Nanoscale
Horizons
View Article Online

MINIREVIEW

Published on 09 November 2015. Downloaded on 26/04/2016 01:15:45.

Cite this: Nanoscale Horiz., 2016,
1, 201

View Journal | View Issue
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Recent advancements in nanotechnology have continued to stimulate the development of functional
devices based on nanomaterials. However, the controllable assembly of these tiny nanomaterials into
functional structures is still a big challenge for further applications; nowhere is this more obvious than in
the field of nanodevices. Currently, despite the fact that self-assembly technologies have revealed great
potential to reach this end, serious problems with respect to morphology control, designable assembly
and even flexible patterning set huge obstacles to the fabrication of functional devices. Nowadays, in
addition to self-assembly technologies that make use of interaction forces between diﬀerent objects,
photodynamic assembly (PDA) technology has emerged as a promising route to architect functional
materials with the help of optical driving forces towards device fabrication. In this review, we summarize
the recent developments in PDA technology for the designable patterning of nanoparticles (NPs). The
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basic fundamentals of PDA that resort to optical trapping (OT) and typical examples regarding far-field/
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photodynamic assembly (FsL-PDA), which enables the designable patterning of NPs through a direct

near-field OT for the PDA of various NPs have been reviewed. In particular, femtosecond laser induced
writing manner, has been introduced. Finally, the current challenges and future prospects of this
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dynamic field are discussed based on our own opinions.
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1. Introduction
Recent decades have seen great advancement be achieved in
both nanotechnology and materials science.1–5 Consequently,
novel functional devices based on nanomaterials have evolved
rapidly with huge impetus. Nowadays, with the progress in
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synthetic methodology, nanomaterials with tunable size, morphology and composition can be readily prepared through a variety
of methods like chemical synthesis,6–9 laser ablation,10,11 polymerization12,13 and chemical etching.14,15 Among those nanoscale materials, nanoparticles (NPs) are well investigated, since
these tiny particles with average sizes in the range from several
to tens of nanometers exhibit superior properties as compared
with their bulk materials.16 Owing to their outstanding properties, NPs are employed for a broad spectrum of applications in
optics,17,18 catalysis,19–21 sensors,22 electronics,23,24 medical
diagnosis and treatment.25–27 However, the use of NPs also
encounters many troubles. For instance, it is quite difficult to
manipulate such tiny particles in a controlled fashion, which
sets huge obstacles to the fabrication of functional nanodevices, since it is generally necessary to control the location
of NPs accurately for device integration.28,29 Moreover, the
application of NPs also suffers from problems with respect to
separation, collection, and assembly.
To get better control of the tiny NPs, novel assembly technologies have been developed to construct functional materials,
among which the self-assembly of NPs is established as a useful
approach. Typically, NPs with various surface-capping ligands
could be used as nano-building blocks;30–32 and the interactions
including covalent bonds,33,34 electrostatic attraction,35–38 and
van der Waals forces39,40 have been adopted as the driving force
to guide the assembly. Notably, the elaborate modification of
the surface-capping ligands or the moieties of the surfactant
templates could control the assembly process and even lead
to the formation of NP patterns.41 In this case, complex and
precise chemical modification is needed to arrange force fields.
Besides, DNA, virus and protein templates have been successfully used for NP assembly.42,43 The sizes and mechanical
properties of DNA templates could be easily controlled; thus
the DNA-origami strategy enables the construction of almost
arbitrary DNA configurations. Due to the strong interactions

