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In this work, we show that well-ordered structures of silver nanoparticles on nanowire substrates can be
produced by irradiation with femtosecond (fs) laser pulses at fluences ranging from 10.3 to 15.9 mJ∕cm2 if
the direction of polarization is parallel to the long axis of the nanowire. Experimental results show that a
uniformly spaced distribution of nanoparticles is more readily produced on nanowires with lengths L ≤ 2λ,
where λ � 800 nm is the laser wavelength. The distribution of nanoparticles is found to become less well
organized as L ≥ 2λ. Finite element method simulations, combined with experimental observations,
indicate that nanoparticles are initially distributed in response to the electric field along the clean Ag
nanowire arising from optical excitation. This electric field is responsible for the attraction of nanoparticles
to certain locations on the nanowire. We show how a fs-laser-driven assembly of nanoparticles on nano-
wires can be used in the development of a nanoscale optical logic processor. Thismethod of creating periodic
arrays of metallic nanoparticles on nanowire substrates then has many possible applications in electro-
optics. © 2015 Optical Society of America
OCIS codes: (220.4241) Nanostructure fabrication; (220.4610) Optical fabrication; (250.3750)

Optical logic devices; (320.2250) Femtosecond phenomena; (250.5403) Plasmonics.
http://dx.doi.org/10.1364/AO.54.002524

1. Introduction

Metallic nanostructures have become important in
nanotechnology because their unique interaction with
light is promising for applications such as nanosen-
sors [1], nanoantennas [2], and optical logic circuits
[3]. Of the many possible nanostructures, those con-
sisting of nanoparticle–nanowire configurations have
received special attention due to high photon–electron
coupling efficiency [4,5], leading to potential applica-
tions as optical modulators [6]. Nanoparticles–

nanowire structures can be produced in various ways
including via chemical mixing reactions [7], electron
beam lithography [8], and mechanical buckling [6].
However, these methods are often limited by toxicity,
high cost, and low efficiency. It is therefore of interest
to investigate alternative high-efficiency, low-cost
methods for the production of nanoparticle–nanowire
structures.

Plasmonic effects offer a promising alternative for
the construction of nanoparticle–nanowire structures,
since the enhanced optical force associated with
plasmon excitation can be used to manipulate nano-
materials. An example occurs with “optical tweezers”
which have been successfully used to assemble metal
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nanoparticle structures [9–11]. This effect is primarily
due to the optically induced electric field along the
nanostructures, associated with “hotspots” [12,13].
These “hotspots” can be locally generated along nano-
wires by optical excitation, providing the possibility to
construct nanomaterial structures along nanowires
[14,15]. Recently, most work using “hotspots” to trap
nano objects has been carried out in solution. This has
been driven bymany potential applications for the use
of this technology in the biological field [9–11]. Despite
this interest, only a few studies have concentrated
on the trapping of metal nanoparticles in air [16,17].
Using femtosecond (fs) radiation to excite plasmonic
nanostructures has been shown to be a promising
technique for the enhancement of optical forces [10],
and demonstrates that the trapping of nanoparticles
by “hotspots” is feasible in air as well as in a solution.

Recent advances in femtosecond laser nanotech-
nology has focused much attention on 3D microma-
chining for the fabrication of microfluidic, optofluidic,
and electrofluidic devices [18]. Femtosecond laser ex-
citation is also an ideal source for plasmonic nanofab-
rication, since its high peak intensity can generate
strong optical excitation, resulting in strong localized
plasmonic fields [19,20]. By applying small particles
in this field, force can be generated there, resulting in
optical trapping [21,22]. In addition, the nonthermal
nature of fs laser excitation minimizes damage and
maintains the original part geometry and quality as
required for precision fabrication [23]. To date, most
studies in this field using fs laser radiation to tailor
nanomaterials have focused on the modification of
bulk materials by introducing periodic surface struc-
tures [24,25]. Few studies have investigated the con-
struction of nanostructures from combinations of
nanowires and nanoparticles, as published work has
centered on the optimization of joining processes to
get bonded structures via plasmonic heating [26,27].

In this article, we show that organized arrays of
nanoparticles can be assembled on silver nanowires
by controlled irradiation of silver nanoparticle/
nanowire composites with 800 nm fs laser radiation.
The distribution of self-assembled nanoparticles
along the nanowire and the separation between re-
gions of particle concentration has been determined.
The origin of this self-assembly in response to the
localized electric field generated by optical excitation
is also discussed in this paper.

