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Abstract
In this paper, silver micro/nanostructures composed of sintered nanoparticles were printed by
capturing silver nanoparticles in water with 800 nm femtosecond laser trapping. Relationships of
laser power, scanning speed, nanoparticle concentration, and the width and morphology of
fabricated silver wire were systematically investigated. It is found that low scanning speed and
high nanoparticle concentration favor the printing of silver wire with good morphology. A silver
wire with width of 305 nm was printed. Electrical resistivities of printed wires are about 24 times
that of bulk silver. Silver grid structures and dot arrays were printed by using this technology.
Several three-dimensional silver cuboid structures were also printed. This work provides a
protocol for printing of three-dimensional metallic micro/nanostructures using laser trapping.
These printed structures have great application prospects in metamaterials, flexible electronics,
and SERS.

Supplementary material for this article is available online

Keywords: laser nanoprinting, laser trapping, laser micro/nanofabrication, femtosecond laser,
three-dimensional silver micro/nanostructures

(Some figures may appear in colour only in the online journal)

1. Introduction

Because of the excellent physical and chemical properties of
metal, metallic micro/nanostructures have been playing
important roles in micro/nanoelectronics [1, 2], MEMS
[3, 4], surface plasmonics focusing and propagating [5, 6],
metamaterials [7], SERS [8, 9], etc. Therefore, fabricating
technologies of metallic micro/nanostructures have attracted
increasing attentions. Metallic micro/nanostructures are

usually fabricated by combining lithography of photoresist
with metal deposition [10, 11]. However, this fabricating
process is complex and inefficient. Therefore, a variety of
direct writing technologies for metallic micro/nanostructures
have been developed in the past decades, for example, inkjet
printing [12], electron beam deposition [13], two-photon
polymerization with metal nanoparticles [14, 15], and multi-
photon photo-reduction [16, 17]. Laser trapping nanoprinting
is a technology which can fabricate micro/nanostructures by
using simple theory, process and instrument. Bahns et al and
Xu et al reported printing of C-Au [18] and Au [19] structures
using this technology, respectively. The optimal spatial
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resolution was about 600 nm. Wang et al have printed silver
micro/nanostructures composed of assembled nanoparticles
[20]. However, morphologies of printed structures still need
to be improved. Influencing mechanisms of different fabri-
cating parameters, especially scanning speed and nanoparticle
concentration, have not been systematically investigated.
Compared with two-dimensional metallic micro/nano-struc-
tures, three-dimensional metallic micro/nanostructures have
extraordinary and significant applications in metamaterials
[21] and MEMS [11]. Laser printing has been a powerful
fabrication technology for three-dimensional macroscopic
metallic structures [22]. However, laser trapping nanoprinting
of three-dimensional micro/nanostructure has not been rea-
lized. In this paper, silver nanowires composed of sintered
nanoparticles were directly written by using femtosecond
laser trapping nanoprinting (FLTN) with an 800 nm femto-
second laser. Influences of laser power, scanning speed, and
silver nanoparticle concentration on wire width and wire
morphology were studied systematically. A silver wire with
width of 305 nm was written. Electrical resistivities of the
fabricated silver wires are about 24 times that of bulk silver.
Several two-dimensional silver structures were fabricated by
using this technology. Three-dimensional silver cuboid
microstructures were also printed. This study provides an
evidence for fabricating metallic micro/nanostructures,
especially three-dimensional micro/nanostructures, by
using FLTN.