between metal particles and DNA, these templates are widely
used for colloidal particle assembly.44,45 External force fields,
such as electrostatic forces and magnetic forces, are also
adopted to assist the assembly of NPs;46–49 however, the resulting structures show very low resolution, since it is quite difficult
to confine an external field at the micro/nanoscale. We have
previously demonstrated the possibility of ordering quantum
dots via photoinduced polymerization of surface ligands.50,51
Additionally, self-assembly can be achieved at the interfaces by
carefully modulating the interfacial tensions between two
phases, which has also been reported for NP assembly.52 To
date, despite the fact that self-assembly technologies have
revealed great potential to realize NP assembly, serious problems
with respect to morphology control, designable patterning and
even non-planar assembly set huge obstacles to the fabrication
of functional devices. Currently, the controllable assembly of
NPs into functional structures is still a big challenge for further
applications, nowhere is this more obvious than in the development of nanodevices.
Techniques like photolithography, nanoimprinting,53,54 and
ink-jet printing55,56 popular in the semiconductor industry
have been applied in the past to fabricate pre-patterned substrates for templating NP self-assembly and patterns. However,
the procedure is usually very complex. Moreover, the process is
not compatible with device fabrication/integration, since only
very flat and smooth surfaces are compatible with such techniques. Alternatively, as a non-contact and non-destructive method,
optical forces are capable of manipulating NPs precisely, which
provides the feasibility to make nanodevices using NPs.57–61 With
the help of optical trapping (OT) forces, the tiny NPs could be
picked up and placed at any desired position; in this way, NPs
could be patterned flexibly.62–66 Theoretically, NPs are polarized
by optical fields,67 and considered as charged particles. When
the charged particles move in magnetic fields, the Lorentz forces
that could trap and move NPs in optical fields are generated
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accordingly. Modern optics allows the production of beams
with desired wavelengths, phases, power, and almost all of the
parameters of light, which enables precise control over Lorentz
forces; in this way, NPs could be assembled flexibly.68 In this
review, we first discuss the fundamentals of the photodynamic
assembly (PDA) of NPs. Generally, optical fields induce relatively
stationary potential fields; NPs could be trapped exactly in the
potential wells where the potential energy of the NPs is the
lowest. Then, the latest reports on near/far-field optics trapping
for the PDA of NPs are introduced, respectively. Besides, the
femtosecond laser induced photodynamic assembly (FsL-PDA)
of NPs has been briefly reviewed, since FsL-PDA shows great
potential for the flexible patterning of NP patterns with high
resolution. Finally, a brief perspective and conclusion of the PDA
of NPs have been made based on our own opinions.

2. Fundamentals of PDA
Generally, when colloidal particles are irradiated by light, two
kinds of forces, scattering forces and gradient forces, are
exerted on them, which leads to optical pushing, trapping, or
pulling under diﬀerent conditions. If light is scattered among
objects, optical bonding (OB) might arise.69,70 It must be pointed
out that, in most cases, OT has been utilized to manipulate
objects. In 1969, the OT eﬀect was reported for the first time;71
since then, OT has been widely investigated for the remote,
noninvasive, accurate control of micro/nanoscale materials, like
NPs, carbon nanotubes, quantum dots (QDs), cells, DNA, and
enzymes.62,72 However, despite OT having been investigated for
almost half a century, the basic principle remains controversial.
Nevertheless, a consensus has been reached on two scenarios
regarding the size (scale) of the target objects: the geometric
optical size (r c l, r is the radius of the particle, l is the
wavelength of light) and the Rayleigh size (r { l). When a beam
from a high numerical aperture objective irradiates a sphere at a
geometric optical scale, the reflected light from the surface and
the refracted light through the sphere might diverge from the
incident direction, causing the total momentum of the beam to
swerve. Consequently, the sphere would be subjected to a force
according to the law of conservation of momentum,72 as shown
in Fig. 1a. This force could be decomposed into two forces: one is
the scattering force, in the direction of the beam; and the other
is the gradient force, always pointing to the laser focus. If the
sphere is located near the laser focus, the gradient force would
dominate the optical forces, so a stable trapping occurs.
At the Rayleigh scale, the electromagnetic theory is more
convincing.73 It is well known that light is a kind of electromagnetic wave. It is undoubted that NPs would be polarized in
the optical fields and they turn out to be dipoles. In a nonuniform optical field, dipoles tend to move to a potential well
where they possess the lowest potential energy. Under the
conditions of a single beam, the NPs are trapped at the focus
of the laser. In other cases, the NPs are trapped at the point
where the optical fields are the strongest. The forces exerted on
the NPs also could be decomposed into gradient forces and
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Fig. 1 Schematic illustration of the basic principles of OT: NPs at (a) a
geometric optical size and (b) a Rayleigh size. (Reproduced from ref. 72
and 73 with the permission of Elsevier and the Nature Publishing Group.)