2. Experimental

Silver nanowires (AgNWs) with diameters of 80–
100 nm and silver nanoparticles (AgNPs) with sizes
of 20–50 nm were synthesized by a modified polyol
method as reported before [28]. As-produced nanopar-
ticle and nanowire solutions were centrifuged and
then diluted in deionized water. AgNWs and AgNPs
composite samples were prepared by sequentially
drop-casting these two solutions. An Ag NPs solution
was first drop-cast onto a silicon substrate and then
dried in a low humidity (30%) air environment for
around 10 h. After this, another drop of AgNWs

was added and dried under the same condition. For
comparison, another sample containing only AgNWs
was also produced using the same method. Samples
were irradiated with S-polarized 800 nm laser
pulses with a pulse duration of <50 fs generated by
a Ti:sapphire laser system. The laser beam was fo-
cused to cover a spot of ∼4 mm diameter by a convex
lens with a 20 cm focal length. The beam was incident
perpendicular to the substrate. The repetition rate
was 1 kHz and the laser fluence used here was typi-
cally 10.3 mJ∕cm2. All experiments were conducted in
air. Finite element method (FEM) simulations were
carried out using commercial COMSOL MULTIPHY-
SICS software with a RF module. A scanning electron
microscope (SEM, LEO 1550) was used to observe the
morphology of the laser-induced nanostructure within
the irradiated area on the substrate.

3. Results and Discussion

A. Polarization-Dependent Nanostructure Formation

Figure 1(a) shows an as-produced sample with
AgNWand AgNPs deposited on the silicon substrate.
It can be seen that small AgNPs are randomly dis-
tributed around the wire and no AgNPs are present
on the surface of AgNW following deposition. And the
AgNWalso has a smooth surface. The morphology of
the nanowire after laser irradiation was found to
depend on the angle between the laser electric field
and the direction of the nanowire axis. As shown in
Fig. 1(b), the small particles have been moved so that
they accumulate all along the side surface of AgNW
after fs laser irradiation with the polarized electric
field direction perpendicular to the nanowire axis.

When the electric field direction reoriented to be
parallel to the long nanowire axis, it is evident that
some AgNPs have been attracted to the surface of
the AgNW [Fig. 1(c)]. Clusters of AgNPs appear at spe-
cific locations on the top and sides of the AgNW. Some
locations are spaced ∼190 nm apart [see Fig. 1(c)].
This organized structure does not occur when AgNWs
without neighboring AgNPs are irradiated by the fs
laser under the same conditions [Fig. 1(d)]. This obser-
vation suggests that the AgNPs that appear on the
AgNW are collected from the surrounding surface.
This is apparent as an area exhibiting a lower density
of AgNPs is found within about 400 nm of the AgNW
[see the dashed lines in Fig. 1(b)]. This occurs for both
laser polarization directions.

When the laser polarization direction is not
aligned with the long nanowire axis, AgNPs are still
attracted to the AgNW (Fig. 2) but their distribution
on the wire is less well organized. Unlike irradiation
with laser polarization coinciding with the long
NW axis [Fig. 1(c)], irradiation with polarizations
at angles of 68° and 39° give rise to a less symmet-
rical distribution of AgNPs (Fig. 2). It is also appar-
ent that AgNPs are now located on the side, as well
as on the top surface of the AgNW. This configuration
appears in response to the combined effect of the par-
allel and perpendicular electric field components in
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the AgNW associated with polarization at a general
angle. This indicates that the assembled configuration
of AgNPs on the AgNW can be controlled by varying
the direction of laser polarization relative to the
long axis of the AgNW. It is found that the optimal
conditions for producing organized NP structures on
AgNWs is obtained with the laser polarization ori-
ented along the long axis of the wire.

Self-organization and the appearance of structure
were noticeable when the laser polarization was ori-
ented along the long axis of the AgNW. The resulting
NP distribution and the spacing distances between
adjacent AgNPs on 28 different AgNWs for parallel
polarization were measured and are summarized in
Fig. 3. Figure 3(a) shows that NPs tend to be concen-
trated 110, 210, 300, and 400 nm from one end of the
AgNW. These spacing distances are most apparent in
AgNWs with lengths less than 1.6 μm [Fig. 3(a)]. And
many Ag NPs can also be attached to AgNWs with
lengths exceeding 1.6 μm (which is the twice of the
wavelength), but in this case the distribution is not
as well organized. Figure 3(b) shows particle spacing
on three individual AgNWs using data taken from
Fig. 3(a). It is evident that the primary separation
between adjacent NPs is 190 nm, although a spacing
of half and double this amount also occur.