2. Experimental setup and theoretical calculations

The silver nanoparticle solution used in this work was pre-
pared according to a reported method (detailed process is
provided in section 1 of supplementary material 1) [23]. The
concentration of the final silver nanoparticle aqueous solution
is about 100 mg ml−1, and sizes of silver nanoparticles are
about 13 nm (figure S1 in supplementary material 1 (available
online at stacks.iop.org/NANO/32/505303/mmedia)).
Figure 1(a) shows the schematic diagram of FLTN exper-
imental setup. A Ti: sapphire femtosecond laser (Spectra
Physics, MaiTai HP, 100 fs, 80 MHz) with a center wave-
length of 800 nm was employed as the light source. Laser
beam coming from this source was expanded by lens group of
lens 1 and lens 2, and reflected by mirror 2. The reflected
beam entranced a high numerical aperture oil-immersed
objective (Olympus, 100×, 1.49) and was tightly focused
onto the interface of glass substrate and silver nanoparticle
solution. A shutter and an attenuator were placed in the light
path to switch the laser beam and adjust the laser power,
respectively. A three-dimensional piezostage (Physik Instru-
mente, P-563.3CD) was used to realize the accurate move-
ment in the experiment. The shutter, attenuator and piezostage
were all controlled by a computer. In order to avoid solvent
volatilization during the experimental process, a piece of
adhesive film was cut out a square groove with size of about
10 mm × 10 mm and tied on the glass substrate. The silver
nanoparticle solution was added in the square groove and
covered by a coverslip.

In solution, there are electrostatic repulsive force Fe and
Van der Waals attractive force Fv between neighboring
nanoparticles. For nanoparticles in incident light, there are
also optical gradient force F ,g absorption force F ,a and scat-
tering force F.s As shown in the figure 1(a), the light irradiates
the solution from glass substrate. Therefore, the gradient force
Fg is the trapping force driving nanoparticles move to the laser
focal point, and absorption force Fa and scattering force Fs are
adverse forces causing nanoparticles go away from the laser
focal point. Because laser power is small in the experiment,
the Kerr effect could be ignored. Light-nanoparticle interac-
tion of the femtosecond laser was equal to that of a CW laser
with the same average power. The gradient force F ,g

absorption force F ,a scattering force Fs can be expressed by
∣ ∣ e= á ñaF n E ,g 2 w

2
0

2 =F IC ,n

c scats
W and =F ICn

c absa
W (see

section 2 of supplementary material 1) [24, 25]. The Fg can be
divided into Fg r, and F ,g z, which are gradient forces in radial
and vertical axis, respectively. For a silver nanoparticle with
the diameter of 13 nm near the laser focus center of the tightly
focused 800 nm laser beam, Fg z, is much bigger than Fa and Fs

as shown in section 2 of supplementary material 1.
Figure 1(b) shows the distribution of calculated resultant
force in vertical axis (Fz) (see section 2 in supplementary

Figure 1. (a) Schematic diagram of main experimental setup for
FLTN; (b) resultant force in vertical direction caused by laser light
with measured power of 1 mW; (c) resultant force in radial direction
caused by laser light with measured power of 1 mW; (d) schematic
diagram of trapping and nanoprinting process for FLTN.
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material 1) caused by laser light with measured power of 1
mW. The Fz is 0 N at the position of r = 0 nm, z = 1 nm. In a
large volume of laser light above this point, directions of Fz

are in negative z directions, and the value of the biggest Fz is
8.85×10–17 N at the position of r = 0 nm, z = 146.2 nm.
Therefore, resultant forces in vertical direction (Fz) act as
trapping forces in this volume. Figure 1(c) is the distribution
of calculated resultant force in radial axis (Fr). Directions of Fr

all point to the central axis of laser beam, so they are all
trapping forces. The biggest Fr is 1.44×10–16 N at the
position of r = 110.2 nm, z = 0 nm, and its value is about 2
times that of F .z As shown in figure 1(d), new resultant forces
can be caused by Fz and Fr in the volume above the point of
r = 0 nm, z = 1 nm. They could propel silver nanoparticles to
move to the focal spot, combine with each other and be
printed on the glass substrate. Various patterns can be written
on glass substrate with moving glass substrate by using the
piezostage. The written sample was spray washed with
ultrapure water, and characterized with a field-emission
scanning electron microscopy (JEOL, JSM-7800F).

