
SCIENCE CHINA
Physics, Mechanics & Astronomy

•   Invited Review   • March 2017 Vol. 60 No. 3: 034201
doi: 10.1007/s11433-016-0447-6

Two-photon reduction: a cost-effective method for fabrication
of functional metallic nanostructures

Sahar Tabrizi, YaoYu Cao, Han Lin, and BaoHua Jia*

Centre for Micro-Photonics, Faculty of Science, Engineering and Technology, Swinburne University of Technology,
Hawthorn, Victoria 3122, Australia

Received November 9, 2016; accepted January 3, 2017; published online January 13, 2017

Metallic nanostructures have underpinned plasmonic-based advanced photonic devices in a broad range of research fields over the
last decade including physics, engineering, material science and bioscience. The key to realizing functional plasmonic resonances
that can manipulate light at the optical frequencies relies on the creation of conductive metallic structures at the nanoscale with
low structural defects. Currently, most plasmonic nanostructures are fabricated either by electron beam lithography (EBL) or
by focused ion beam (FIB) milling, which are expensive, complicated and time-consuming. In comparison, the direct laser
writing (DLW) technique has demonstrated its high spatial resolution and cost-effectiveness in three-dimensional fabrication
of micro/nanostructures. Furthermore, the recent breakthroughs in superresolution nanofabrication and parallel writing have
significantly advanced the fabrication resolution and throughput of the DLW method and made it one of the promising future
nanofabrication technologies with low-cost and scalability. In this review, we provide a comprehensive summary of the
state-of-the-art DLW fabrication technology for nanometer scale metallic structures. The fabrication mechanisms, different
material choices, fabrication capability, including resolution, conductivity and structure surface smoothness, as well as the
characterization methods and achievable devices for different applications are presented. In particular, the development trends
of the field and the perspectives for future opportunities and challenges are provided at the end of the review. It has been
demonstrated that the quality of the metallic structures fabricated using the DLW method is excellent compared with other
methods providing a new and enabling platform for functional nanophotonic device fabrication.
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1       Introduction

Metallic micro/nanostructures have free electrons flow-
ing on the surface that create surface plasmon polaritons
(SPP) through which electromagnetic (EM) field can be
controlled and localized in a nano-scale. This property

*Corresponding author (email: bjia@swin.edu.au)

makes metallic nanostructures competent candidates for
broad research fields such as metallic photonics crystals,
metamaterials, plasmonic structures, microfluidic chips and
also surface-enhanced Raman scattering (SERS) because
metallic nanostructures are capable of controlling the optical
energy in a sub-wavelength region [1-9].
To achieve functionalities for different applications, metal-

lic micro/nanostructures need to meet several key require-
ments. Firstly, micro/nanostructures need to possess a high
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conductivity since high free electron mobility could increase
surface plasmons formation; Secondly, the structures are re-
quired to be in the sub-wavelength range, since the working
wavelengths of the devices are proportional to the structure
feature size. For instance, to achieve plasmonic devices in the
optical regime, structure feature down to a few hundreds of
nanometre are required. Finally, to realize the maximum spa-
tial confinement, three dimensional (3D) micro/nanostruc-
tures are required. However, simultaneously satisfying these
conditions, which means fabrication of 3D highly conductive
metallic micro/nanostructures with a small-feature-size down
to the nanometer scale, is challenging. But it holds the key for
diverse applications in electronics and nanophotonics [10,11].
Advances in fabrication accuracy and resolution require

improvement in fabrication methods. Great progress in
decreasing the metallic feature size to nano-scale has been
achieved via nanofabrication techniques such as excimer
laser lithography, nanoimprinting lithography, focused ion
beam (FIB) milling, electron beam lithography (EBL) and
plasmonic lithography [12-19]. However, these nanofabrica-
tion processes involve multiple steps including patterning of
photoresist, metal deposition and removal of the photoresist,
which are not only complex and time-consuming, but also
somehow degrade the quality of the fabricated structures.
More importantly, it becomes extremely challenging for the
fabrication of 3D metallic structures using these methods be-
cause neither the method is capable of 3D direct fabrication.
On the other hand, using alignment in 3D is far more too
complicated.
Recently, direct laser writing (DLW) has achieved enor-

mous successes due to its capability of one-step fabrication
of arbitrary 3D micro/nanostructures with high throughput
and high resolution in a broad range of materials, includ-
ing dielectrics and metals [5,20-27]. Applying an ultrafast
laser in DLW method, we are able to focus the ultrafast laser
beam tightly into a tiny spot, in which the chemical reactions
of materials are controlled via the multiphoton absorption
process that enables the fabrication of micro/nanostructures
with complex geometries [25-33]. Due to the 3D confinement
of the nonlinear multiphoton absorption only in the focal re-
gion and the material threshold response, high spatial reso-
lution surpassing the diffraction limit can be achieved [34].
In addition, the detrimental thermal effect that degrades the
spatial resolution can be minimized by controlling the pulse
width and the repetition rate of the ultrafast laser [35].
To realize functional metallic micro/nanostructures dif-

ferent DLW approaches have been demonstrated, such as
the coating method, the inversion method [36] and the pho-
toreduction method [36-40]. Both the coating and inversion
methods depend on a multistep procedure and start with the
DLW of polymer templates followed by either a solution
based metal layer coating process [37,41] or a chemical
vapor  deposition  or  electrochemical  deposition  inversion

Figure 1         (Color online) (a) Fabrication scheme of the templating coating
method. A glass cover slip serves as the substrate on which a double layer
of negative-tone photoresist is deposited via spincoating. The thinner bot-
tom layer is pre-crosslinked by UV flood exposure and serves as an adhe-
sion layer. The top layer is exposed via 3D direct laser writing. Post-baking
and developing converts the latent image formed during the exposure into
a free-standing photoresist template of a 3D bichiral crystal resting on four
small posts, one at each corner. All surfaces of this template as well as the
adhesion layer are coated with a conformal silver film via electroless plating.
To facilitate transmission spectroscopy, the bichiral crystal is detached from
the silvered substrate with a thin glass capillary and deposited on a clean glass
cover slip [8]. (b) Fabrication scheme of inversion method. A positive-tone
photoresist (blue) is spun onto a glass substrate covered with a 25-nm thin
film of conductive indium-tin oxide (ITO) shown in green. After 3D DLW
and development, an array of air helices in a block of polymer results. After
plating with gold in an electrolyte, the polymer is removed by plasma etch-
ing, leading to a square array of freestanding 3D gold helices [36].