scattering forces. Similarly, the stable trapping of NPs is also
dominated by the gradient force. Svoboda et al. calculated the
forces and found that both the forces were related to the size
and dielectric constant of the NPs.67 With a decrease in the NP
size, the gradient force and scattering force diminish at the
same time, but the scattering force diminishes more significantly than the gradient force. Therefore, the gradient force
dominates the movement of the NPs, leading to stable OT, as
shown in Fig. 1b.
On the other hand, the dielectric constant of NPs also aﬀects
OT. Metal NPs with higher dielectric constants could be polarized
to a greater extent compared to dielectric NPs in non-uniform
optical fields. In this regard, it is quite obvious that metal NPs
would be manipulated easily. From this point of view, metal NPs
with small sizes seem to be suitable for OT towards PDA. For
dielectric NPs, a much higher power of beam is generally necessary
in order to induce a greater gradient of the electromagnetic field
required to induce stable OT. To increase the gradient of electromagnetic fields, optical resonance has been proven to be an
eﬀective method. Researchers have created various near-field
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optics resonance devices or metallic nanostructures for local
surface plasma resonance (LSPR) to enhance electromagnetic
fields.74 Consequently, the gradient of the electromagnetic field
has been significantly increased, leading to strong OT.
The OB phenomenon has attracted more and more attention
in recent times.75–78 Scattering light among NPs causes scattering forces that could lead to their bonding, resulting in lattice
formation; such lattices are called ‘‘optical matter’’. Some theoretical assumptions for two particle OB have been presented, but
multi-particle bonding has not been clearly described yet. Bain
et al. observed OB particle arrays in counter propagating beams
and found that the bonding was related to laser polarization and
particle sizes;79–81 while Florin et al. calculated the forces that
bonded Au NPs.82 To date, despite the fact that many phenomena
have been discovered successfully, more effort is required to explain
the OB effect. Furthermore, the counter propagating optical push
forces and optical pulling forces83 could be used for trapping NPs.

3. OT for PDA
Since the optical fields define the trapping eﬃciency and form,
the key issue for the PDA of NPs is how to manipulate optical
fields.
In far-field optics, a traditional OT field could be achieved by
focusing a beam through a high numerical aperture objective.
Then single- or multi-particles could be trapped in the focus
region for further manipulation. However, in the case of far-field
OT, only limited numbers of NPs could be eﬀectively trapped by a
single beam, while the trapping volumes are sure to be bigger
than the diﬀraction limit. In contrast, near-field optical devices
that produce trapping volumes beyond the diﬀraction limit could
be achieved for more precise trapping. Arrays of trapping sites of
near-field optical devices could control more NPs. Additionally,
when resonance is introduced into the potential wells, an
enhanced trapping eﬀect could be achieved. In the following
section, both the far-field and near-field OT methods that have
been used for the PDA of NPs are briefly reviewed.
3.1.

Far-field OT

Far-field OT has undergone rapid development recently, which
directly contributes to the PDA of NPs. As typical examples,
Guﬀey et al. tried to control a beam to pattern Au NPs on
substrates one after another.84 However, the assembly eﬃciency
in this manner was very low. So they combined OT and OB to
assemble Ag NPs.85 When a single Ag particle was trapped by a
focused beam, it was polarized. At the same time, the dipole
changed the primary electromagnetic field to a new distribution.
New potential wells arose near the old ones, and other Ag NPs
could be trapped by the new potential wells, as shown in Fig. 2a.
In this way, the electromagnetic field undergoes continuous
evolution. However, it is necessary to point out that the intensity
of these newly formed potential wells was not uniform, so some
of the trapping was not stable. When trapping occurred in
diﬀerent focus planes, the values of the bonding forces were
diﬀerent, which resulted in more assembly configurations, as
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Fig. 2 (a) Cooperating optical trapping and optical bonding for assembling
arrays of NPs. (b) The trapping planes could be chosen by modulating the
position of the focus. (c) Optical images of single, double and triple Ag NPs
(100 nm) trapped in the diﬀerent planes illustrated in (b). Scale bar is 1 mm.
(Reproduced from ref. 85 with the permission of the Nature Publishing Group.)

depicted in Fig. 2b and c. Due to the evolution and the unequal
potential distributions, it is very diﬃcult to predict the final
configurations of the assembly. From this point of view, OB,
which describes the interaction among these NPs, is not suitable
for designable PDA.
To increase the assembly eﬃciency, OT arrays could be
achieved by employing a spatial light modulator (SLM) or multibeam interference. Typically, Grier et al. applied a Hamamatsu
SLM in front of the object telescope; in this way, they obtained
hundreds of beams with a controllable phase.86 Through modulating their incidence directions and the degree of collimation,
arrays of potential wells arose in the focus volume. Since the SLM
could be totally controlled using a computer, the distribution of
the potential wells could be flexibly designed for the subsequent
trapping of colloidal particles. It is worth pointing out that the
configuration of the colloidal particle assembly could be changed
dynamically by tuning the SLM using pre-programed patterns.
Based on these results, we could reach the conclusion that
modulating the spatial light distribution is very useful for NP
manipulation and multi-NP assembly.
3.2.