As noted previously in the literature, the electric
field generated in nanomaterials under optical excita-
tion is the origin of a trapping force emanating from
spaced “hotspots” [29]. Nanoparticles are attracted to
these “hotspots” as a result of gradients in the electric
field around the nanostructure. The surface plasmon
mode in the nanowire gives rise to resonances

according to the relation L � �
n� 1

2

�
λp when the inci-

dent laser wavelength is comparable to L, the length
of the nanowire, where λp in this expression is the sur-
face plasmon wavelength, and n is an integer [30].
This periodicity is also observed in the experimental
data [15]. As previously noted [31], the wave vector at
the interface is proportional to the square of the rel-
ative permittivity. Variation of the incident wave-
length can then be used to change the periodicity.
Using optical constants for Ag obtained by Johnson
and Christy [32], the surface plasmon wavelength in
a silver nanowire surrounded by silicon under
800 nm laser excitation is calculated to be ∼380 nm.
Theseparationbetweenintensitypeakswillbehalfthis
value, i.e., ∼190 nm. This is partially consistent with
the observed periodicity shown in Fig. 3(b), and is also
supported by FEM simulations to be discussed later.

Nanocurrents along the Ag nanowire stimulated
by incident laser radiation are a function of the wire–
substrate morphology and the dielectric medium
surrounding the wire. When a nanowire is supported
on a substrate, the plasmon modes have different
spatial distributions at the nanowire–air and
nanowire–substrate interfaces. This is accompanied
by distinct spatial distributions of the charge polari-
zation and the plasmon resonance peaks [12]. In as-
semblies of metal NPs, near-field coupling between
plasmon modes in adjacent NPs occurs over distan-
ces of approximately λ [33]. Because of this effect,
coupling occurs between the nanowire and any
nanoparticles that are present within this distance
adjacent to the wire. This is consistent with the area
shown by the dashed lines in Fig. 1(b). As a result, a

Fig. 1. (a) SEM image of an as-produced sample with AgNW and AgNPs before fs laser irradiation. Samples after laser irradiation for
15 s with the electric field direction perpendicular to the nanowire axis in (b) and parallel to the nanowire axis in (c). Laser fluence:
∼10.3 mJ∕cm2. (d) Sample with only AgNWafter laser irradiation for 15 s. The double arrows in (b), (c), and (d) show the polarized electric
field direction and the dashed line in (b) shows the area around the silver nanowire has a lower density of nanoparticles. Inset scale in (b):
100 nm, and single arrows show the positions of AgNPs.
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plasmonic force is generated and NPs are attracted
to and assembled on the wire. The final locations of
these NPs will be a function of the distribution of
“hotspots” around the nanowire.

B. “Hotspot” Distribution by Optical Excitation

Simulations of the electric field were carried out to
understand the distribution of “hotspots” at the
nanowire–air and nanowire–substrate interfaces.
The AgNW has been assigned a length of 2λ where
λ � 800 nm and a diameter of 100 nm. Incident light
propagates in the z direction with the polarization
direction either parallel or perpendicular to the long
axis of the nanowire. The nanowire is placed on a
silicon substrate. The resulting electric field distribu-
tion when the polarization is along the nanowire is
shown in Fig. 4(a). It is apparent that the “hotspots”
are distributed along the bottom of the nanowire
where it contacts the substrate. The electric field
lines associated with these “hotspots” extend into the
silicon substrate. The electric field distribution at
selected points across the nanowire is shown in the
plots labeled a1 and a2 in Fig. 4. At the location of
a “hotspot” (a2), a strong electric field is seen to ex-
tend around the wire. The field in and on the nano-
wire is much weaker between “hotspots” (section a1).
Ploschner et al. [29] has shown that the plasmonic

electric field will cause small particles to move along
the electric field lines toward the wire. However, nano-
particles are not attracted to the lower surface of the
wire because the field lines at this location extend into
the silicon substrate rather than to points on the sur-
face distant from the wire where particles are present.
Thus, the nanoparticles on the silicon surface away
from the wire only detect field lines that extend back
to the sides and upper surface of the wire. This field
can result in a trapping force on the AgNPs that directs
them to locations on the top and side surfaces of the
nanowire where the electric field is the strongest
[29,34]. For this reason, nanoparticles are initially lo-
cated as in Fig. 1(c). Figure 4(b) shows that the electric
field is enhanced all along the AgNW when the polari-
zation is perpendicular to the nanowire. The sections
b1 and b2 show that the field enhancement is larger at
themiddle of the nanowire. The b1 section plane shows
that more electric field lines terminate at the side than
at the top surface of nanowire. This is consistent with
the experimental result shown in Fig. 1(b).

