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Plasmonic tuning of silver nanowires by laser shock
induced lateral compression

Prashant Kumar,†ab Ji Li,†ab Qiong Nian,ab Yaowu Huab and Gary J. Cheng*abc

Laser shock induced lateral compression has been demonstrated to

controllablyflattencylindrical silvernanowires.Nanowireswithcircular

cross-sections of diameter 70 nm are significantly shaped laterally,

which transformed them tometallic ribbons of huge width of 290 nm

andof thickness down to 13nm, amounting theaspect ratio to as high

as 22, at a laser intensity of 0.30 GW cm�2. Above the laser intensity of

0.30GWcm�2 though, nanowires are observed to be ruptured. Lateral

deformations of nanowires are achievedwithout altering longitudinal

dimensions. Selected area electron diffraction patterns on the laterally

deformed nanowires reveal that the flattening gives rise to twinning

under high strain rate deformation without actually degrading crys-

tallinity. As the 1D nanowire turns into a 2Dmetallic nanoribbon, new

plasmonic modes and their combinations emerge. The transverse

plasmon mode does not shift substantially, whereas longitudinal

modes and their combinations are greatly influenced by lateral defor-

mation. Apart from the transverse mode, which is dominant in a 1D

nanowire and diminishes heavily when lateral deformation occurs,

there is a presence of several longitudinal plasmonic modes and their

combinations for metallic nanoribbons, which are revealed by experi-

mental extinction spectra andalso supportedbyfinite-difference time-

domain (FDTD) simulation. Such plasmonic tuning of silver nanowires

across the visible range demonstrates the capability of a laser shock

induced lateral compression technique for variousemergingplasmonic

applications. The laser shock compression technique has the advan-

tages offlexibility, selectivity and tunabilitywhile retaining crystallinity

ofmetallic nanowires, all ofwhichenable it tobe apotential candidate

for plasmonic tuning of nanogeometries.

Introduction

Whennoblemetals interactwith light, they exhibit an interesting
behavior of their electrons collectively oscillating. Such collective

oscillatory behavior of electrons, called plasmons, depends on
factors such as the geometry, dimensions of metallic nano-
structures, the availability of conduction electrons in the con-
cerned metal, dielectric function of a metallic nanostructure,
and dielectric function of the medium it is surrounded with.
Light couples with geometries made up of noble metals, in a
more pronouncedmanner, when at least one of its dimensions is
below 100 nm. There has been growing interest in plasmonics
due to its potential promising applications.1–6 Plasmonic modes
can precisely be controlled by controlling the particle shape, size
and size distribution.2,7–10 From plasmonics perspective, nano-
wires are very special due to their anisotropic shape. For
example, silver nanowires have been extensively studied for their
plasmonic behavior.11–18 Diameter dependence of plasmons has
earlier been investigated for silver nanowires.19,20 Non-circular
cross-sections ofnanowires exhibit interestingplasmonicmodes
due to inherent anisotropy.21 Eccentricity dependence of plas-
monic modes for ellipsoidal cross-section nanowires has earlier
been studied.22 Most of the presently existing literature on
plasmonic dependence on the shape and size of nanowires are
synthesized from bottom up approaches. In most of the cases,
with the diameter variation of nanowires under study, crystal-
linity too varies whichmakes it difficult to distinguish the effects
of dimension and crystallinity of nanowires on their plasmonic
behavior. Moreover, synthesizing at metallic ribbons with few
nmthicknesses in a controllablemanner is a big challenge. Laser
shock induced lateral compression (LSILC) is an innovative
top-down approach to achieve attening of metallic nanowires
with high precision, without compromising on crystalline
quality.23This technique canbeused to achieve thedesiredwidth
of metallic ribbons, starting from the original nanowires having
circular cross-sections.

Here in this article, we report on the effect of attening of
silver nanowires by LSILC on its plasmonic behaviour. Field
emission scanning electron microscopy of cross-sections and
transmission electron microscopy were employed for the
quantication of the aspect ratio of attened nanowires by
LSILC. Selected area electron diffraction was utilized for
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crystallinity diagnosis. UV-VIS-NIR transmission spectroscopy
was used to investigate the effect of attening on plasmonic
behaviour. Finite-difference time-domain (FDTD) simulation
was carried out to validate experimental ndings.