Near-field OT

Traditional OT in micro/nanoscale manipulation and assembly
shows obvious limits on accuracy. Firstly, due to the diﬀraction
limit, it is hard to confine a large field gradient into a nanoscale
volume, for instance, below 100 nm. Secondly, the Brownian
motion should be taken into account if higher accuracy is
desired. Typically, enhancing the beam power seems to be a
solution to this issue, however, the ablation eﬀect should be
taken into account; thus the beam power could be enhanced
within a certain range. Recently, near-field OT has been adopted
to address these problems. An evanescent field of nanoscale
optical devices might eﬃciently confine the trapping volumes in
potential wells of subwavelength sizes.87,88 If suitable incident
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light were coupled into resonant devices, the gradient of the
evanescent field would be enhanced greatly.89–92 LSPR excited
among various metal structures was also applied for enhanced
trapping.93–97 As compared with far-field OT, producing
enhanced and subwavelength potential wells is a double advantage
of near-field OT.
Notably, an evanescent field of waveguides has been used for
trapping particles. As a typical example, Hu et al. successfully
delivered colloidal particles along waveguides in a microfluidic
chip.98 The gradient force trapped the NPs and the scattering
force was responsible for pushing them in the direction of the
light. If the microfluid (a fluid that is geometrically constrained
to a small, typically sub-millimeter, scale) in the chip channel
and the light in the waveguide counter propagated, the scattering force could be oﬀset by the pushing force of the microfluid;
in this way, they could control the NPs to the desired positions.
Nonetheless, the evanescent field of a single waveguide was
usually weak and would decrease rapidly with the increase in
distance, resulting in unstable trapping. Yang et al. designed a
silicon slot waveguide for trapping NPs.99 The interactions
between the two waveguides enhanced the gradient of light
intensity, obtaining a powerful trapping force. Another device
to enhance the evanescent field was a resonant ring.100 Depending
on the trapping force and scattering force, colloidal particles
would travel in a circle along the ring. However, the scattering
force, which competed with the gradient force for stable trapping,
severely disturbed the assembly of particles in these devices.
Recently, Mandal et al. created photonic crystal resonators
coupled with a bus waveguide.101 The NPs were delivered by
the bus waveguide to the photonic crystal resonators. Because
of the strong confinement of the optical field, the photonic
crystal resonators caught the NPs from the bus waveguide
through the strong lateral gradient force. So they achieved stable
and stationary NP assembly. With the help of the microfluidic
device, the NPs could be released back to the bus waveguide for
further delivery when the light was turned oﬀ.
Similarly, Jaquay et al. introduced a beam to excite a
resonant mode of a photonic crystal slab and got a periodical
assembly of colloidal particles.102 In this work, resonance was a
precondition for near-field OT. The quality factor Q of the
resonant cavity was calculated to be B170 under suitable
conditions, which meant that the photonic crystal slab confined strong wells for trapping particles. Interestingly, trapping
was reversible; if the extent of resonance was reduced, for
instance, by turning the wavelength of the incident beam away
from resonance, or by reducing the laser power, the trapped
particles would be released from the slab. Fig. 3b–d describe
the process of the assembly and release of colloidal particles on
the photonic crystal slab. Besides, the size and dielectric
constant of the particles should also be taken into account.
For example, when metal colloidal particles were trapped on
the slab, they would assemble as a line due to the strong OB
force.103 This phenomenon was quite different from polystyrene
particles that assembled on a plane. Since the uniform distribution of the resonant cavity only led to the very simple assembly of
the NPs (e.g., in lines or on a plane), more complex assemblies of
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Fig. 3 (a) The principle of resonant cavity aid assembly of 520 nm
colloidal particles. (b–d) The process for the assembly and release of the
particles by modulating the resonance of the microcavity. (Reproduced
from ref. 102 with the permission of the American Chemical Society.)