process. Eventually, the polymer templates are removed by
the etching technique, as shown in Figure 1(b) [36].
With these methods, even the polymer templates have ade-

quate  quality, it remains  challenging to  achieve a  uniform
coating or complete infiltration due to the complicated 3D
micro/nanoenvironment of the fabricated structures. Further-
more, such coatings and inversions do not normally main-
tain the exact geometry of the original templates due to the
harsh procedures involved, which tends to attack the tem-
plates. Compared to the two-step templating methods, the
single-step photoreduction method can directly fabricate 3D
metallic micro/nanostructures from solution with a great sim-
plicity using the multiphoton reduction mechanism [23-32].
However, due to the structure formation mechanism, which is
based on the nucleation of small nanoparticles (NPs), the cur-
rent challenges in this method lie in the realization of high-
resolution metallic structures with small surface roughness
and high electrical conductivity towards functional plasmonic
nanostructures with resonances in the optical regime.
Recently, highly sensitive two-photon reduction (2PR)

technique [41-46] has been developed to fabricate conductive
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3D micro/nanostructures in one step with high flexibility
and efficiency. It has been demonstrated that the quality
of the metallic structures fabricated using the 2PR method
is excellent compared with other methods [47] providing
a new and enabling platform for functional nanophotonic
device fabrication. In this manuscript, we provide a compre-
hensive review of the development of the 2PR method for
the fabrication of metallic structures. We introduce the 2PR
method as a cost-effective nanofabrication approach for real-
izing functional metallic micro/nanostructures in the optical
regime in sect. 2. We discuss the material properties and the
fabrication threshold in sect. 3. The fabrication parameters
and characterization regarding conductivity and smoothness
of the fabricated structures are presented in sect. 4. The
potential and relevant applications, remaining challenges and
future prospects of the 2PR method are given in sect. 5.

2       Two-photon photoreduction process

2PR process is realized when two photons are absorbed, si-
multaneously—weather being identical or different in fre-
quencies—to excite a molecule to a higher energy level as it
is shown in Figure 2. The amount of energy for both photons
should be equal to the energy difference between two energy
states of the molecule. Two-photon absorption is known as
a third order nonlinear procedure depends on the square of
the light intensity [48], which is much weaker than the linear
absorption that happens at low light intensity. So, through
the multiphoton photoreduction process, a metal ion absorbs
two or more photons simultaneously to be reduced into metal
NPs.
According to the literature, the basic mechanism for pho-

toreduction of metal ions is the absorption of two photons by
the metal ions either through the molecules of a dye material

Figure 2         (Color online) Schematic of energy states of two-photon excita-
tion process [49].

such as 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropio-
phenone (HHMP) [47], which will act as a photosensitizer
in the process or directly from a laser beam [39]. In the case
of using dye material in the 2PR solution, transferring of an
electron from the excited dye to the metal ion leads to the
form-ation of a metal atom, which can either (a) react with
other metal atoms to nucleate, or (b) add onto an existing
particle, or (c) undergo a charge combination [47,50].
Thus the formation and growth of metal particles are lim-

ited by the competition between the rate of growth or nucle-
ation and charge recombination, as well as local depletion of
metal ions. Since the growth rate is generally much greater
than the nucleation rate and it depends on the number of nu-
cleation centres, it is reasonable to state that the introduc-
tion of NPs seeds into the composite could significantly en-
hance the formation efficiency of a continuous metal phase.
The photoreduction of the metal nanostructures can be di-
vided into three stages: nucleation, growth, and aggregation
of metal NPs to form micro/nanostructures.
The single-photon absorption rate is measured using the

Beer’s law [51] as shown in eq. (1). For 2PR process this law
is still valid but it needs to bemodified to eq. (2). The light in-
tensity is a function of the path length (x), the concentration c
and the initial light intensity (I0). α and β are the absorption
coefficients of one and 2PR processes, consequently [52]. 
I x I( ) = e ,cx

0 (1)

I x
I

cxI( ) = 1 + .0

0

(2)

To excite the two-photon absorption (TPA) in the TPR
process, tightly focused ultrafast laser pulses have to be
employed. Ultrafast laser has the ability to transfer a massive
amount of photon energy (with a peak power on the order of
~1014W/cm2) in a small fraction of the time [53]. In other
words, the photon energy could be deposited in the lattice
much faster while the material is exposed to the femtosecond
pulses compared to the energy transformation with electrons
through phonon emission. This is especially beneficial in
TPR in which thermal diffusion effect can impose a negative
impact on the fabrication resolution [31,34,54,55].
A typical setup for the 2PR fabrication of metallic struc-

tures is shown in Figure 3(a). Femtosecond laser pulses first
pass a neutral density (ND) filter, where the beam intensity
could be properly adjusted. A beam expansion system al-
lows the uniform illumination over the back aperture of a
high numerical aperture (NA) objective lens. The laser beam
could be tightly focused into the photoreduction solution in
a nanometric volume on the order of λ3/4 (λ is the wave-
length of the incident light) by the high NA objective lens
as shown Figure 3(b). The beam is focused into a sample to
initiate the photoreduction. The sample, the photoreduction
solution, is often sandwiched between two coverslips as sho-
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Figure 3         (Color online) (a) Schematic apparatus of laser 2PR system used in our experiment, M: mirror; L: lense. (b) Detailed configuration of the sample for
the bottom-up fabrication of 3D structures. (c) Schematic of material preparation for photoreduction fabrication.

wn in Figure 3(c), which are separated with a sticky tape with
a thickness in ~ 100-200 mm range. A 3D piezoelectric scan-
ning stage, which supports the sample, provides the 3D pre-
cise movement on the subnanometer scale [2,29,30,39,56].
Themotion of the scanning stage is pre-programmed and con-
trolled by a computer to form desired 3D micro/nanostruc-
tures. The fabrication process is monitored in a real time by
a charge-coupled device (CCD). The requirements for pho-
toreduction materials are discussed in sect. 3. After the
fabrication, the sample is developed through a simple post-
processing procedure to achieve the stand-alone metallic mi-
cro/nanostructures.
There are two types of photoreduction processes, one

is the photosensitized method developed by means of dye
molecules in 2PR solution and the other is the non-photo-
sensitized process. In the former route, the TPR process
starts from the absorption of two photons simultaneously
by the molecules of the photosensitisers, which can initiate
the reduction of the metal ions into metal NPs as shown in
Figure 4(a). Then electrons transfer from the lowest unoc-
cupied molecule orbital level of the excited photosensitizer
to the metal ions and create silver atoms. The generated
metal atoms could either link with other metal atoms and
nucleate or undergo charge recombination. As the growth
rate of metal NPs is much faster than that of nucleation,
metal poly-crystal grows continuously inside the laser spot
through three main sequential reactions by tunning the focal
spot in the material [50]. Figure 4(b) shows a schematic of
the typical reduction process of metal ions. The presence of