Experimental methods

Silver nanowires of diameter 60–70 nm and of length 7 mm
(Blue Nano, NC, USA) were attened employing laser shock
compression, using short pulsed (5 ns) Q-switch Nd-YAG laser
(Continuum Surelite III), details of which were reported else-
where.23 In brief, connement media (clinical glass slides) and
sacricial layer 5 mm coating of aerosol graphite painting
(Asbury Carbons, U.S.A.) on a 4 mm thin Al foil (Lebow Company
Inc., Bellevue, WA) are used in sequence in the laser path,
before it is incident on silver nanowires as shown in Fig. 1(a).
Silver nanowires were dip coated (MTI Corporation, model no.
EQHWTL-01-A) at a coating speed of 40 mm min�1 on a 4 mm
thick free-standing aluminum foil using ethanol as the
dispersing medium, and for dispersion of nanowires; an ultra-
sonicator (VWR-B1500A-DTH) was employed. For a cushion
layer, PVA (Sigma-Aldrich) was dip coated on the back side of
the Al foil. The whole assembly was xed to a motorized X–Y
stage. In this manner, we achieve high laser intensity (in the
range of GW cm�2) which exerts pressure on silver nanowires,
as the heat generated due to laser is being consumed by an
ablative sacricial layer to pass on the pressure to the nanowire
samples. Beam area was controlled using a focusing lens and
the beam diameter used in the present experiment was 4 mm.
Laser power was monitored by a power meter (Newport, type:
1916c). A focused ion beam (FEI Nova 200 Nano-Lab DualBeam
TMSEM/FIB) was used for cutting nanowires and hence
attaining cross-sections. A FESEM (Hitachi S-4800 eld-emis-
sion scanning electron microscope) was used to image the
cross-section. A transmission electron microscope (FEI Tecnai)
was used for achieving microscopy as well as for acquiring a
selected area electron diffraction pattern. UV-VIS-NIR trans-
mission spectroscopy was carried out with a spectrometer
(Perkin Elmer, model no. Lambda 950) for the wavelength range

200–1000 nm. A nite-difference time-domain (FDTD) simula-
tion technique (Lumerical Solutions, Inc.) has been employed
for plasmonic modeling for a few geometries to validate
experimental ndings.

Results and discussion

Silver nanowires that have undergone LSILC yield nanowires with
thickness reduced and width broadened as can clearly be seen
from cross-sectional images shown in Fig. 1(b). Silver nanowires,
which originally had circular cross-sections, are heavily
compressed due to laser shock induced pressure and their cross-
sections turned out to be attened. We do not observe any longi-
tudinal deformation of nanowires in the present case and the only
deformation present is the lateral compression. As laser parame-
ters such as pulse width, conning media, and sacricial layers
were thesame forall theexperiments carriedoutbyus, theeffective
laser shock induced pressure would be determined by laser
intensity. Above0.14GWcm�2 laser intensitywhichgives rise to an
equivalent laser pressure of 500 MPa, which is one order of
magnitude higher than the yield strength for a silver material,
plastic compression commences. In the laser intensity range of
0.14–0.30 GW cm�2, i.e. in the effective laser pressure of 500–750
MPa, compressive strain increases with the increase in laser
pressure. Above 0.30 GW cm�2, which is equivalent to an effective
laser pressure of 750 MPa, the nanowires get crushed. Silver
nanowires exhibit very good ductility towards lateral compression,
as has been observed in this experiment. Our experiment involves
highstrain rate (�107 s�1) deformation.Due to thehigh strain rate,
silver nanowires exhibit superplasticity during the compression.

The microstructure changes achieved due to laser shock
compression of nanowires were imaged by transmission elec-
tron microscopy, as shown in Fig. 2. With the increase of laser
intensity, width of the resulting silver ribbons increases
monotonically and the thickness is curtailed. Volume of nano-
wires remains constant in the process and the circular cross-
section (diameter D) turns to a shape that is close to a rectan-
gular one (dimensions W and h). Therefore, (area1)L ¼ (area2)L
which means (pD2/4) ¼ Wt and therefore, t ¼ pD2/4W which