the NPs would be achieved using the rational design of the
distribution of these nanocavities.
In addition to resonant microcavities, LSPR was also utilized
to enhance the gradient force for OT. Particularly, with the
rapid development of nanomanufacturing technologies, metallic nanostructures were successfully prepared for LSPR. For
instance, Grigorenko et al. successfully fabricated nanopillar
pair arrays using electron beam lithography for LSPR enhanced
trapping,104 as shown in Fig. 4. The narrow nanogaps between
the nanopillars strongly confined the electromagnetic field in
small volumes, acting as deep potential wells with very small
trapping volumes beyond the diﬀraction limit. The gradient
forces arising here were thought to be several orders of magnitude
higher than the traditional ones, whereby the precise assembly
and manipulation of the NPs could be achieved, and the Brownian
movement of the NPs could be eﬀectively suppressed. Nevertheless, heat produced via LSPR might also bring a certain disturbance to OT. For instance, heat convection from both the lateral
and vertical directions would push the trapping targets away.
Additionally, the obviously risen temperature would accelerate the
Brownian movement of the NPs. In this regard, the LSPR induced
thermal eﬀect should be suppressed for PDA. As a typical example, Wang et al. fabricated gold nanopillar arrays on gold and
copper substrates that have high thermal conductivities. In this
way, the heat generated via LSPR would be conducted into the
substrate.105 Righini et al. reduced the density of metal structures
to reduce the heat eﬀect,106 while Kang et al. combined LSPR OT
and thermodynamics for the larger area assembly of NPs.107 In
their work, LSPR substrates would generate a wide distribution of
nanogaps where strong gradients of electromagnetic fields were
achieved for OT. Very interestingly, the LSPR induced heat eﬀect
has been used for enhancing the PDA process.
With the rapid progress of modern micro/nanomanufacture
technologies, near-field optics trapping that makes full use of
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Fig. 4 Electron micrographs of an array of nanopillar pairs, (a) overlook
and (b) under a tilted angle. Every nanopillar was 90 nm in height.
(c) Optical field intensity distribution of a plane about 200 nm above the
substrate. (d) Diﬀerent planes of optical field intensity distributions of a
nanopillar pair, separated by 50 nm. (Reproduced from ref. 104 with the
permission of the Nature Publishing Group.)

the waveguide/micro-cavity and LSPR has been successfully
developed for the controllable assembly of NPs. Unlike conventional OT, in the case of near-field optics, local optical fields
could be enhanced by several orders of magnitude, which leads
to great gradients of electromagnetic fields for NP trapping.
However, near-field OT, which depends on structured substrates,
also shows limitations in practical use, especially in the integration of NP assemblies, since a waveguide or LSPR structures
should be fabricated beforehand for such an assembly.

4. FsL-PDA for the flexible assembly
of NPs
Femtosecond laser direct writing (FsLDW) has been proven to
enable the fabrication of 3D micronanostructures with high
spatial resolution,108 since multi-photon absorption (MPA) induced
photoreactions only occur within a small volume.109,110 Recently,
FsLDW technology has also been used for the PDA of NPs towards
flexible patterning.111,112 By moving the focus, the trapping
potential wells would trap the NPs and induce assembly along
the scanning tracks; in this way, various microstructures that
consist of NP assemblies could be fabricated according to the
preprogrammed patterns. As compared with the other PDAs
introduced previously, FsL-PDA shows obvious advantages.
First, a femtosecond laser has an ultra-short pulse, which is
shorter than many relaxation processes, for instance, thermal
relaxation. Therefore, the thermal relaxation eﬀect could be
well suppressed. In addition, the nonlinear absorption eﬀect
together with the threshold eﬀect would lead to micronanostructures with high resolution, beyond the light diﬀraction
limit. Moreover, since FsLDW enables 3D fabrication, the
assembly of NPs through FsL-PDA permits flexible patterning
on non-planar substrates. The FsL-PDA of NPs holds great
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Fig. 5 (a) The principle of the FsL-PDA of QDs. (b) Scanning electron
microscopy (SEM) image of diﬀerent widths of the circle structures made
of close-packed QDs. (c) Absorption (black lines) and luminescence
spectra (blue lines) of the QDs (solid lines) and QD assemblies (dashed
lines). (d) High resolution transmission electron microscopy (TEM) image
of the QD assembly sample, the yellow circles indicate individual nanocrystals. (Reproduced from ref. 113 with the permission of the Royal
Society of Chemistry.)