photosensitizer in the photoreduction solution enhances the
electron transferring process to the metal ions leading to an
increase in the formation of metal atoms.
Consequently, nucleation process speeds up due to the im-

proved interaction betweenmetal atoms [57]. This is a photo-
chemical synthesis process through which the structures can
be fabricated in different environments like the surfactant mi-
celles in aqueous solution. During the creation of NPs, they
could act as a stabilizing polymer to control the size and shape
of the NPs [39,58]. The main benefits of this technique are
the high spatial resolution, fast process, efficient formation
of NPs and also the ability to control the incident light wave-
length since it depends on the sensitizer rather than the metal
source [12,58].
In the latter case, the nucleation process initiates with the

absorption of photons by metal ions. Then silver nuclei grow
up to create silver NPs and ultimately, aggregation of NPs
with different non-uniform shapes and sizes form the final
pattern [39]. Hence, the TPR mechanism could be defined in
three different steps: first, the creation of seeds due to the re-
duction of silver ions in a laser focal spot; second, the growth
of silver seeds to NPs and last, the aggregation of NPs, which
form the silver pattern eventually as shown in Figure 4(b).
This process contains fundamental route of chemical reac-

tions, which allows the laser light to interact directly with
atoms or molecules. Through changing the material or tun-
ning the conditions of the incident light, it is possible to make
different modifications inside the material. In particular, due
to the threshold behavior of the 2PR process, resolution bey-
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Figure 4         (Color online) (a) The basic scheme of photoinduced transfer from the dye molecules to metal ions for the reduction of metal ions. Symbols denote
Ag+, silver ion; Ag, silver atom; ET, the electron transfer; CR, charge recombination; HOMO, the highest occupied molecular orbital; LUMO, the lowest
unoccupied molecular orbital. (b) Schematic of photoreduction process of metal ions and forming a metallic pattern in three steps; first, nucleation; second
growing; final step, aggregation [39].

ond the diffraction limit can be realized by controlling the
laser pulse energy and the number of applied pulses. There-
fore, to achieve the best fabrication outcomes, the laser pa-
rameters, including the wavelength, pulse width, repetition
rate, power level and scanning speed need to be optimized.
As shown in Table 1, most of the TPR experiments em-

ployed near infrared (NIR) femtosecond laser pulses readily
from a Ti:Sapphire laser. However, it has been found that the
laser illumination wavelength has a profound impact on the
fabrication resolutions in two ways.
First of all, the Abbe’s diffraction limit [59] is proportional

to the illumination wavelength, the shorter the wavelength,
the higher the achievable resolution given the two-photon
absorption condition is still satisfied. Due to this reason,
some groups introduced optical parametric oscillator (OPO)
to convert the NIR femtosecond pulses to the visible ones,
which has improved the fabrication resolution significantly
[27,54,60-63]. Secondly, tuning the wavelength of the fem-
tosecond laser can increase the photosensitivity of the pho-
toreduction solution therefore significantly reducing the re-
quired threshold power leading to a much smaller fabricated
feature size. It has been demonstrated by tuning the laser
wavelength from 800 to 580 nm, the weight of the reduced
silver dot fabricated with the laser energy in the threshold re-
gion increased faster with increasing the laser energy, which
suggested that the shorter wavelength rendered a higher pho-
tosensitivity [12]. As a result, the fabricated feature size of
the silver dot decreased from 220 to 130 nm. Through com-
bining with the threshold fabrication mechanism and a highly
photosensitive photoreduction medium the fabrication of the
silver dot as small as 22 nm, which is equivalent to λ/26,
far beyond the diffraction limit, has been achieved [12,34].
This result is by far the highest resolution achieved for silver

dot fabrication. For line fabrication, the minimum line width
of 120 nm was reported by Ishikawa [50], as summarized in
Table 1.
At a given laser wavelength, the laser power and scanning

speed are normally used to control the fabrication conditions
and provide the essential energy to achieve different sized
fabrication results. At an energy level higher than the thresh-
old, the fabrication feature size normally has a monotonic de-
pendence on the laser power or scanning speed when one of
the parameters is fixed. The feature size increases with el-
evated power and reduced speed and reaches saturation at a
certain level. According to the results presented by Maruo
et al. [38] in 2008, the linewidth can be controlled precisely
from 0.2 to 1.7 μm when the power is changed from 1 to 5
mW, as shown in Figure 5. On the other hand, increasing the
scanning speed from 1 to ∼100 μm/s at a constant fabrication
power of 4 mW, resulting in the reduction in the linewidth
from 1.2 to 0.3 μm. In this experiment, a Ti: sapphire laser
of 752 nm wavelength with a pulse width of 200 fs and a
repetition rate of 76 MHz was used. The objective had a
NA of 1.25. Depending on the repetition rate of the fabrica-
tion laser, too high scanning speed can lead to discontinued
lines due to the long time interval between two consecutive
pulses. Therefore, to ensure high quality and comparatively
fast fabrication, the scanning speed is normally maintained at
a medium level while varying the laser power to adjust the
fabrication feature size.
Laser pulse width and repetition rate are the two parameters

that affect the thermal effect in the DLW fabrication and have
been less discussed in 2PR. The laser pulse width can impact
the fabrication feature size in two ways. On one hand, de-
creasing the pulse width increases the peak intensity at a con-
stant power. Therefore, the photon density in the focal region
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Table 1        Classification of past studies

Year/Group
/Journal Materials Structure Functionality Resolution Subject Beam

specification Resistivity

2006/Castel-
lana/Anal.
Chem. [109]

Ag nanoparticle
film/inside
PDMS/TiO2

lines

lab on chip
(LoC)/biosen-
sors, screening

assays

~10 µm

NP films
inside sealed
microfluidic
channels

11 mW/cm2 near
365 nm (UV) NA

2006/Tanaka
/Appl. Phys.
Lett. [40]

silver-gold line-ring-3D
gate

arbitrary 3D
structures

Line Au=700
nm

vortex=1.02 µm

precise control
of the laser
power/laser
power and
linewidth is
not linear

800 nm, 80
fs, 80 MHz,
NA=1.42

5.3×10–8Ω m

2006/Ishikaw-
a/Appl. Phys.
Lett. [70]

silver line-3D cup arbitrary 3D
structures 400 nm

using two-
photon sensitive
dye to improve
the reduction
properties
(electrical
properties)