Fig. 1 (a) Schematic diagram for laser shock induced compression of silver nanowires, (b) FESEM image of silver nanowire cross-sections before and after laser induced
compression achieved at 0.24 GW cm�2. (c) Aspect ratio vs. laser intensity plot.
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gives the aspect ratio a ¼ width (W)/thickness (t) ¼ 4 W 2/pD2 ¼
1.274W 2/D2. As can be seen in Fig. 2(a), the original non-
deformed silver nanowires with circular cross-sections have the
approximate diameter of �70 nm. Fig. 2(b)–(e) show TEM
images for attened nanowires achieved via the LSILC tech-
nique. At the maximum laser intensity of 0.30 GW cm�2, the
width increases to 290 nm and the thickness reduces to 13 nm
which amounts to a huge aspect ratio (width/thickness) of
approximately 22. The laser intensity dependence on the
resultant aspect ratio of nanowires is shown in Fig. 1(c).
Fig. 2(f)–( j) show selected area electron diffraction (SAED)
patterns for the TEM images shown in Fig. 2(a)–(e) respectively.
The silver nanowires were originally highly crystalline and
defect free. While SAED patterns in Fig 2(f) and (g) correspond
to zone axes [001] and [011] respectively, the pattern shown in
Fig. 2(h) corresponds to the combination of [112] and [001].
Similarly Fig. 2(i) and ( j) correspond to the combination of zone
axes [001] and [011]; [011] and [111] respectively. Fig. 2(k) shows

twinned features in HRTEM. Fig. 2(l) is a zoomed image for a
selected area in Fig. 2(k). We observe that the twinned feature
corresponds to two sets of planes namely [200] and [11�1].
Fig. 2(m) shows dislocation clusters.

The presence of twins in laterally compressed nanowires
showcases the deformability of nanowires. The present tech-
nique, however, does not degrade crystallinity, but rather main-
tains the FCC structure. Dislocation density in the plastically
deformedNWsisobserved tobe relatively lowas compared to that
of its bulk counterpart. The principal deformation mechanism
for silver nanowires while LSILC occurs is governed by the
formation of twinned features and stacking faults. Nanowires
having smaller cross-sections would be heavily twinned as
compared to those with larger cross-sections. Apart from the
cross-section, a ultrahigh strain rate in the range of 107 s�1 in the
present experiment is responsible for the formation of twinning.
Availability of longitudinal dimensions for movement of dislo-
cations gives rise to dislocation clusters. However, the density of

Fig. 2 TEM images for a silver nanowire (a) before any treatment and after laser shock compression at (b) 0.18, (c) 0.24, (d) 0.27 and (e) 0.30 GW cm�2. Selected area
electron diffraction (SAED) pattern corresponding to (a)–(e) is shown in (f)–(j). Twinning features formed and dislocation clusters are shown in high resolution images
in (k) and (l) respectively.
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such dislocation clusters is quite marginal in most of the cases
except for severely deformedor ruptured ribbons. Such tunability
from circular cross-section nanowires to the thin silver ribbons
demonstrates the tremendous capability of the LSILC technique.
Importantly, huge attening yet maintaining the crystalline
building blocks is a great achievement by this emerging tech-
nique of laser shock compression. This technique can invariably
be employed to transform any nanowires with circular cross-
sections to ribbons, if the material is ductile. Such a technique
can even be generalized for other nanogeometries.

Having achieved a great degree of morphological control for
silver nanowires, as evidenced by the maximum achieved aspect
ratio of 22, we were poised to investigate optical behaviour of
such laser shock shaped nanowires, as optical properties of
plasmonicmaterials aredimension sensitive. Toour surprise, we
indeed got a very strong effect of laser shaping on the plasmonic
behaviour. Fig. 3(a) shows extinction spectra for nanowires
compressed at different laser intensity values till 0.30 GWcm�2.
1D nanowires show a predominant transverse plasmonic peak
with a marginal longitudinal peak. However, as the extent of
lateral compression is gradually raised, the longitudinal peak
gets stronger and suppresses the transverse plasmonic mode.
Remarkably, as the LSILC process laterally deforms silver
nanowires, new longitudinal plasmonic modes emerge and
their combinations are also observed. The trend of wavelength

maxima in extinction spectra vs. the aspect ratio is shown in
Fig. 3(b) for different plasmonic modes. It is observed that the
transverse mode does not shimuch, while longitudinal modes
are very sensitive to lateral deformations. The tunable plasmon
peak across the visible range demonstrates that LSILC can
indeed be utilized for plasmonic tuning of nanowires.

