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Abstract: Ag nanorods (Ag NRs) with a mean aspect ratio of 3.9 were prepared through a wet-chemical
method, and the absorption spectra for various aspect ratios were obtained. The morphology
transformation of Ag NRs irradiated with a femtosecond pulse laser was investigated through
transmission electron microscopy (TEM). The near-field ablation was dependent on the laser polarization
and wavelength. Laser-induced high electric field intensity was observed at the ends, middle, and
junctions of the Ag NRs under various ablation conditions. Through simulation, the evolution
mechanism was analyzed in detail. The effect of laser polarization angle on plasmonic junction
welding was also investigated. By controlling the electronic field distribution, several nanostructures
were obtained: bone-shaped NRs, T-shaped NRs, dimers, trimers, curved NRs, and nanodots. This
study suggests a potentially useful approach for the reshaping, cutting, and welding of nanostructures.
Keywords: Ag nanorods; femtosecond pulse laser; near-field ablation; polarization

1. Introduction
Because of their wide range of potential applications in biomedicine [1,2], analytical chemistry [3,4],
and photovoltaics [5], plasmonic nanoparticle research is an attractive field [6–8]. Silver nanoparticles
(Ag NPs) play an essential role in catalysts because of their high thermal conductivity [9]. Surface
plasmon resonance (SPR) is a crucial property and originates from the collective oscillation of surface
free electrons under the coupling of light and plasmonic NPs [10]. The SPR band of Ag NPs is
dependent on their optical properties, which are sensitive to NP morphology and size [11]. Ultrafast
laser ablation is crucial for controlling morphology and has therefore been extensively investigated [12].
Exposure of Ag NPs to single- and multiple-pulse lasers results in ablation [13–15], and three
mechanisms were proposed for interpreting this ablation process [16]. Takami et al. attributed
the fragmentation of NPs to laser-induced thermal evaporation and confirmed that fragmentation
occurs only if the NPs have a temperature higher than their boiling point [17]. Yamaguchi et al.
conducted a pulsed laser ablation experiment using a laser at wavelength of 355 nm, and concluded
that NPs were fragmented layer by layer under the photothermal effect [18]. In support of the thermal
evaporation mechanism, Alexander et al. performed an experiment and combined the results with
melting calculations, concluding that the mechanism is valid when using a laser of low intensity [19].
In contrast, Hartland et al. adopted the Coulomb explosion mechanism, which considers fragmentation
to result from charge repulsion caused by the ejection of numerous free electrons; in pulsed laser
ablation of Ag NPs, hydrated electrons were detected [20]. Subsequently, Muto et al. conducted
355 nm nanosecond laser ablation of NPs and also observed hydrated electrons and charged ions.
The results indicated that although the wavelength of 355 nm is not in the SPR band, fast absorption of
interband electrons enhanced fragmentation [21]. Furthermore, Marsili et al. performed picosecond
laser-induced fragmentation of NPs using two temperature modes and concluded that Coulomb
explosion plays a larger role than does laser-induced thermal evaporation [22].
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In addition to the two aforementioned mechanisms, a near-field ablation mechanism based
on plasmonic field enhancement has been proposed; this process would be nonthermal excitation
because the ablation temperature is lower than the melting point [23,24]. Perez et al. reported that
the photomechanical effect can result in ablation without a thermal phase transformation, and the
thermoelastic stress can overcome the physical strength of NPs [25]. Sakai et al. conducted laser
ablation of a single NP on a silicon substrate, and two lobe-shaped structures were observed that
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Figure 1. Schematic of experimental setup for irradiation of Ag NRs using a femtosecond pulse laser.
Mirrors (M1, M2). Half-wave plate (HWP).
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Figure 1. Schematic of experimental setup for irradiation of Ag NRs using a femtosecond pulse laser.
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3. Results and Discussion
3. Results and Discussion
After femtosecond pulse laser irradiation, various Ag nanostructures were obtained. Figure 2a
After femtosecond pulse laser irradiation, various Ag nanostructures were obtained. Figure 2a
shows a TEM image of Ag NRs after plasmon-induced melting at parallel polarization. The end of
shows a TEM image of Ag NRs after plasmon-induced melting at parallel polarization. The end of the
the Ag NR had melted into a spherical structure with a diameter of 50 nm. This indicates that a
Ag NR had melted into a spherical structure with a diameter of 50 nm. This indicates that a temperature
temperature gradient was caused by the near-field ablation [31]. Figure 2b shows the transition from
gradient was caused by the near-field ablation [31]. Figure 2b shows the transition from as-prepared
as-prepared NRs to small NRs with perpendicular polarization, and numerous nanodots were
NRs to small NRs with perpendicular polarization, and numerous nanodots were observed in the
observed in the vicinity of the NR. This suggests that the NRs were split into small clusters because
vicinity of the NR. This suggests that the NRs were split into small clusters because the electric field
the electric field was sufficiently high. Figure 2c reveals the transition from a nanosphere into a bonewas sufficiently high. Figure 2c reveals the transition from a nanosphere into a bone-shaped NR,
shaped NR, and this morphology is in agreement with an enhanced plasmonic field distribution that
and this morphology is in agreement with an enhanced plasmonic field distribution that results from
results from the SPR associated with laser polarization [32]. Greater electric field enhancement was
the SPR associated with laser polarization [32]. Greater electric field enhancement was expected for