800 nm, 80
fs, 82 MHz,
NA=1.42

NA

2007/Maruo/O-
pt.Express [110]

Polymer film
containing Ag
ions (3.8wt%
& 3.8wt%)

line/pyramidal
Gratings,
plasmonic

devices/MEMS

h: 3 µm
linewidth 0.1

µm

silver in a
polymer matrix

752 nm, 200
fs, 76 MHz,
NA=1.25

1.59×10–6/3.48
×10–7Ω m

2009/Cao/Small
[39] NDSS+Ag ions line/pyramid

MEMS,
Metamaterials
in visible region

3D: 0.180 µm
2D: 0.120 µm

surfactant-
assisted 3D
nanostructure

800 nm, 80
fs, 80 MHz,
NA=1.4

NA

2010/Xu/Small
[78] silver

flexible
nanowiring
on nonplanar
substrate

MEMS, LoC 0.125 µm
induced
electroless
plating

790 nm, 120
fs, 82 MHz,
NA=1.35

1.6×10–7 Ω m

2010/
Ng/Conference-
Springer [104]

silver lines
plastic

electronic
manufacturing

NP: 100-700 nm
wireline: 5 µm

metals on
flexible
substrates

HeCd laser,
325 nm 7.5×10–7 Ω m

2011/Tsut-
sumi/Appl.
Phys. A [69]

silver

lines, helix,
pillar, cubic
microstructur
in a PVP matrix

organic dye laser
devices 300-400 nm

effect of
molecular

weight of PVP
on linewidth of
silver nanowire
is investigated

800 nm, 100 fs,
NA=1.3 NA

2011/Terzaki
/Opt. Mater.
Exp. [2]

MAPTMS
+DMAEMA+

ZPO
3D lines MEMS NA

silver plating vs.
metal bath tech-
niques/coating

800 nm, 20
fs, 75 MHz,
NA=0.95,
NA=1.4

(1.6±0.1) Ω

2012/Ishikawa
/JLMN [50]

silver ion
solution 3D/rods

metamaterials,
resonant at
far infrared
0.9-20.4 THz

0.120 µm

metal ablated
from a

film/spatial
resolution is

lower than other
methods

800 nm, 80
fs, 82 MHz,
NA=1.42

5.30×10–8 Ω m

2012/Xu/Nan-
oscale [74] gold lines

thin film based
nanoarchitec-

tures
0.560 µm

nanodots
precursor

instead of metal
ions

800 nm, 120 fs,
NA=1.35 5.5×10–8 Ω m

2012/Furlani/A-
dv. Optoelec-
tron. [111]

polymer based chiral metamaterials NA
polymer

based optical
metamaterials

800 nm NA

(To be continued on the next page)
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(Continued)

Year/Group
/Journal Materials Structure Functionality Resolution Subject Beam

specification Resistivity

2012/Vora/JoVE
[81]

silver
nanostructure
inside polymer

matrix

dot array
metamaterials,
cloaking, perfect

lense
0.300 µm

3D
nanostructure
imbedded in
doped PVP

800 nm, 50
fs, 11 MHz,
NA=0.8

NA

2012/Vora/Ap-
pl. Phys. Lett.

[82]
silver dots bulk optical

devices 300 nm

disconnected
silver

nanostructures
in polymer
matrix

795 nm, 50 fs,
11 MHz NA

2013/Lu/Opt.
Mater. Express

[72]
gold ion solution line, u-shaped

SRR

metamaterials,
resonant at
63 THz-x-
polarization

0.228 µm effect of carbon
chain length

780 nm, 80
fs, 80 MHz,
NA=1.45

16.5×10–8 Ω m

2013/Cao/Appl.
Phys. Lett. [12] silver dots nanophotonic 0.022 µm increasing

electron donor
800 nm, 140 fs,
80MHz, NA1.4 NA

2015/Wang/Sci.
Technol. Adv.
Mater [80]

silver NPs lines chip/microflu-
idic chip

wire: 0.19 um
silver NPs: tens

of nm

controllable as-
sembly of AG-
NPs/roughness:

11 nm

800 nm, 120 fs,
NA=1.45 NA

2015/Kang/N-
anotechnology

[11]

silver/gelatin
matrix 3D(15)

THz
metamaterial
devices

Sub 100 nm
3D Ag in a

stable dielectric
matrix

795 nm, 50 fs,
11 MHz NA

2015/Gu/Adv.
Opt. Matt [11]

silver aqueous
solution 2D c-shape array

nanoresonators
resonant at 100
& 75 THz

Sub 200 nm

surfactant &
photosensitiser
assisted 2D
nanostructure

532 nm, 250 fs,
50 MHz 1.55 Ω/square 

Figure 5         (Color online) Fabrication line width dependence of laser power
and scanning speed with a laser of 752 nm wavelength, a pulse width of 200
fs, a repetition rate of 76 MHz, and an objective of 1.25 NA [38].

is higher leading to a lower threshold therefore improved fab-
rication resolution [53]. On the other hand, the pulse width
determines the temporal distribution of the energy. Since the
spatial distribution of the focal spot is proportional to the
temporal distribution owing to the inclusion of more spec-
tral components [55,64], a shorter pulse can lead to a higher
resolution focal spot, which can eventually reduce the fabri-
cation feature size. The laser repletion rate is relevant to the
2PR in terms of the thermal diffusion. Normally a lower rep-
etition rate results in less thermal diffusion effect, which in

turn benefits the 2PR fabrication resolution [53].

3       Material for 2PR fabrication

Since materials properties have profound impact on the 2PR
fabrication outcomes, it is important to know the material
characteristics to optimize the fabrication product. Formula-
tions may vary based on different application requirements.
Here we focus on the metallic materials that are useful for
plasmonic relevant applications. The conductivity, feature
size and surface roughness of the fabricated structures have
been used as the basic criteria. In this section, we present a
review of different materials that have been used so far in 2PR
fabrication. The fabricated structures are discussed consider-
ing the resolution, conductivity, surface roughness and also
functionality.
Fabrication materials in 2PR can be categorized into two

types: one is a metal-ion aqueous solution containing metal
salt with dye as the main ingredients; the other one is a
metal-ion doped polymeric film. Among all metals, silver is
the most popular material to be used in the 2PR fabrication
process either as a metal salt to make the aqueous solution or
as metal-ions to be doped in polymer films due to different
reasons such as its high chemical stability, controllability,
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good plasmonic properties and low-cost compared to gold.
Commercially available silver salts such as AgNO3, Ag-
ClO4 and AgBF4 could be mixed with de-ionized water and
eventually with either dye or polymer for preparing aqueous
solutions and polymer films, respectively; while for gold
structures, HAuCl4 is often used as the metal salt.
The beginning of the study on photoreduction of silver ions