Plasmons do originate due to the conduction electrons in
plasmonic materials and is strongly dependent upon the dielec-
tric surrounding it. Since the number of available conduction
electrons would be determined by the dimension of nano-
materials, plasmonic frequency would be dependent on dimen-
sions. Themechanism of absorption of light by plasmonic metal
particles was suggested by Gustav Mie, based on the solution of
Maxwell's equations.24 When an electromagnetic eld interacts
with the plasmonic particle, local charge separation takes place.
Absorption of light has been demonstrated to be shape and size
dependent and also dependent on environment.25 For tiny
spherical particles with volume V0 having a dielectric constant

3(l) ¼ 31(l) + i32(l) (1)

dispersed in an isotropic non-absorbing medium having a
dielectric constant 3m, Mie's theory gives the extinction cross-
section:

sext(l) ¼ (18p/l)3m
3/2V0{32(l)/(31(l) + 23m

2) + 32(l)
2} (2)

where, l is the wavelength of the incident light and c is the
velocity of light. The above equation holds true for tiny particles
dispersed in isotropic media and does not give any clue for the
absorption peak for other nanogeometries and for size depen-
dence. The extinction cross-section for elongated ellipsoids can
be derived by Gan's treatment:26

sext(l) ¼ (2p/3l)3m
3/2V

P
{(1/P2

j )32(l)}/{31(l)

+ (1 � Pj)/Pj3m
2 + 32(l)

2} (3)

where Px, Py and Pz are the depolarization factors along the
three axes namely X, Y and Z respectively which seek to restore
the original electronic congurations. Now, for the ellipsoidal
nanorod with

X > Y ¼ Z and aspect ratio R ¼ Y/X

PX ¼ (1 � e2)/e2[1/2eln{(1 + e)/(1 � e)}�1] (4)

PY ¼ PZ ¼ (1 � PX)/2

where,

e ¼ (1 � (Y/X)2) ¼ (1 � 1/R2)1/2

Gan's treatment suggests transverse and longitudinal modes
for ellipsoidal nanorods which can even hold fairly good for

Fig. 3 (a) UV-VIS-NIR extinction spectra for a silver nanowire: a. before any
treatment and after laser shock compression at b. 0.18, c. 0.24, d. 0.27 and d. 0.30
GW cm�2. (b) Trends of wavelength maxima for extinction spectra.
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nanowires of circular cross-sections as it satises X > Y ¼ Z. The
theory reveals that while the transverse mode is unaffected by
aspect ratio, the longitudinal mode is heavily dependent on it.
The longitudinal plasmonic peak usually gets red-shied with
the enhancement of the length/diameter ratio. On the other
hand, the absorption peak corresponding to the transverse
mode does not alter.27,28 The present case under our investiga-
tion is completely different where a nanowire of a circular cross-
section is being attened into a rectangular cross-section. Such
attened ribbons would give rise to variation in electrostatic
charges along their widths too, which would give rise to another
plasmonic mode, as compared to that for the thinner nanowires
of circular cross-sections. In addition, plasmon modes along
the length and the width would interfere with each other.

Schematic diagrams of two kinds of plasmonic modes,
namely transverse and longitudinalmodes, which are feasible in
cylindrical nanowires, are shown in Fig. 4a and b respectively.
One can have either dipole or multipole in the transverse mode
itself, depending on how the light couples with the nanowires.
Interaction of light with metallic nanowires and consequent
electronic oscillation amplitude and directions can conveniently
be thought to be equivalent to the situation where metallic
surfaces have electronic charges and associated electric eld
distributions. As the nanowires with circular cross-sections turn
to that with rectangular cross-sections (or into ribbons), several
plasmonic modes can appear (see Fig. 4c–f). There would always
be a possibility of coexistence of two or more of such plasmonic
modes for ribbons of large widths. Thus, when light is incident
upon nanowires with circular cross-sections (original nano-
wires), less number ofmodes are feasible. Whereas, on the other
hand, in the case of ribbons achieved by laser shock compres-
sion, several longitudinal and transverse plasmonic modes and
their hybrids can coexist. Existence of longitudinal and trans-
verse plasmon modes in plasmonic material nanowires has
earlier been used for its coupling to the plasmon of nano-
spheres.29 Multipole plasmons have also been observed.30,31

Usually, nanowires of smaller diameters are expected to support
higher orders of transverse modes and their hybrids. Liu and
Willis32 have demonstrated that when thickness of thin mono-
layers of silver is increased, 2D sheet plasmons would convert

into 3D plasmons. Thus plasmonic behaviour is governed by
thickness of the 2D sheet. As the width of a nanoribbon is
gradually enhanced and thickness is curtailed in the process of
laser shock compression, aspect ratio ¼ width/thickness keeps
on increasing keeping the length intact. Such a transformation
of shapes would have effects similar to the length increase and
diameter decrease of a nanowire. However, the two effects would
not be the same; red-shi of the plasmon peak and bandwidth
would also depend on how the plasmonic modes hybrid them-
selves in plane. Our experimental report is the rst of its kind
towards understanding plasmons for such shape transitions
from nanowires to ribbons achieved via LSILC.