expected for smaller nanospheres because larger nanospheres have larger scattering contributions.
smaller nanospheres because larger nanospheres have larger scattering contributions. In addition,
In addition, the multipole oscillations of the large nanospheres resulted in a distorted dipole field
the multipole oscillations of the large nanospheres resulted in a distorted dipole field distribution.
distribution. As illustrated in Figure 2d, a nanojoint between two adjacent Ag NRs formed through
As illustrated in Figure 2d, a nanojoint between two adjacent Ag NRs formed through melting and
melting and fusion without any additional filler because of the strong electronic field generated in
fusion without any additional filler because of the strong electronic field generated in the gap between
the gap between them. T-shaped NRs play a crucial role in optical logic gates [33] and temperaturethem. T-shaped NRs play a crucial role in optical logic gates [33] and temperature-sensitive devices [34],
sensitive devices [34], and they were optimized through adjustment of the laser polarization angle in
and they were optimized through adjustment of the laser polarization angle in this study.
this study.
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3.1. Controlling the Morphology of Ag NRs by Tuning the Laser Polarization and Wavelength
3.1. Controlling the Morphology of Ag NRs by Tuning the Laser Polarization and Wavelength
Figure 3a shows a TEM image of an as-prepared Ag NR before laser ablation. The mean aspect
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citrate solution. The surface plasmons of the NRs were divided into two distinct modes—transverse
and longitudinal—because of light polarization. To analyze the relationship between the extinction
peak wavelength and NR aspect ratio, Mie–Gans theory was considered, and the extinction coefficient
peak wavelength and NR aspect ratio, Mie–Gans theory was considered, and the extinction
γ
for Ag NRs
was
using the dipole
approximation
as followsas
[35]:
coefficient
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Agcalculated
NRs was calculated
using the
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When using parallel polarization and 800 nm wavelength, which is near the longitudinal plasmon
When using parallel polarization and 800 nm wavelength, which is near the longitudinal
resonance band, a dipolar lobe morphology of the Ag NRs after illumination was observed, as shown
plasmon resonance band, a dipolar lobe morphology of the Ag NRs after illumination was observed,
in Figure 4a. This indicated that ablation occurred only at the ends, but not on the two sides, of the
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3.2. Near-field Ablation Evolution of Ag NRs
energy is absorbed by the electrons, and accumulated heat is then transferred from electrons to the
the femtosecond pulse
laserwithin
near-field
process,excitation
a possiblewith
thermo-force
latticeRegarding
through electron–phonon
coupling
1–4 ablation
ps [39]. Strong
large intensity can
coupling
mechanism
was
proposed
based
on
the
melting
and
curving
of
the
Ag
NRs.
First, laser is higher
increase the time required for energy transfer to the lattice [28]. When the lattice temperature
energy is absorbed by the electrons, and accumulated heat is then transferred from electrons to the
than the boiling temperature of Ag NRs, fragmentation starts to occur. The near-field force caused by
lattice through electron–phonon coupling within 1–4 ps [39]. Strong excitation with large intensity
localized electronic field enhancement promotes fragmentation. As shown in Figure 5a,b, multipolar
can increase the time required for energy transfer to the lattice [28]. When the lattice temperature is
oscillation
in the
formation
notch,
and the simulated
in theforce
middle of the
higher thanresulted
the boiling
temperature
of of
Aga NRs,
fragmentation
starts toelectronic
occur. Thefield
near-field
Ag
NR by
was
enhanced
whenfield
the enhancement
next pulse arrived.
notched
NR broke,
caused
localized
electronic
promotesSubsequently,
fragmentation. the
As shown
in Figure
5a,b, yielding
two
small NRs,
as illustrated
Figure
5c. Figure
5d shows
electronic
field distribution
multipolar
oscillation
resulted ininthe
formation
of a notch,
and thethe
simulated
electronic
field in the of these
middle
of the
NR was
when
the revealing
next pulsethat
arrived.
Subsequently,
theand
notched
two
small
NRsAgunder
the enhanced
laser pulse
effect,
the field
in the gap
at theNR
middle was
broke, yielding
small in
NRs,
as illustrated
in Figure
Figure 5d
shows theaselectronic
enhanced.
Thistwo
resulted
further
fragmentation
and5c.nanodot
formation,
indicatedfield
in Figure 5e.
distribution
twoofsmall
underwas
the observed.
laser pulse Thus,
effect, small
revealing
that the
field in the
gapNRs were
In
addition, of
thethese
fusion
smallNRs
clusters
clusters
fragmented
from
and at the middle was enhanced. This resulted in further fragmentation and nanodot formation, as
melted after laser illumination and subsequently agglomerated. The effect of the electric field caused
indicated in Figure 5e. In addition, the fusion of small clusters was observed. Thus, small clusters
by the small clusters on the ablation process was not taken into account in this study, because it was
fragmented from NRs were melted after laser illumination and subsequently agglomerated. The
not
the main factor behind the fragmentation of NRs. As indicated in Figure 5f,g, under the near-field
effect of the electric field caused by the small clusters on the ablation process was not taken into
force
effect,
the study,
NR with
a notch
was not
curved
because
of the
electronic
field gradient,
and the
account
in this
because
it was
the main
factor
behind
the fragmentation
of NRs.
As force was
sufficiently
strong
to
remove
the
NPs
[40].
Figure
5h,i
show
the
further
fragmentation
of
indicated in Figure 5f,g, under the near-field force effect, the NR with a notch was curved because ofthe dimer
and
subsequent
of nanodots.
the electronic
fieldformation
gradient, and
the force was sufficiently strong to remove the NPs [40]. Figure 5h,i