dates back to 1976 [65]. A lot of research efforts have been
devoted to developing 2PR fabrication technique in the last
decade [40,63], which resulted in a rapid progress in this field
recently.
Many research groups have used metal-ion doped poly-

meric films to fabricate metallic structures by 2PR because
using polymer can reduce the surface roughness much lower
than structures made from the aqueous solution. This is,
because metal ions distribute more uniformly in polymer
matrix and polymer prevents detrimental metal ion diffu-
sion. According to the state-of-the-art, multidimensional
continuous structures have been fabricated in polymeric
matrix [38,63,66-68]. These structures show a proper inter-
connection between NPs which in turn helps to develop the
electrical conductivity of the structure; Continuous 2D/3D
structures with a smooth, continues surface and resistivity
of 3.48×10–7 Ω m has been reported by Maruo et al. [38] as
the only conductive structure reported among all groups. In
their experiment, they used a Ti:Sapphire laser of 752 nm
wavelength with a pulse width of 200 fs and a repetition rate
of 76 MHz with an 1.25 NA objective, as shown in Figure 6.
According to their report only the appropriate amount of the
photon density in the focal region and a proper density of
silver ions in the polymer matrix could make such continuous
lines of 200 nm width. With the same mixture of material
but not enough photon and silver density, the final structure
would not be smooth and well conductive [68].
In this method, a polymer material, such as polyvinylpy-

rrolidone (PVP), is used as a polymer matrix and it is dis-
solved in ethanol. In the second step, silver nitrate is dis-
solved in deionized water. Polymer solution and silver solu-
tion are mixed in the next step and stirred for a while. Even-

tually, a cover slip is coated with the final solution to make
the thin film. The process contains prebake at a high temper-
ature above 100°C after coating, through which silver ions
are likely to aggregate and prevents achieving a high spatial
resolution [38].
Tsutsumi et al. [69] introduced a polymer based 2PR fab-

rication method but they performed the fabrication at a laser
wavelength of 508 nm, which was different from the usual
780 to 800 nm sensitizer excitation wavelengths, to improve
the lateral spatial resolution. In this experiment a femtosec-
ond laser of 800 nm wavelength, a repetition rate of 1 kHz,
and a pulse width of 100 fs and an oil immersed objective lens
with NA of 1.30 was used and the wavelength was converted
to 508 nm wavelength using an optical parametric amplifier
(OPA). The light with the wavelength of 508 nm could di-
rectly excite the carbonyl group of PVP via the 2PR process
and reduce the silver ions. The scanning speed of laser light
was 2 μm/s and the laser energy was considered in the range
of 6-50 μW. One pair of electrons in PVP-stabilized silver
ions and decreased the molecular weight of PVP preventing
silver clusters growing larger. As a result, narrow silver clus-
ters of linewidth ranging from 300 to 400 nm were fabricated
in the PVP matrix, which was an advancement towards struc-
ture resolution improvement.
Although excellent progress in optical properties of metal-

licmicrostructures using thismethod has been achieved, there
are still challenges to further advance this technique. For in-
stance, being a multi-step process as shown in Figure 6, it
makes this method a time-consuming approach, in addition to
the spatial resolution limit of the conductive structures. This
might be due to the prebake process.
Metal-ion aqueous solution is introduced to fabricatemetal-

lic micro/nanostructures via the 2PR technique by Tanaka et
al. [40] Tanaka proposed the fabrication of a self-standing
3D microstructure with high electrical conductivity via the
2PR method using metal-ion aqueous solution. They pre-
pared the aqueous solution of AgNO3 and HAuCl4 for the fab-
rication of silver and gold structures, respectively. The cov-
erslip was coated with 3-aminopropyltrimethoxysilane to at-

Figure 6         (Color online) Experimental procedure for sample preparation and 3D laser drawing of metallic microstructures using metal-ion doped polymeric
films with a laser of 752 nm wavelength, a pulse width of 200 fs, a repetition rate of 76 MHz, and 1.25 NA objective [38].
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tach themetal pattern firmly on the substrate surface. Accord-
ing to their report the average resistivity of 5.30×10–8 Ω m
was achieved. However, the surface roughness was still high
and limited  the functionality  of the structures.  Developing
 the photoreduction material to gain higher electrical conduc-
tivity and feature resolution was continued by Ishikawa et al.
[70]. They used a two-photon sensitive dye (coumarin 440) in
the reduction aqueous solution containingAgNO3 andinvesti-
gated that the presence of dye could reduce the diameter of the
fabricated dots from 3.39 to 0.55 μm, while the required fabri-
cation power changed in the case of the absence and presence
of dye from 14.97 to 1.88 mW, respectively. Improvement
in resolution for wires fabricated in this work was 400 nm
and 3D structure of free-standing rod was successfully fabri-
cated. In 2008 by modifying photoreduction material Cao et
al. [39] could fabricate silver strips with the linewidth of 120
nm and 3D structure with the size of 180 nm, which is the
best resolution reported to date based on the TPR technique.
They succeeded in achieving such a result by adding nitro-
gen-atom containing alkyl carboxylate n-decanoyl sarcosine
sodium (NDSS) as the surfactant to the reduction solution to
prevent the growth of unwanted silver particles. This way,
they provided a simple method to precisely control the posi-
tion of NPs, in addition to the efficient creation and accumu-
lation of the NPs.
As mentioned previously, to enable functionalities in

nanophotonics, microelectronics, and MEMS technology,
metallic microstructures need to be well controlled on the
size of the aggregated NPs and the surface smoothness.
Cao et al. [71] proposed the method to fabricate the struc-

tures with respect to the different carbon chain lengths (Cn:
n= 4, 5, 7, 9) of fatty salt in the photoreduction as shown in
Figures 7(a)-(h). A mode-locked Ti:Sapphire laser (Tsunami,
Spectra Laser), which provided a pulse width of 80 fs, a wave-
length of 800 nm as well as a repetition rate of 80 MHz.
The laser beam was introduced into an inversed microscope