3. Results and discussions

The laser power is one of the important influence parameters
for laser fabrication, so it was investigated at first. Figure 2(a)
is the SEM image of silver wires printed with incident laser
power from 1.28 to 0.56 mW by using FLTN. Continuous
silver wire could be printed on glass substrate when the laser
power was 0.63 mW or greater than that. Silver wire changed

to be discontinuous when the laser power was smaller than
0.63 mW, and missing parts were getting longer and longer
with the decrease of incident laser power. The silver wire
printed with the incident laser power of 0.63 mW is shown in
figure 2(b). Its width is about 305 nm. It is composed of
sintered compacted silver nanoparticles. The largest nano-
particle on the silver wire is bigger than 50 nm, which is
much bigger than that of in silver nanoparticle solution.
Figure 2(c) shows the dependence of silver wire width on the
incident laser power. The wire width changes nonlinearly
with the decrease of laser power. The biggest standard
deviation of wire width data is 41.8 nm, so the fabricated
silver wire is slightly rough. In the wire printing process,
trapping forces caused by laser light will help trapped nano-
particles to overcome the resistance of F ,e and combine with
each other under the effect of F .v With decrease of incident
laser power, the trapping force decreases, and the volume
around the laser focus where nanoparticles can be trapped and
printed will also decrease. Therefore, the width of printed
wire decrease with the decrease of incident laser power.
Because of heating effect of the laser beam, trapped nano-
particles can be printed and sintered on the glass substrate. In
this process, several nanoparticles can also be melted and
combine into one nanoparticle. Therefore, nanoparticles on
silver wire are bigger than just prepared nanoparticles in the
solution.

The scanning speed also has significant influence on the
laser trapping nanoprinting. Figure 3(a) shows silver wires
printed with different scanning speeds and an incident laser
power of 1.8 mW. Their scanning speeds were changed from
1 to 10 μm s−1. As shown in the figure, printed silver wires
have obvious distinctions in both widths and morphologies.
With the scanning speed of 2 μm s−1 or smaller than that,
silver wires were composed of the sintered compacted
nanoparticles. Surfaces of these silver wires are smoother than
those of silver wires printed with higher scanning speeds.
With the scanning speed of 3 or 4 μm s−1, printed silver wires
consist of sintered nanoparticles with a lot of gaps, and their
widths are bigger than those of silver wires printed with lower
scanning speeds. The silver wire printed at scanning speed of
6 μm s−1 is rugged, and nanoparticles composing of the silver
wire are melted. Many craters are found on wires printed with
scanning speed of being equal to or greater than 7 μm s−1,
and the amount of craters increases with the increase of the
scanning speed. Figure 3(b) is the dependence relation of
silver wire width with the scanning speed. With scanning
speeds increase from 1 to 10 μm s−1, the wire width gets
smaller firstly, then increases to 659 nm, and decreases to 500
nm lastly. In order to further verify the change of wire
morphologies with different scanning speeds, several other
groups of wires were printed with scanning speeds from 1 to
10 μm s−1 (figure S2 in the supplementary material 1). They
all have similar change tendency in morphologies.

Silver nanoparticle in the laser light will have a position
dependent velocity. It can be expressed by

( ) ( ) ( )pm=v r z F r z a, , 6 , where ( )F r z, is the light induced
force and a is the silver nanoparticle radius [26, 27]. m is the
dynamic viscosity, and m = -10 3 Pa s [26]. As shown in

Figure 2. (a) SEM image of silver wires printed with incident laser
power from 1.28 to 0.56 mW. (b) High-resolution SEM image of
silver wire printed with 0.63 mW laser power. (c) Silver wire width
versus incident laser power.
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equation (S5), (S6), (S7) and (S8) in section 2 of supple-
mentary material 1, the light induced force is proportional to
the measured power. The biggest Fr and Fz are 2.59×10–16

N and 1.59×10–16 N with measured power of 1.8 mW,
respectively. Therefore, biggest velocities of the trapped
nanoparticle in radial ( ( )v r z,r ) and vertical ( ( )v r z,z ) axes are

´ - -2.12 10 m s6 1 and ´ - -1.30 10 m s ,6 1 respectively.
Velocities of the trapped particles are very slow, so only
nanoparticles in a small volume above the position of r = 0
nm, z = 1 nm can move to the substrate and be printed on it.

