetic fields. Functionalized particles can be permanently captured 

onto functionalized glass surface with just a few seconds of UV irradiation. In combination 

with optical tweezers used to trap particles at desired locations and in arbitrary 

configurations, this photoclick strategy can be applied for fast and dynamic fabrication of 

colloidal microstructures (Figure 8B). However, the surface functionalization of particles 

may increase experimental complexity and lead to undesired effects in practical applications.
119

PERSPECTIVE

The gamut of state-of-the-art approaches discussed herein show that a broad set of physical 

mechanisms can be harnessed for optical nano-printing of colloidal particles with various 

compositions and sizes. Despite of the numerous achievements in recent years, grand 

challenges and opportunities remain in improving the strengths of optical nano-printing in 

terms of printing precision, throughput, 3D printing, materials applicability, multiscale 

printing, and functionalities (Figure 9).

Optical nano-printing using colloidal particles as building blocks has the advantage of single 

particle-level resolution. Thus, it provides an effective strategy for fabrication of colloidal 

nanostructures for optical coupling investigation and photonic nanodevices.120, 121 However, 

the precise control of printing position at nanoscale is still challenging due to the diffraction 

limit, which may impair the capability of optical printing. Considering the multitude of 

strategies developed in the semiconductor industry for increasing the resolution of 
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photolithographic processes (deep UV, high refractive index media, interference patterns), 

there may be similar approaches that are applicable for such optical printing techniques. The 

accuracy and resolution can be potentially improved by substrate engineering and near-field 

optics. For instance, plasmonic nanoantennas with strong near-field enhancement are able to 

trap particle to targeted position with nanometer resolution.122 For the scalable 

manufacturing of colloidal nanostructures, one should also improve the throughput of 

current optical printing techniques. The use of a digital micromirror device or a spatial light 

modulator to multiply working laser beam allows parallel printing of particles.53, 87 An 

alternative promising direction for the improvement of throughput is to exploit well-

developed microfluidics for continuous and automated operation.

So far, optical nano-printing has proved powerful for the construction of 2D nanostructures. 

Although construction of 3D assemblies was demonstrated,89, 95 the number of particles in 

the 3D nanostructures and their configuration are still limited. This limitation can be 

potentially addressed by using optical fibers to achieve 3D printing via control over the 

focus along the z-axis. Another future direction is to study the wide applicability of optical 

printing for various materials (e.g., plasmonic, dielectric, polymer, and semiconductor) at 

different scales (from microparticles to quantum dots). For instance, thorough understanding 

and rational optimization of drift characteristics (e.g., thermophoresis, dielectrophoresis, and 

thermo-capillary flows), as well as surface chemistry of the colloidal particles, will provide 

insights and guidelines to help enhance the capabilities for a number of optical printing 

techniques.

Last but not least, one should explore the versatility of optical nano-printing in fabrication of 

colloidal nanostructures for functional micro-/nano-devices. For example, optically 

patterned AuNP arrays can fully function as micro-diffraction gratings.53 Gold microwires 

fabricated by direct laser writing of gold nanodots can be applied for electric connection of 

electronic microdevices.61 Furthermore, the ability to print various quantum dots 

demonstrates the potential of optical printing techniques for fabricating full-color displays.
103 The capability to create multi-component colloidal superstructures will further enable a 

variety of lab-on-chip devices such as reconfigurable metamaterials, photonic crystals, 

colloidal waveguides, and sensors. Precise printing at single particle resolution also provide 

the opportunities for a wide range of applications. For instance, optical printing of a seed 

nanoparticle provides a powerful tool to study chemical reactions at the single particle level.
123 Accurate positioning of a single nanoparticle onto a photonic crystal nanocavity provides 

a powerful tool for the design of functional photonic devices and sensors.124

SUMMARY

Over the past few years, significant developments have led to the use of lasers to print a wide 

variety of materials down to nanoscale dimensions via diverse physical mechanisms. With 

its capability to build arbitrary nanostructures at single-particle resolution, optical nano-

printing holds great potential as a nanofabrication tool to surpass conventional techniques. 

Due to its significance in both scientific research and modern nanotechnology, optical nano-

printing will be widely explored in the future. As this field continues to develop, we believe 
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the versatile capabilities of optical nano-printing will facilitate exciting advances in 

microelectronics, nanophotonics, colloidal sciences, biology and beyond.
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VOCABULARY

optical nano-printing
the process of using a laser to control the construction of micro-/nano-structures

colloidal particles
microscopic solid particles that are suspended in a fluid phase with a typical size range 

between ~10 nm and several microns

optical forces
the forces exerted on colloidal particles directly by a laser beam

optoelectric field
a light-controlled electric field in photosensitive systems

optothermal effect
the conversion of optical energy into thermal energy through photon-phonon conversion

photochemical reaction
a chemical reaction that is controlled by light
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Figure 1. Schematic illustration of optical nano-printing techniques with different physical 
mechanisms.
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Figure 2. Plasmon-enhanced laser printing of plasmonic nanoparticles.
(A) Schematic illustration of the printing process and optical forces. (B) Calculated radial 

(left) and axial (right) optical forces on an 80 nm AuNP as a function of the position in a 