FDTD results for spatial charge density distribution in Fig. 5
show transverse modes (b, d, and g) and the combinatorial
plasmonic modes (e and h) corresponding to the two directions
normal to each other for original nanowires as well as for the
LSILC deformed AgNWs. These simulated plasmonic modes
seem to be consistent with the modes as indicated in the
extinction peaks in Fig. 3(a). It could be seen from Fig. 3(a) that
there are primarily one transversemode (shown by black arrows)
and at least one of the longitudinal modes (shown by red, pink
and green arrows) present in the LSILC treated AgNWs. It should
be noted that these peaks would not remain unaltered as they
would interfere and would thus inuence each other. Therefore,
these peaks are usually observed to be shied.We have achieved
multiple plasmonic modes in Ag nanoribbons.

Fig. 4 Possible plasmonic modes in silver nanowires with circular cross-sections
before LSILC (as shown in (a) and (b)) and after LSILC when the cross-sections turn
rectangular (shown in (c)–(f)).

Fig. 5 FDTD simulation results for spatial charge density distribution for trans-
verse modes (b, d, and g) and resultant interfering longitudinal modes (e, h) for
cylindrical Ag nanowires with circular cross-sections (R ¼ 70 nm, L ¼ 12 mm) (top
panel), cylindrical Ag nanowires with oval cross-sections (R1 ¼ 95 nm, R2 ¼ 10 nm,
L ¼ 12 mm) (middle panel) and rectangular Ag nanoribbon (L ¼ 12, W ¼ 290 nm,
t ¼ 13 nm) (bottom panel). A plane wave source was considered for the purpose
and the distributions are for a source with a fixed wavelength of 500 nm.
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In general, for a single plasmon band, the peak width has to
do with the dephasing of the coherent electron oscillation.33,34

According to the Fermi liquid theory,35 the rate of scattering
among electrons would be directly proportional to the square
of the difference of the excited state energy and the Fermi
energy EF. The phase relaxation, electron–electron scattering
and electron–phonon energy relaxation occur on the order of 10
fs, 100 fs and 1 ps, respectively.

Thus, the contribution of electron–electron scattering would
be more pronounced than that due to electron–phonon inter-
actions. Larger plasmon peak widths usually would correspond
to a rapid loss of the coherence. For uniform size distribution
and hence homogeneous line broadening, the total dephasing
time can therefore be calculated from the plasmon peak width.
For example, it has been reported that spherical 20 nm gold
nanoparticles would have a dephasing time of 4.1 fs and for
100 nm diameter particles though, it would be only 2.6 fs.33

Thus, the larger the diameter, the faster is the dephasing and
the broader would be the plasmon peak. For the present study,
though, the extinction spectra for a particular ribbon would
comprise all possible modes, and the mode which dominates
would give rise to global maxima in extinction spectra. However,
broadening would occur due to the size effect and also due to
defects generated therein even though it may be pretty small in
volume fraction and would indirectly affect the relaxation.
Shoulder-like features, on the other hand, do exist due to the
availability of multiple modes.

In conclusion, attening of silver nanowires of circular cross-
sections achieved by laser shock pressure as evidenced by the
aspect ratio as high as 22 for the silver ribbons is encouraging.
There is a comfortable working window of laser intensity
0.14–0.30 GW cm�2 for the lateral compression of silver nano-
wires. It is gratifying to note that attening achieved via LSILC
does not degrade crystallinity and the nanowires hold on their
FCC structure. It is noteworthy that such drastic lateral
compression of nanowires has an immense impact on the
plasmon bands. Transverse modes are not effectively inuenced
(feeble effect though) by LSILC processing, while longitudinal
modes are sensitive to such processing. New plasmonic bands
have been observed which were not present in original nano-
wires, which possibly arise due to the newly found access along
the width. In addition, various plasmonic modes inuence each
other. Last but not the least, metallic nanoribbons achieved via
the present technique described in this article are unique in
many senses, as they have been achieved by a (a) single-step, (b)
clean and (c) optical processing technique and are expected to
have several potential applications including that as electrodes
in FET devices, as SERS materials and in plasmonic wave
guiding. Such tunability of plasmonic peaks with LSILC seems
destined for their use in controllable plasmonic tuning of other
ductile plasmonic nanomaterials and hence broadening the
scope of this emergent technique.
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