show the further fragmentation of the dimer and subsequent formation of nanodots.

Figure5.5.Schematic
Schematic
morphology
evolution
fromtoNRs
to nanodots.
Corresponding
TEM images
Figure
of of
thethe
morphology
evolution
from NRs
nanodots.
Corresponding
TEM images
and
field
distributions
of AgofNRs
with light
of wavelength
400 nm. 400 nm.
andcalculated
calculatedelectric
electric
field
distributions
Agafter
NRsirradiation
after irradiation
with
light of wavelength
(a,b) The
section
of the
was ablated,
and the electric
field
was enhanced
in this
area.
(a,b)
Themiddle
middle
section
ofmaterial
the material
was ablated,
and the
electric
field was
enhanced
in this
(c,d)
This
resulted
in
separation
into
two
small
NRs
and
ablation
enhancement
in
each
particle.
(e) particle.
area. (c,d) This resulted in separation into two small NRs and ablation enhancement in each
Finally,
nanodots
werewere
obtained.
Another
possible
evolution
process process
is also proposed.
(f,g) Electric
(e)
Finally,
nanodots
obtained.
Another
possible
evolution
is also proposed.
(f,g) Electric
field gradient induced bending of Ag NRs, with the intensity enhanced in the middle. (h,i) This
field gradient induced bending of Ag NRs, with the intensity enhanced in the middle. (h,i) This
resulted in fragmentation and separation. The scale bar is 50 nm.
resulted in fragmentation and separation. The scale bar is 50 nm.

Nanojoints between two metal structures have been widely studied, such as end to end junction
Nanojoints between two metal structures have been widely studied, such as end to end junction
and side to side junction [41,42]. However, side-to-end T-shaped junctions have rarely been reported.
and
to side
junction [41,42].
side-to-end
T-shaped
junctions
have
been reported.
The side
success
of plasmonic
weldingHowever,
is dependent
on the gap
and angle
between
therarely
two metal
The
success
of
plasmonic
welding
is
dependent
on
the
gap
and
angle
between
the
two
metal
structures, and perpendicular structures have superior bonding [43]. Through femtosecond laserstructures,
and
perpendicular
haveAgsuperior
bonding
[43]. Through
femtosecond
laserinnear-field
near-field
ablation of structures
two noncontact
NRs, T-shaped
nanojoints
were obtained.
As displayed
Figure 6a,of
the
angle
between the
NRsT-shaped
was 90°, and
the laser polarization
angleAs
was
45° along the
ablation
two
noncontact
Agtwo
NRs,
nanojoints
were obtained.
displayed
in Figure 6a,

Appl. Sci. 2019, 9, 363

7 of 10

the angle between the two NRs was 90◦ , and the laser polarization angle was 45◦ along the NR.
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was a strong nanojoint obtained because of the symmetric field distribution under the field coupling
between the nanostructures. This study may promote the application of femtosecond laser ablation for
the reshaping, cutting, and welding of nanostructures.
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