Gaussian focused beam. (C) A dark-field image of two patterns made by printing single 

AuNPs. (D) Schematic of the optical force stamping process. (E) Different stamped patterns 

composed of 80 nm gold or silver nanoparticles. (A-C) Adapted with permission from ref.14 

Copyright 2010, American Chemical Society. (D and E) Adapted with permission from ref.
53 Copyright 2011, American Chemical Society.
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Figure 3. Orientation control and dimer fabrication by laser printing.
(A) Schematic illustration of two-color laser printing. (B) SEM images and polarization-

dependent dark-field images of an “OX” pattern of printed AuNRs with perpendicular 

orientations. (C) Schematic of the process for Ag-Au heterodimer fabrication. (D) Dark-field 

micrographs of Ag-Au dimers fabricated at different interparticle distances d. (E) Dark-field 

(left) and field-emission SEM (right) images of fabricated Ag-Au heterodimers. (F) 

Schematic of the Au-Au dimer printing experiment and its relevant parameters and forces. 

(G) Schematic of an optically printed grid of AuNPs on a sapphire substrate coated with 

reduced graphene oxide. (H) Optically printed Au-Au dimers on reduced graphene oxide. (A 

and B) Adapted with permission from ref.55 Copyright 2013, American Chemical Society. 

(C-E) Adapted with permission from ref.57 Copyright 2016, American Chemical Society. (F-

H) Adapted with permission from ref. 58 Copyright 2017, American Chemical Society.
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Figure 4. Optoelectronic printing.
(A) Optoelectronic tweezers optofluidic platform used to realize the NanoPen process. (B) 

Large-area patterning of 90 nm AuNPs using NanoPen in the form of a 10 × 10 array. (C) 

Schematic showing the setup of optoelectric printing. (D) Dark-filed image of AgNPs 

assemblies created along an Archimedean spiral circuit. (A and B) Adapted with permission 

from ref.74 Copyright 2009, American Chemical Society. (C and D) Adapted with 

permission from ref.77 Copyright 2017, Springer Nature.
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Figure 5. Opto-thermophoretic printing.
(A) Schematic illustration of opto-thermoelectric trapping. (B) Printed “TMI” pattern of 1 

μm PS beads and 3-by-3 array of 500 nm PS beads. (C) Releasing and reprinting of a 

targeted colloidal particle. (D) Opto-thermophoretic construction of colloidal superstructures 

in photocurable hydrogels: trapping of a colloidal particle in a thermoelectric field and 

immobilization of the trapped colloidal particle through UV cross-linking. (E) Opto-

thermophoretic assembly and patterning of various colloidal superstructures. Scale bars, 5 

μm. (A-C) Adapted with permission from ref.87 Copyright 2017, The Royal Society of 

Chemistry. (D and E) Adapted with permission from ref.89 Copyright 2018, American 

Chemical Society.
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Figure 6. Opto-thermomechanical printing.
(A) Schematic of femtosecond laser printing of silicon nanoparticles by laser-induced 

transfer. (B) SEM images (scale bar, 300 nm) and dark-field microscopic images (scale bar, 

5 μm) of silicon nanoparticles fabricated at different laser pulse energies. (C) Scattering 

spectra of silicon nanoparticles with (a) an amorphous phase, (b) a mixed phase, and (c) a 

crystalline phase. (D) Schematic of the release-and-place strategy. (E) SEM images of the 

fabricated in-plane gold nanotrimer and out-plane gold nanodimer. (A-C) Adapted with 

permission from ref.93 Copyright 2014, Springer Nature. (D and E) Adapted with 

permission from ref.95 Copyright 2018, American Chemical Society.
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Figure 7. Bubble printing of colloidal particles and nanostructures.
(A) Schematic illustration of BPL. (B) Simulated Marangoni convection around a 1 μm 

bubble. (C) Dark-field optical image of a series of patterned 540 nm PS beads with 

increasing power densities. (D) Bubble printing of single particles with different sizes 

ranging from 540 nm to 9.51 μm. (E) “Mona Lisa” pattern of QDs with fluorescence lifetime 

mapping. (F) A U.S. map with the states of Texas, California, and Pennsylvania printed with 

different QDs. (G) Haptic interface for bubble printing at different downscaling factors. (H) 

Dark-field and bright-field optical image of an Ag ring array fabricated by BPL. (I) The 

relative transmittance spectra of the arrays of Ag rings fabricated at different laser powers. 

(A-D) Adapted with permission from ref.102 Copyright 2016, American Chemical Society. 

(E and F) Adapted with permission from ref.103 Copyright 2017, American Chemical 

Society. (G) Adapted with permission from ref.104 Copyright 2017, The Royal Society of 

Chemistry. (H and I) Adapted with permission from ref.105 Copyright 2018, Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim.
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Figure 8. Optical printing with click chemistry.
(A) Schematic representation of the UV-induced thiol-yne reaction and its use to immobilize 

particles on surfaces. (B) Microstructures obtained by immobilizing 1 μm PEG-SH-

functionalized silica particle assemblies by UV irradiation. Scale bars, 5 μm. Adapted with 

permission from ref.43 Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 9. Challenges and prospects for the future development of optical nano-printing.
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