It is known that local geometry in the irradiation re-
gion can influence the overall field generated by the
incident laser beam. After one or more nanoparticles

Fig. 2. Polarization dependence of AgNPs assembly on AgNWs.
The original samples have a low density of AgNPs. Laser fluence:
∼10.3 mJ∕cm2. Double arrows in (a) and (b) show the direction of
the polarized electric field. The angles, relative to the long axis of
the AgNW are 68° in (a) and 39° in (b).

Fig. 3. (a) Summary of the distances between adjacent particles
on nanowires with different lengths. The laser electric field direc-
tion is parallel to the long axis of the nanowire. Because each wire
may contain a different number of nanoparticles, not all distances
are present in a given wire–particle combination. (b) Distances be-
tween adjacent particles on three specific nanowires. The inset in
(b) shows notation for this spacing. For example, N � 2 corre-
sponds to the distance between the second and third nanoparticles
counted from one end of the wire.
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become attached to the AgNW, the resulting localized
electric field changes and may become enhanced, af-
fecting the subsequent collection and distribution of
nanoparticles. Figure 5 shows a simulation of this
effect at locations under the nanowire. It is apparent
that prior to the accretion of nanoparticles, the electric
field distribution is symmetrical along the AgNW and
has highest amplitude close to the end of nanowire
[Fig. 5(e)]. It is assumed that the nanoparticles move
to locations where the field strength is highest. As
shown in Figs. 5(a) and 5(c), the introduction of one or
two particles on the top of the nanowire surface has
little effect on the electric field distribution along
the bottom of the nanowire. However, the localized
field in the vicinity of these attached nanoparticles
is changed. As shown in Figs. 5(b) and 5(d), “hotspots”
are generated close to the added AgNPs but these are
much weaker than those at the bottom of the wire.
Figure 5(e) shows that the regions of strong field en-
hancement at the bottom of the wire are little affected
by additional small particles on the surface of nano-
wire. It can be concluded that the presence of small
particles on the top of the wire only have a limited
effect on the distribution of electric field at the bottom
of the wire, but can influence the field at their location.
Figure 5(e) also reveals that the average separation be-
tween the adjacent peaks is ∼130 nm, which is similar
to the minimum distance ∼110 nm shown in Fig. 3(a).
This suggests that attached particles may influence
the position of subsequent particles and the overall dis-
tribution of nanoparticles on the AgNW via the gener-
ation of “hotspots.” Particles are accreted randomly
and become spaced as shown in Fig. 3(a). They are
separated by multiples of the characteristic distance
between “hotspots.”

Fig. 4. FEM simulations of the normalized electric field distribution around a single AgNW on a silicon substrate. The laser electric
field direction shown by the double-ended arrows. This is parallel to the long axis in (a) and perpendicular to the long axis of the nanowire
in (b). The sections at a1 and a2 in (a) are taken at the positions of the single-headed arrows and show the normalized electric field
intensities in the y–z plane at locations of low and high field in (a), respectively. The sections b1 and b2 are at the same positions as
a1 and a2 but correspond to the fields for perpendicular polarization of the incident laser radiation. The green lines in a2 and b1 show
the external electric field lines while red arrows in a2 and b1 show the direction of the electric field at the surface.