promises for the flexible fabrication and integration of micronanodevices based on NPs.
As a typical example, micropatterns based on semiconductor
quantum dots (QDs) have been successfully prepared through
FsL-PDA.113 Xu et al. assembled CdTe QDs into various micropatterns and further integrated the assemblies within a microfluidic device. Fig. 5a describes the principle of the FsL-PDA of
QDs. Very interestingly, the quantum confinement eﬀect was
reserved, and the QDs did not grow into bulky materials after
laser irradiation since thermal relaxation had been significantly
suppressed. As shown in Fig. 5c, the absorption and luminescence spectra before and after the QDs had been treated using
the femtosecond laser showed that the characters of the QDs
remained to a large extent. The distinguishable shift was
considered to be caused by a little decrease in the confinement
eﬀect, the loss of surface-capping ligands, and the dipole–
dipole coupling interactions between the QDs in aggregates.
The high resolution TEM image (Fig. 5d) provides direct
evidence that the QDs aggregated together instead of growing
into bulky crystals. Besides, the resultant QD assemblies were
also proven to be conductive with strong reducibility. When
they were exposed to Pb2+, an obvious increase in the resistivity
was observed. Additionally, fluorescence was quenched. These
properties make the QD assemblies very good sensors for the
on-chip detection of heavy metal ions. In this work, FsL-PDA
achieved a close-packed assembly of QDs on substrates without
losing the quantum confinement effect. Moreover, the FsL-PDA
of QDs is not limited to CdTe QDs, other semiconductor QDs
could be assembled in a similar way.
In fact, NPs at a Rayleigh size are quite suitable for FsL-PDA,
for instance, Ag and Au NPs. As a typical example, Wang et al.
assembled Ag NPs with an average particle size of B2.5 nm into
various patterns via FsL-PDA technology (Fig. 6a).111 According
to the computer-aided design (CAD) programs, it was easy to
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assemble Ag NPs into the desired micropatterns with a resolution as high as 190 nm. Moreover, by tuning the laser power
or scanning times, silver lines of diﬀerent widths could be
obtained. By taking advantage of the controllable assembly,
several 2D micro-patterns have been successfully fabricated.
The magnified images showed that the silver NPs were closepacked aggregates (Fig. 6b). Being a precise and flexible craft,
FsL-PDA is competent to assemble NPs into microfluidic chips
as functional parts, such as electrodes with appropriate shapes
and sizes for electrochemical analysis, microheaters for temperature control, and micropumps for directional delivery. In
addition, FsL-PDA is compatible with traditional semiconductor
crafts. A simple bottom gate field eﬀect transistor based on a
single multiwall carbon nanotube (MWCNT) has been successfully fabricated by combining traditional crafts and the FsL-PDA
of Au NPs.112 Integrating a MWCNT into pre-existing devices
seems impossible for other crafts, while in the case of FsL-PDA,
the MWCNT could be connected to the source/drain electrodes
by assembling conductive Au microwires. The whole procedure was
carried out in atmosphere without complex vacuum equipment.
Generally, metal NPs used for FsL-PDA could be prepared
beforehand. As introduced in the above-mentioned studies,
NPs of Ag and Au have been patterned into various assemblies
or fused together under high intensity irradiation. As an alternative choice, Ag NPs could also be directly synthesized within
the laser focus. The in situ preparation of NPs using a femtosecond laser through a multiphoton absorption (MPA) induced
photoreduction process has been reported for several years.114–117