(IX-71, Olympus) and tightly focused into the sample solu-
tion placed on a cover slip by an oil-immersed objective lens
(×60) with a high numerical aperture (NA = 1.4, Olympus).
The fatty salts used in the sample solutions include sodium
valerate with four carbons in its chain (C4), sodium hexanoate
(C5), sodium caprylate (C7) and sodium decanoate (C9). Ac-
cording to the results increasing the chain length from C4 to
C9 results in increasing the resolution from about 600 to 450
nm. Also it can improve the surface smoothness, which has a
key role in making the structure efficient for low-loss photon-
ics applications. The reason for this is a larger hydrophobic
force existing in the longer carbon chain chemical, which pre-
vents the growth of NPs efficiently.
Ishikawa [50] reported the first fabrication of 2D functional

metallic nanostructure for plasmonics metamaterials in 2012.
The silver rod-pair array was fabricated using the same TPR
technique and the same mixture of the aqueous solution
as mentioned above by this group. Magnetic resonances
with negative permeability at the far-infrared frequency
were demonstrated by these silver rod pair array. This
was the starting point on the functionality track of metallic
micro/nanostructures towards micro/nanodevice fabrication
using the 2PR technique, which has been improved further
since then. In 2013, Lu et al. [72] fabricated gold nanos-
tructures using a new stabilizer, amino-terminated ionic
liquid with AuCl–4 ions. NPs with sizes less than 5 nm were
achieved, which eventually lead to the high smoothness of
the fabricated structure. The fabricated u-shape planar meta-
materials of 228 nm line width showed a spectral response
in the terahertz region, which achieved another milestone
towards the fabrication of microphotonics/electronic devices.
However, the structure was not responding to the polar-
ization of incident light, which in turn limits the potential
applications, although the calculated electrical resistivity of
16.5×10–8 Ω m was achieved, which is in the same order of
magnitude as that of bulk gold.

Figure 7         (a)-(d) SEM images of the silver dots fabricated in sample solutions with different faty salts: (a) for C4, (b) for C5, (c) for C7, and (d) for C9, which
are under the laser power of 4.6 mW and the laser wavelength of 800 nm; (e)-(h) SEM images of the silver dots fabricated in sample solutions with different
faty salts: (e) for C4, (f) for C5, (g) for C7, and (h) for C9, under the laser power of 1.3 mW and the laser wavelength of 800 nm; scale bars: (a)-(h) 500 nm [71].
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Although, promising and exciting progresses have been re-
ported so far from various research groups in this field, there
are still key challenges to achieve an excellent functional
metallic nanostructure. From the functionality point of view,
there is always a discrepancy in conductivity between bulk
silver and fabricated silver nanostructures because of oxidiza-
tion, sulfurization and also the surface roughness which de-
grade the functionality of the structure. The same challenges
exist for fabricating gold nanostructures.
In fact, the fabricated structures are the pile of the NPs and

they are not like the bulk metal with high crystalline struc-
ture. Therefore, the conductivity is quite low [72]. The inclu-
sion of organic or other residual chemicals such as surfactants
[39,47,72] and photoinitiator [73] also reduces the conduc-
tivity, although their presence in the solution decreases the
size of the produced NPs. On the other hand, the pile of the
particles increases the surface roughness, which introduces
losses for electrons [40,74]. These problems can be poten-
tially solved by reducing the NPs size to nanometer range less
than 10 nm [12,71,72,75] and allow them to densely packed
together by tunning the carbon chain length [71,75] thermal
annealing or even with tighter focusing [47,76], which can
also remove the organic chemicals if there is any remaining.
Recently, functional silver plasmonic resonators that are re-

sponsive to light polarization have been demonstrated [47].
The fabricated silver c-shaped array has a low root-mean-
square surface roughness of 22 nm, small sheet resistance of
1.55Ω/square and high feature resolution of less than 200 nm,
leading to measured optical resonances in the near to mid-in-
frared region. The aqueous solution was prepared with mix-
ing three components: a photosensitizer, a growth inhibitor
and a source of silver. A water soluble dye (2-hydroxy-4’-(2-
hydroxyethoxy)-2-methylpropiophenone (HHMP)) was used
as the photosensitizer and a surfactant NDSS was used as
the growth inhibitor, which improved the fabrication resolu-
tion in the TPR process. The conductivity of the structure
can potentially be tuned by changing the concentration of
the growth inhibitor to prevent the formation of the insulat-
ing layer on the metal NPs [12]. Therefore, the achievement
of the functional plasmonic structures via the 2PR process
has manifested the importance of controlling NPs size on
the improvement of the feature resolution, conductivity and
surface smoothness. It is obvious, the smaller the NP size
is, the higher the achievable resolution, surface smoothness
and conductivity is, if no insulating layer is involved on the
surface of the NPs. Hence, to achieve a functional metallic
nanostructure via the 2PR process a great attention should be
dedicated to controlling the NP size. Using metal-ion doped
polymer films for 2PR makes it quite challenging the sizes of
NPs to be reached less than 50 nm [12,72]. While fabrication
in aqueous solution under optimized conditions enables the
formation of NPs in a scale less than 50 nm, establishing an

excellent platform for high resolution metallic structure with
a great smoothness and a high conductivity. NP size can be
adjusted by controlling the level of light confinement in the
focal region. The stronger light confines the faster reduction
process it will lead to, which results in the decrease of the NP
size.

4       State-of-the-art of 2PR structures

It is important to characterize the fabricated structures regard-
ing their physical properties such as electrical conductivity,
surface roughness, fabrication resolution and optical proper-
ties in order to evaluate their functionalities. Hence, a brief
review has been provided in this section due to the signifi-
cance of characterization as the final stage of the experiment,
which can guide researchers to optimize the fabrication prod-
ucts.

4.1       Conductivity

In the experiment, there are two main methods for charac-
terizing the electrical conductivity of the fabricated struc-
tures and their composites. Either a digital voltmeter or a
four-point probe can be used in this case. Tomeasure the elec-
trical conductivity through a digital voltmeter, usually two
metallic electrode pads are fabricated of silver, gold or cupper
on a glass substrate and then metallic lines can be fabricated
via the 2PR process between them to connect the electrodes
as shown in Figure 8. Eventually, the resistivity can be calcu-
lated using the measured resistance from the gradient of the
current versus the applied voltage and the geometrical param-
eters of lines such as length, width, and height [40,72].
The latter method with a four-point probe is usually used to

characterize a large area or a thin film [47]. Since the distance
between the two end-probes in a four-point probe tool is 4
mm, the structure should be at least in a 4 mm area according
to the Figure 9.
Measurement of the sheet resistivitywith a four-point probe

is through the following equation:
V
Isquare = ln(2) .square (3)

For the bulk resistivity measurement, we need to consider
the bulk thickness as well, so the equation has a very small
variation as below:

t V
I

t V
I

= ln(2) = 4.523 . (4)

According to the state of the art, the acceptable and the best
range of reported resistivity obtained via these methods is on
the order of 10–8-10–6 Ω m (bulk silver and gold resistivity
order), which supports the  functionality of the structures for
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Figure 8         (Color online) (a) SEM image of a gold metallic nano line between two Au electrodes. (b) AFM image of the gold nano line [72].