Fig. 5. FEM simulation of the normalized electric field intensity
in an AgNW with attached AgNPs. (a) A single AgNP attached at
the end of the wire. (c) Two AgNPs as shown on the surface of the
AgNW. The single arrows in (a) and (c) show the location of the
AgNPs. Double-ended arrows show the direction of polarization
in the incident laser beam. (b) and (d) give a magnified image
of the field around AgNPs. (e) shows the normalized electric field
intensities along the long axis of the nanowire close to lower sur-
face. The location is marked by the cross “x” in the inset.
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C. Optical Properties of Nanostructures

To evaluate potential applications of this assembly
technique in the preparation of nanoscale optical
logic devices, we have investigated wavelength-
dependent electric field enhancement factors for two
different AgNP/AgNW configurations. These configu-
rations, shown in the inserts in Figs. 6(a) and 6(b),
have been selected from those produced in the present
experiments. The first configuration of two AgNPs as
shown in Fig. 6(a) consists of two NPs separated by
200 nm, with one particle 200 nm from the right
end of a 1120 nm AgNW. The second configuration
[Fig. 6(b)], has two 42 nm diameter AgNPs separated
by 200 nmwith a third 10 nm diameter AgNPmidway
between them.

The electron density is high in the interconnection
region between a nanoparticle and the nanowire
connection area because the structural discontinuity
enhances the electric field intensity in this volume.
As a result, due to the enhancement in electron–
photon coupling, those areas can be used as optical
antenna. Figure 6 shows the maximum electric field
enhancement factors near the attached nanopar-
ticles at different optical excitation wavelengths.
These two nanoparticle–nanowire structures were

produced by fs laser irradiation as described previ-
ously. In Fig. 6(a), the field enhancement at NP-1 is
less than at NP-2 at excitation wavelengths of 355.0,
414.4, and 705.9 nm.When the wavelength is changed
to 382.7 nm, this situation reverses and the field
enhancement at the location of NP-1 is greater than
that at NP-2. It can be seen that some excitation
wavelengths yield approximately the same field en-
hancement at both NP-1 and NP-2. The intensity
differences near NP-1 and NP-2 at three specific
wavelengths are shown in Figs. 6(c)–6(e). By introduc-
ing a logical relationship, this structure can then be
used as an optical logic processor, for example as a
comparator in the electronics industry. Since the res-
onant wavelength around the antenna is related to
nanoparticle size and the overall morphology [35],
it is possible to achieve different logical relationships
by introducing a range of particles. As an example, the
three AgNPs on the AgNW shown in Fig. 6(b), yield a
more complex relationship between the field enhance-
ments at various locations, offering the possibility of
more complex functionality.

4. Conclusion

Periodic arrays of Ag nanoparticles have been as-
sembled on Ag nanowires using plasmonic effects

Fig. 6. Maximum enhancement factors of the electric field intensity around some AgNPs attached to a AgNW excited optically at a
variety of wavelengths. (a) The wavelength-dependent solution for two AgNPs on an AgNW, nanowire (length � 1120 nm,
diameter � 50 nm), NP-1 and NP-2 each have a diameter of 40 nm and are separated by 400 nm. The distance from NP-2 to the end
of the nanowire is 200 nm. (b) The solution for three AgNPs on an AgNW (length � 850 nm, diameter � 74 nm). NP-1 and NP-3 are
each 42 nm in diameter and NP-2 is 10 nm in diameter. The separation between the NPs is 100 nm, and the distance between NP-3
and the end of the nanowire is 220 nm. Insets in (a) and (b) show the image and schematic of the overall structure, scale bar:
100 nm. The calculated field distribution around NP-1 and NP-2 on optical excitation at wavelengths 382.7, 332.4, and 414.4 nm are
shown in (c), (d), and (e), respectively. These solutions are based on the model shown in (a).
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induced by 800 nm fs laser radiation. The Ag nano-
wires were in contact with a silicon substrate and en-
hancement of the electric field at the nanowire–Si
interface is found to be significant in attracting
nearby Ag nanoparticles and determines the overall
distribution and location of nanoparticles on the nano-
wire surface. The electric field distribution in this
structure is highly dependent on laser polarization.
A well-organized array of nanoparticles is favored
when the polarization direction is parallel to the long
axis of the nanowire. We also find that the array of
nanoparticles becomes less organized as the length
of the Ag nanowire exceeds twice the laser wave-
length. However, some self-organization of Ag nano-
particles is still present even on long nanowires. The
collection of nanoparticles has effect on the overall
plasmonic field and influences the location and distri-
bution of subsequent nanoparticles on the nanowire.
In all cases, the minimum separation between adja-
cent nanoparticles is ∼100 nm. This study suggests
that nanoparticles and nanowires can be assembled
into well-organized structures using fs lasers, and of-
fers an alternative method of fabricating nanoscaled
optical devices such as an optical logic processor.
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