Fig. 6 (a) Uniform Ag NPs used for FsL-PDA. Inset is the size distribution
of the NPs. (b) An ‘‘R’’ letter assembled from Ag NPs. (c) Design for a
MWCNT-FET fabricated via FsL-PDA. (d) Output characteristics and (e) SEM
image of a MWCNT-FET. (f and g) Energy-dispersive X-ray (EDX) map and
spectrum of the MWCNT-FET in (e). (Reproduced from ref. 111 and 112 with
the permission of IOPscience and the Royal Society of Chemistry.)
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The as-obtained silver NPs would be directly trapped for FsL-PDA.
Cao et al. fabricated nanostructures by assembling silver NPs
assisted with surfactants.118,119 To achieve smooth silver surfaces,
the assembly process should be well controlled to avoid the
growth of silver nuclei. As soon as silver atoms nucleated, they
were covered by surfactants, which hindered the tiny NPs from
growing any bigger. Increasing the concentration or the carbon
chain length of the surfactant was effective to obtain the smooth
morphology of the silver structures, even in 3D. Nevertheless, the
presence of surfactants debased their electronic conductivity
obviously, which immensely impeded their further applications
in electronics. To solve this problem, Xu et al. chose trisodium
citrate instead of surfactants to prepare the silver precursor and
achieved conductive silver structures with high resolution.120 The
resistivity of the silver microstructures is estimated to be 1.7 
107 Om, only ten times that of the bulk material. By integrating
such silver structures within a microfluidic device, the silver
patterns could act as an excellent microheater for localized
temperature control. Taking advantage of the 3D feature of
FsLDW, the silver microstructures could be fabricated continually
on 3D substrates, providing the feasibility for integration of 3D
electronics. Moreover, the high compatibility made FsL-PDA
technology a promising craft for integrating conductive devices
with given chips, for instance, microfluidic devices.
In the previous section, we discussed near-field OT for
flexible PDA, in which metal structures on the substrates produced local optical fields to trap NPs. In the case of FsL-PDA, the
near-field OT eﬀect also exists. Briefly, the first layer of silver NPs
assembled via FsL-PDA could be excited to generate LSPR which
was able to enhance the gradient forces for further layer assembly.121
Generally, silver NPs in the first layer could be prepared through
photoreduction of silver ions; then the as-formed Ag NPs were
polarized under irradiation in the direction of laser polarization.
At the endpoints of the dipoles, the local surface plasma that
enhanced the trapping wells gathered; in this way, the NPs in
solution tended to be assembled along the dipoles in the wells,
forming nanoripple or nanoplate structures instead of smooth
surfaces, as shown in Fig. 7a and b. Fig. 7c shows the schematic
illustration of the principle of the whole assembly process. In
addition to the near-field OT eﬀect, the local surface plasma
would also increase the chemical reactivity of the reduction
reaction, which accelerated the growth of nanoplates significantly.
After scanning for several layers, an array of silver nanoplates
formed in the direction of laser polarization. And it was proven
that the orientation of the silver nanoplates would be tuned by
adjusting the direction of laser polarization, which further proved
the formation mechanism of the silver nanoplates.
The silver nanoplate structures prepared via FsL-PDA also
showed a hierarchical roughness.121 Magnified SEM images
showed that plenty of silver NPs decorated the surface of the
vertical nanoplates. The hierarchical structures led to not only a
large specific surface area, which contributed to chemical catalysis,
but also very rough surfaces, which could be used for Surface
Enhanced Raman Scattering (SERS) detection. In Xu’s work, the
enhancement factor of the SERS substrate prepared via FsL-PDA
was estimated to be 1011. Actually, the ultrahigh enhancement
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After reaction for only 7 minutes, the conversion could reach
B100%.
Taking advantage of the ultra-short laser pulses and the 3D
processing capability, FsL-PDA has revealed great potential
for the flexible patterning of NPs on any desired substrates
(e.g., non-planar substrates). Additionally, the direct writing
feature of femtosecond laser processing enables designable
fabrication without the use of any masks. Owning to these
unique advantages, FsL-PDA may find broad applications in the
development of nanodevices.
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5. Conclusions and future prospect
Fig. 7 (a) E-field distribution of a 50 nm silver seed and the arrows
represent the gradient forces attracting the silver atoms in the dipole of
the silver seed. (b) E-field distribution of 300 nm ripples and the arrows
represent the gradient forces attracting the silver atoms in the dipole of the
silver ripple. The length of each arrow in (a) and (b) indicates the magnitude
of the force. (c) Proposed mechanism for the formation of the silver
nanoplates. (Reproduced from ref. 121 with the permission of the American
Chemical Society.)

factor could be explained by two points. Firstly, the nanoplates
were fully covered with Ag NPs, which provided dense ‘‘hot spots’’
for SERS. Secondly, the vertical nanoplate arrays packed closely to
each other in 3D, vastly increasing the active surfaces that enriched
the probe molecules. To further demonstrate the excellent SERS
activity, the signals were collected from diﬀerent positions on
the same substrate and the distinction among them was less
than 5%.122 As a controllable and flexible craft, the desired
shapes and locations of the SERS substrates could be integrated
accurately into microfluidic chips. Besides, the Ag nanoplate
arrays could also act as catalytic active sites for the reduction
of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP),123 as shown
in Fig. 8. During the reaction, the SERS signals of 4-AP could
be detected with increasing intensity, while the micro-region
absorption spectra of 4-NP decreased gradually, indicating
the conversion from 4-NP to 4-AP, as shown in Fig. 8b and c.