With increase of the laser scanning speed, the interaction
time of laser and nanoparticles will get shorter. The volume in
which nanoparticles can be trapped and arrive the laser focal
point will be reduced. Therefore, the silver wire width gets
smaller with the scanning speed changed from 1 to 2 μm s−1.
The interaction time will further decrease with increasing of
the scanning speed. In laser-nanoparticle interaction time,
optical gradient force cannot gather nanoparticles tightly in
the focal point, so incompact silver wire was printed with the
scanning speed of 4 μm s−1. Rugged morphologies of wires
printed with higher scanning speeds were caused by laser
induced thermal effect, and bubbles (see video of supple-
mentary material 2) were found in the printed process with
scanning speed of being equal to or greater than 7 μm s−1.

Exact reasons for thermal effect increasing with scanning
speed are not very clear now. We deduce that many trapped
nanoparticles cannot be printed on the glass substrate

immediately at higher scanning speed, and they are confined
in laser focus causing much more laser absorption.
Figures 4(a), (c) and (e) show SEM images of silver wires
printed using aqueous solution with silver nanoparticle con-
centrations of 50, 25, and 20 mg ml−1, respectively. Laser
powers change from 5.68 to about 1 mW with scanning speed
of 1 μm s−1. Silver wires printed using the aqueous solution
with the silver nanoparticle concentration of 50 mg ml−1

[figures 4(a) and (b)] were rougher than those printed using
the aqueous solution with the silver nanoparticle concentra-
tion of 100 mg ml−1 [figures 2(a) and (b)]. However, there
have no crater even for silver wire printed with laser power of
5.68 mW. It is the same as that of printed using the aqueous
solution with the silver nanoparticle concentration of 100 mg
ml−1. The continuous fine wire printed using aqueous solu-
tion with silver nanoparticle concentration of 25 mg ml−1 is
482 nm, and it is also much rougher [figure 4(d)]. There are
increasingly obvious craters for silver wires printed with laser
power greater than 2.53 mW when used the aqueous solution
with the silver nanoparticle concentration of 25 mg ml−1.
Only wires with craters were obtained with laser power
greater 4.31 mW when used the aqueous solution with the
silver nanoparticle concentration of 20 mg ml−1 [figures 4(e)
and (f)]. Morphologies of these silver wires were similar to
silver wires printed with high scanning speeds [figure 3(a)].
We deduce that it was caused by lack of nanoparticles in the
solution. Trapped nanoparticles were confined in the laser
focal area, but could not be printed on the substrate

Figure 3. (a) SEM image of silver wires printed with scanning
speeds from 1 to 10 μm s−1. Inserted figures are the high resolution
SEM image of silver wires printed with scanning speeds of 2, 4, 6, 8,
and 10 μm s−1. (b) Silver wire width versus laser scanning speed.

Figure 4. (a) SEM image of silver wires printed using aqueous
solution with silver nanoparticle concentration of 50 mg ml−1. (b)
High-resolution SEM image of silver wire printed with 0.97 mW
laser power. (c) SEM image of silver wires printed using aqueous
solution with silver nanoparticle concentration of 25 mg ml−1. (d)
High-resolution SEM image of silver wire printed with 1.64 mW
laser power. (e) SEM image of silver wires printed using aqueous
solution with silver nanoparticle concentration of 20 mg ml−1. (f)
High-resolution SEM image of silver wires printed at 4.74 mW.
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immediately because of large distance between them. There-
fore, they cause more laser absorption and give rise to thermal
effect and bubbles.

Conductivity of the metal micro/nanowire is a very
important factor for application in micro/nanoelectronics,
flexible electronics, and so on. Figure 5(a) shows the silver
wire and electrode plates for conductivity measurement. The
length of the silver wire is 48.9 μm, and it was printed with an
incident laser power of 2.04 mW and a scanning speed of 1
μm s−1. In order to reduce the fabricating process, electrode
plates were also printed by using FLTN. The higher resolu-
tion SEM image of the silver wire is shown in figure 5(b). The
wire width is 1.13 μm. Figures 5(c) and (d) are AFM image
and cross-section image of the printed silver wire, respec-
tively. Height of the silver wire is 330.2 nm [figure 5(d)], and
there are nano-undulations on the surface of the printed silver
wire [figure 5(c)]. In order to obtain dimensions of the silver
wire accurately, its height and width were all measured 10
times at different positions, respectively. The average height
is 323 nm with a standard deviation of smaller than 19 nm.
The cross-section of the printed silver wire can be seen as a
small semicircle, and its area is 0.26 μm2. Figure 5(e) shows
the voltage–current curve of the printed silver wire, and
resistance of the silver wire is 75.34 Ω. Therefore, the cal-
culated electrical resistivity of this wire is 4.01×10–7 Ω m,
which is 24.3 times that of bulk silver. Electrical resistivities
of silver wires printed with laser power of 4, 5, 6, and 8 mW
were also measured with this method. As shown in figure 5(f),
the smallest and biggest resistivities are 3.28×10–7 Ω m
(printed with incident laser power of 5 mW) and 6.76×10–7