Figure 9         Schematic of a four-point probe for sheet resistivity measurement
[77].

the different level of applications.

4.2       Resolution

The resolution and morphology of the fabricated structures
could be characterized by various microscopes, including
a scanning electron microscopy (SEM) or a transmission
electron microscopy (TEM). According to Table 1, the
best-achieved resolution of the fabricated silver dots via 2PR
is 22 nm [12], which could be potentially used to produce
nanophotonics/electronic devices for sensing and SERS ap-
plications. The best-reported resolution for line fabrication is
around 120 nm [39,50,78] for applications such as integration
of microcircuits in MEMS, LoC, microfluidic devices and
plasmonics and metamaterials resonantor at far-field in the
THz region [47,79]. As is discussed earlier in this section,
controlling the growth of NPs during the 2PR process is
of great value to improve the resolution of linewidth in the
structure. So in addition to the material properties, laser
parameters also need to be optimized to target different types
of applications [72,80,81].

4.3       Surface roughness

The surface roughness of the fabricated structure is character-
ized by atomic force microscopy (AFM). Surface roughness

level is determined by the average roughness over a certain
area. As an example, the topography and cross-sections of
silver lines fabricated via 2PR are shown in Figures 10(d)-(i)
[39].
AFM characterization provides themeasurement of the sur-

face roughness of the structure. Different level of smoothness
is necessary for the different range of applications. For in-
stance, plasmonic structures and metamaterials need a highly
smooth surface of below 100 nm roughness to be responsive
effectively to incident light with a low loss [47].

5       Applications

As has been discussed extensively in this section, 2PR can
be a versatile technique to fabricate metallic micro/nanos-
tructures, which have a great potential to be applied in
many applications such as plasmonics, metamaterials,
nanowires, microfluidics chips, LoC devices and also as
SERS substrates. Different research groups have reported
the fabrication of plasmonic structures—such as grating-like,
disconnected and connected nanostructures [11,27,82,83],
metamaterials [72,84-96], which can bend, scatter, transmit
or otherwise shape EM radiation in ways that no natural
material can. Here we provide a summary of the applications
of multidimensional micro/nanostructures fabricated through
the 2PR method.

5.1       SERS substrates

Since the SERS was used for single molecule detection due
to its strong enhancement, different methods have been intro-
duced to fabricate SERS substrates for a larger field enhance-
ment [97,98]. Among all the approaches the 2PR process is
known as the most repeatable and reliable method to prepare
SERS substrates in a cost-effective manner. With a femtosec-
ond laser at the optimized fabrication conditions, regularly
arranged grating-like nanostructures were directly fabricated
and silver NPs could form on the nanostructure simultane-
ously with high enhancement factor (EF) of 109via a one-step
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Figure 10         (Color online) The left column contains SEM images obtained from samples with [NDSS]= (a) 0.013M, (b) 0.033M, and (c) 0.099M, respectively;
(d)-(f) show corresponding topography and (g)-(i) show cross-sectional images taken by AFM. Scale bars are 100 nm in (a), (b), and (c) [39].

fabrication technique [79,99-101]. This new method for fab-
rication of multifunctional integrated microchips and SERS
substrate has a great potential application for LoC technology
[60]. Xu et al. [102] successfully fabricated localized flexible
integration of SERS monitors. The patterned silver substrate
at the bottom of a microchannel was fabricated through 2PR
with a high enhancement factor of ~108. The 2PR process al-
lows the design of flexible structures that could form unique
SERS substrates into various patterns and could be placed at
any desired point of the microchannels. This group also fab-
ricated on-chip silver microflower arrays within the microflu-
idic channel as a catalytic microreactor to allow in situ SERS
monitoring via 2PR [103]. The fabricated structure shows a
high catalytic activity and SERS enhancement of ~108.

5.2       Flexible electronics

Direct fabrication of 3D metallic micro/nanostructure is the
most significant advantage of the 2PR technique comparing
to other photolithography methods.
It has been investigated that complex geometries could be

fabricated by 2PR into photoreduction solution on the pla-
nar substrate. Moreover, 2PR affords to fabricate the de-
sign on either nonplanar substrate or on the flexible substrate;
which broadens the application spectra and makes this fab-
rication technique extremely powerful. Xu et al. [78] suc-
ceeded to demonstrate flexible metal nanowire on nonplanar
substrate as shown in Figure 11(a). Also, they provided the
fabrication of microheater inside the microchannels for mi-
crofluidic applications as shown in Figure 11(b). The pat-

terned silver nanowires maintained a low resistivity of about
1.6×10–7Ωm, that makes it a great candidate for circuitry and
electronic interconnection applications that required a high
conductivity, for instance as a heating circuit.
Ng et al. [104] reported on the fabrication of a helical silver

track written onto a cylindrical polyimide substrate as shown
in Figure 12(a). This process has introduced a low-costmanu-
facturing method for 2.5D structures such as spiral inductors
used in components as capacitors or inter-digital electrodes
in Figure 12(b). Although this process needs several steps to
be completed, the potential of 2PR has been confirmed for
fabricating micro/nanostructures on a flexible and nonplanar
substrate.

5.3       Microfluidic devices

Microfluidic chips or LoC systems are widely used in synthe-
sis, analysis, detection, sensing and therapy in various field
such as biology, chemistry, physics, material science, phar-
maceuticals because of its integrated multifunctional system
[79,105].
When SERS is combined with LoC, a sensitive system can

be created for optofluidic detection. Integration of solid-state
SERS substrate with microfluidic devices (Figures 13(a)-(d))
could be realized through two different methods. One way is
the chemical route and the other is the laser micro/nanofabri-
cation technique. With the help of DLW, 3D complex struc-
ture could be fabricated in a broad range of materials. Xu et
al. [103] presented nanoflower array fabricated via 2PR in-
side the microfluidic channel for a catalytic reaction.
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Figure 11         (a) SEM image of the silver microwinding on a hemisphere, (b) SEM image of silver microheater inside a microchannel (80 μm in width and 20
μm in depth) [78].

Figure 12         (Color online) (a) An electroless Cu plated micro-coil fabricated by DLW. (b) Long silver helix track fabricated by a laser on glass pipette coated
with a polyimide film. Inset shows the magnified image of the track with a linewidth of 15 μm [104].