Fig. 8 (a) A microchannel fully assembled with Ag clusters. (b) Raman
spectra collected during the catalysis reaction. (c) Micro-region absorption
spectra of the microfluids during the catalysis reaction. The inset of (c) is
the kinetic study of the reaction. (Reproduced from ref. 123 with the
permission of the Royal Society of Chemistry.)
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In addition to conventional assembly methods that were selfinitiated, PDA makes use of external optical forces, such as
the trapping force, pushing force, and pulling force. Since the
optical forces are exerted by light, which could propagate freely
in many media, PDA shows a series of unique advantages over
conventional assembly technologies, for instance, non-contact
manipulation, precise control and flexible patterning. In this
review, we simply summarized the state-of-the-art of PDA
technology, especially for NP assembly. Actually, in most cases,
OT has been considered as the driving force for the PDA of NPs.
The trapping mechanism for targets at a geometric optical
(r c l) size and a Rayleigh (r { l) size has been introduced,
in which the modulation of the potential well distributions is
found to be an eﬀective manner for NP trapping. When a
suitable beam is chosen, objects with a feature size ranging
from hundreds of microns to several nanometers might be
manipulated. Generally, the potential wells produced by a laser
beam could be considered as micro-tweezers, which can precisely control the assembly of NPs. As compared with some 2D
assembly techniques that make use of the interaction between
nanoparticles and substrates, PDA is much superior, since
various NPs such as dielectric NPs, metal NPs, and QDs, could
be manipulated and assembled without any complex chemical
modification of both the NPs and the substrates. Moreover,
with the help of near-field optical structures, trapping could be
enhanced and the precision would be increased to the nanoscale. However, in the case of near-field OT, a waveguide device
or plasmonic structures are generally necessary for the PDA of
NPs, which more or less limits their wide application.
Additionally, the FsL-PDA technology that assembles NPs
through a direct writing manner shows distinct advantages due
to the use of ultra-short laser pulses. In particular, the nonlinear optical eﬀect contributes to the high resolution of the NP
assemblies. Furthermore, the mask-free FsL-PDA technology
enables the flexible patterning of NPs on various substrates, for
example, non-planar substrates or even given devices. In this
regard, FsL-PDA is compatible with device fabrication and
integration, revealing great potential to bridge the gap between
nanomaterials and functional devices. However, since a single
beam was used for the whole assembly process, FsL-PDA suﬀered
from a relative low eﬃciency. Nevertheless, this situation would be
improved by using a spatial light modulator (SLM), for instance,
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multiple beam trapping could significantly increase the eﬃciency,
and form more complex NP configurations.124,125 Currently, it
is still challenging for FsL-PDA to make 3D assemblies of NPs
in a controlled manner, despite the fact that FsLDW is capable
of 3D photopolymerization. A possible reason would be the
disturbance of LSPR with respect to Ag/Au NPs or the low
concentration of NPs in the focus volume. As discussed in this
paper, the formation of Ag or Au structures would lead to LSPR
which governs the further assembly of the NPs; as a result, 3D
metallic microstructures with perfect morphologies are almost
impossible to achieve using FsL-PDA. This situation would be
improved in the case of other NPs. However, to ensure the
transmittance of the laser beam, the concentration of the NPs
should not be too high. In the focal volume, there are not
enough NPs that could be used as building blocks to construct
the 3D structures. This seems to be a contradiction. Unless and
until enough NPs could be delivered to the focal volume, a 3D
assembly of NPs via FsL-PDA would be expected.
At present, the PDA of NPs is still at an early stage. Most
of the research eﬀorts have been devoted to the manipulation
of NPs. In fact, as a bottom-up craft, PDA also holds great
promises for the flexible patterning and structuring of nanodevices by assembling various NPs. Moreover, in addition to
NPs, PDA might also find applications in the assembly of biomaterials, such as cells and proteins, revealing great potential
for tissue engineering. With the rapid development of nanotechnology, we deem that the PDA of NPs will enable the flexible
assembly of NPs towards the development of functional devices
based on nanomaterials.
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