Ω m (printed with incident laser power of 4 mW), respec-
tively. However, they are in the same order of magnitude.

Therefore, silver wires with similar resistivities but different
widths can be printed by tuning the incident laser power.

Two-dimensional silver micro/nanostructures have sig-
nificant applications in metamaterials, SERS, and flexible
electronics. These complicated structures could well reflect
the processing capability. Figure 6(a) shows a quadrate grid
microstructure printed by using FLTN. The structure was
fabricated with an incident laser power of 0.71 mW at a
scanning speed of 1 μm s−1. As shown in the high resolution
image at top right corner of figure 6(a), wire widths are 446
nm for horizontal wire and 461 nm for vertical wire,
respectively. Figure 6(b) is a rhombic grid microstructure
printed with an incident laser power of 0.73 mW. Wire widths
are 500 nm for horizontal wire and 380 nm for 45° tilted wire,
respectively. A silver dot array with period of 1 μm is shown
in figure 6(c). Every dot was composed of sintered nano-
particles. It was printed with an incident laser power of 1.03
mW and an exposure time of 0.8 s. These two-dimensional
structures have great prospect in applications of metamaterials
and SERS.

Fabrication of three-dimensional metallic micro/nano-
structure is a very important and challenging work for FLTN.
As shown in figure 7(a), an upright laser irradiating optical
structure, which can avoid the shielding effect of the printed
silver structure, was adopted to realize fabrication of three-
dimensional silver micro/nanostructures by using FLTN. The

Figure 5. (a) SEM image of a silver wire and two electrode plates for
resistance measurement. (b)–(d) are the high resolution SEM image,
three-dimensional AFM image, and cross-section figure of the silver
wire, respectively. (e) Voltage–current curve of the silver wire. (f)
Electrical resistivity versus incident laser power.

Figure 6. SEM images of (a) silver quadrate grid microstructure, (b)
rhombic grid microstructure, and (c) silver dot array.

Figure 7. (a) Schematic diagram of main experimental setup for
printing three-dimensional micro/nanostructure by using FLTN; (b)
SEM image of printed silver cuboid structures.
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convergent laser light from the objective irradiated the cover
glass, passed through the silver nanoparticle solution, and was
focused on the top surface of glass substrate. Three-dimen-
sional structures were printed on this surface layer by layer.
Figure 7(b) shows tilted view of the printed silver cuboid
structures. Their lengths are about 9.44 μm, and height are
about 4.42 μm. They were printed with an incident laser
power of 11.12 mW and a scanning speed of 6 μm s−1. Their
printed conditions are different from those of silver wires. It
may be caused by the difference in structure of printing
experimental setup.

4. Conclusions

In conclusion, silver micro/nanostructures were printed by
using FLTN. Continuous silver wire with width of 305 nm
was obtained, and it was composed of the sintered compacted
nanoparticles. Relationships among laser power, scanning
speed, nanoparticle concentration, wire width, and wire
morphology were systematically studied. Morphologies of
printed wires were greatly influenced by scanning speed and
nanoparticle concentration. Lower scanning speed and higher
silver nanoparticle concentration could help to obtain much
neater silver wires. A quadrate grid microstructure, a rhombic
grid microstructure, a dot array, and especially several three-
dimensional cuboid microstructures were also printed by
using this technology. This result provides a basis for further
improving the fabrication technology of FLTN, and exhibits
its potentials for fabricating two or three-dimensional struc-
ture of metamaterials, SERS, and flexible electronics.
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