Figure 13         (Color online) (a), (b) Schematic illustration of the fabrication of a silver microheater inside a microfluidic channel. (c) Heating test of a microheater
fabricated inside a microchannel. Optical micrographs of the heating process. (d) The intensity ratio of monomer to excimer of PS-Na used to quantitatively
calculate the local temperature and dependence of temperature on heating time [105].

According to the literature, one of the major challenges in
the fabrication of microfluidic devices and integration with
solid-state SERS substrate is the high cost and sophisticated
fabrication method, which can be solved with the 2PR tech-

nique. In addition, 2PR technique could aid miniaturization
of SERS-enabled LoC systems to achieve a portable detection
system. Moreover, the powerful 2PR technique could also
offer the design and integration of more functional units dra-
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matically increasing the functionality and complexity. Con-
sidering the advances in 2PR fabrication in the near future,
it is promising to expand application ranges for microfluidic
chips.

5.4       Plasmonic and metamaterials

Using the 2PR method, the first functional planar metama-
terials structure was made by Lu et al. [72] in 2013. The
fabricated u-shape gold resonance rings with a laser of 780
nm wavelength—demonstrates a quite smooth surface as
shown in Figure 14(a)—a low resistivity of 16.5×10−8 Ω m
was achieved. Optical characterization of the structure with
an FTIR confirms a electric resonance around 63 THz for
the x-polarized wave. However, no y-polarization resonance
was observed according to the Figure 14(b).
Tabrizi et al. [47] successfully fabricated functional plas-

monic resonators via 2PR at a laser wavelength of 532 nm.
High resolution silver c-shape of 200 nm linewidth demon-
strated highly smooth surface of 22 nm RMS (Figure 15(a))
with a low sheet reistance of 1.55 Ω/square; which are
necassery for plasmonic functionality. The optical properties
such as transmission and absorption of light considering
different polarization of light by the structure are charac-
terized by Fourier Transform Infrared (FTIR) spectroscopy.
Silver c-shape structure was responsive to external light
polarizations in two directions at 75 THz and 100 THz as
shown in Figure 15(b); and moreover was tunable in a large
dynamic range by changing the laser fabrication parameters.

6       Conclusion and outlook

Apart from all the above-mentioned methods to improve the
feature resolution in 2PR fabrication, performing super reso-
lution technique can develop resolution impressively. Gan
et al. [76] reported 3D optical beam lithography fabrica-
tion with 9 nm feature size and 52 nm two-line resolution in
a developed non-metallic two-photon absorption resin with

high mechanical strength. According to the super resolution
method, two-beam of optical beam lithography has the ad-
vantage of fabricating 3D arbitrary geometry with nanometer
feature size and resolution comparable to EBL by the photo
inhibition strategy. If fabricating metallic structure with this
method would be possible, DLW based on 2PR can be the
winner in the competition with EBL technique due to its abil-
ity in cost-effectiveness and simple fabrication of 3D arbi-
trary geometry with nanometer feature size. Utilizing this
method can bring a revolution in metallic nanofabrication
technology.
Except high-resolution feature, mass production is another

concern for nanofabrication of 3D structures. Parallel writ-
ing could considerably increase the throughput of the DLW
method and make 2PR one of the most promising future
nanofabrication technologies [12,41,106]. In principle, it
is possible to perform a spatial light modulator (SLM) or a
multiple mirror array (MMA) to fabricate different structures
at different points in the focal plane simultaneously [38].
According to the literature, multifocal fabrication of split
ring array is possible using SLM enables laser fabrication
of microstructures. Polymer SR array with a single expo-
sure process was fabricated as shown in Figure 16 [107].
Combining the direct laser printing (DLP) technique with
the 2PR method provides a viable routine to realize high
throughput high resolution fabrication of functional metallic
nanodevices.
As mentioned in the beginning of this article, achieving ad-

vanced functionality, for example the 3D chirality, it is essen-
tial to achieve 3D functional metallic structures, which could
be potentially realized via the 2PR method. Although some
3Dmetallic microstructures have been fabricated by the 2PR,
no real functionality has been demonstrated [39,40,108]. In
this method, any arbitrary 3D structure should be fabricated
in such conditions that all nanoparticles pack densely enough
to resist surface tension during washing process. However,
in most of the cases the roughness of the structures prevents
any meaningful attempt to  achieve real functionalities.  One

Figure 14         (Color online) (a) SEM image of the u-shape gold resonance rings on glass substrate, which was fabricated under the laser power of 1.57 mW and
the scanning speed of 2 μm/s using the sample solution with Length=1.9 μm, Height=150 nm, Width=640 nm, Periodicity=3 μm. (b) Measured transmission
and reflection spectra for the metamaterials with x-polarized illumination [72].
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Figure 15         (Color online) (a) SEM images of fabricated c-shape arrays
showing a 200 nm linewidth and excellent smoothness. (b) Transmission
spectrum of a c-shape array with parameters listed in the figure showing two
distinct dips in transmission that are attributed to the two Mie-type reso-
nances when the polarization is (i) parallel to the gap and (ii) perpendicular
to the gap [47].

Figure 16         (Color online) Experimental setup for the DLP nanofabrication
system for polymer SR structures. The arrow indicates the polarization di-
rection of the laser beam. Top left inset: the displayed phase modulation
[107].

possible reason is due to the fabrication based on the scanning
along the z-direction. Because during scanning of each point
either over exposing or extra thermal distribution affects the
previous spot and degrades the uniformity of the size, shape
and spacing of nanoparticles. So the final structure forms no
functionality. Consequently, if we can prevent this situation
by single shot fabrication of the entire structure using an SLM
assistedDLPmethod [106,107], it might be useful to fabricate
highly uniform 3D structures with a proper continuity that
demonstrate good functionality. In principle, it is possible
to arbitrarily shape the beam in the focal region by using an

SLM.
In summary, using a simple and low-cost 2PR method,

functional multidimensional metallic micro/nanostructures
with sufficient quality could be formed for a variety type of
applications such as nanowires, SERS, microfluidic chips,
LoC, plasmonics and metamaterials. These functional struc-
tures are readily tunable in a large dynamic range by simply
changing the laser fabrication parameters. However, further
advancements rely on both superresolution, parallel writing
as well as more conductive and sensitive material devel-
opment. We believe combining this versatile direct laser
reduction technique with the superresolution and parallel
writing methods will lead to a new laser-based fabrication
platform enabling multidimensional functional artificial
material fabrication in future.
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