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Tapered metallic nanostructures that harbor surface plasmons are highly interesting for nanophotonic

applications because of their waveguiding and field-focusing properties. Here, we developed a focused

optical field induced solution synthesis for unique crystallized silver nano-needles. Under the focused

laser spot, inhomogeneous Ag monomer concentration is created, which triggers the uniaxial growth of

silver nanostructures along the radial direction with decreasing rate, forming nano-needle structures.

These nano-needles are several micrometers long, with diameter attenuating from hundreds to tens of

nanometers, and terminated by a sharp apex only a few nanometers in diameter. Moreover, nano-needles

with atomically smooth surfaces show excellent performance for plasmonic waveguiding and unique

near-field compression abilities. This nano-needle structure can be used for effective remote-excitation

detection/sensing. We also demonstrate the assembling and picking up of nano-needles, which indicate

potential applications in intracellular endoscopy, high resolution scanning tips, on-chip nanophotonic

devices, etc.

1. Introduction

Noble metal nanostructure supporting surface plasmon
polaritons (SPPs) have shown remarkable ability to confine
and manipulate light at the nanometer length scale.1–4

Benefiting from the state-of-the-art synthetic chemistry and
nanolithography, various plasmonic analogues of macroscale
optical components have been obtained to bridge the gap
between the electronics and traditional photonics.5–15 A par-
ticular focus in these efforts has been to realize functional
tapered nanostructures, such as metallic tapered grooves16–18

and stripes19–22 as well as conical and pyramidal tips.23–28

These structures have both a high aspect ratio and tapered
profile. This distinct morphologic feature enables the attractive

functionality known as nanofocusing, that is, plasmons can
be guided in these nanostructures and finally focused to
the sharp apex to generate an enormous local field
enhancement.29–33 Fascinating nanofocusing applications
such as high-resolution near-field optical microscopy27,34–37

and ultrasensitive detection38–41 have been realized. However,
current approaches to realize tapered plasmonic nano-
structures have relied on sophisticated fabrication techniques,
such as electron beam lithography and focused ion beam
milling. It inevitably introduces inherent surface roughness
that substantially degrades the optical performance.42–44

A solution is to use chemically synthesized nanostructures that
usually have crystallized characters and excellent optical
responses. Although versatile metallic nanomaterials includ-
ing silver and gold spheres,45,46 cubes,47,48 polyhedra,49,50

rods51–53 and wires54–56 can be controllably synthesized, until
now there is still a lack of synthesis approaches for high aspect
ratio tapered nanostructures with atomically smooth surfaces.

In this work, we develop an inhomogeneous optical field
induced reduction method to synthesize unique silver nano-
needles (NNs) with several micrometers in length and trans-
verse diameters attenuating from hundreds to several nano-
meters (for the dynamic synthesis process see Movie S1†).
Verified by the observation of non-uniform SPP beats, these
NNs are excellent SPP waveguides with a divergent effective
refractive index for plasmon modes, fulfilling the requirement
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of adiabatic nanofocusing.31,33 Scanning near-field optical
microscopy (SNOM) measurements visualize the effective
compression of surface plasmons to the sharp end of NNs.
Utilizing the unique nanofocusing ability, we demonstrated
that the nano-needles can be used for effective remote-
excitation surface-enhanced Raman scattering (SERS) detec-
tion and freely manipulated by an micromanipulator, which
is promising for applications on constructing on-chip
nanophotonic networks, high-resolution near-field optical
microscopy57,58 and ultrasensitive detection for sensing.38,39

The growth mechanism can be understood by the competing
growth of face-centered cubic (fcc) facets in the inhomo-
geneous growth environment created by the focused light
field. These findings also demonstrate a promising possi-
bility to synthesize functional nanostructures through the
photo-chemical method by designing the optical field
distribution.

2. Results and discussion
2.1 Photochemical synthesis of roughness-free silver nano-
needles

Our experimental setup for the laser-induced synthesis of
silver NNs is schematically shown in Fig. 1a (for details see the
ESI†). A continuous wave laser (980 nm) was focused into the
cell filled with reactant solution prepared by silver nitrate and
sodium citrate. Silver ions in the aqueous solution can then be
reduced under the laser spot due to the photochemical

effect.59–61 After 1 min irradiation, dense aggregates of Ag
nanoparticles (NPs) with diameters ranging from 20 to 100 nm
were generated in the area of the laser spot (Fig. 1b and c).
Surprisingly, tens of NN structures were also observed on the
outside of the laser spot. A close-up view of one of the needles
(Fig. 1d) shows that it is 4.2 µm in length. And the transverse
diameter gradually decreases from the thick end (D = 127 nm)
to the thin end (D = 60 nm) with a gradient D′ = dD/dz ≈ −0.02
(Fig. 1e). At the thin termination, a larger gradient D′ ∼−0.9 is
found, generating a sharp apex with a size of only ∼7 nm
(inset in Fig. 1e). The thick end is terminated by a “big head”
with a size of about ∼170 nm. SEM images of other NNs are
given in Fig. S1.† We monitored a typical growth process
during laser illumination (see Fig. S2 and Movie S2† for
details). It was found that the thin end was initially formed at
a position close to the beam center, and the other end grew
away from the beam center with increasing diameter. Finally,
the needle was ejected out of the laser spot with a speed of
∼17 µm s−1 and deposited on the substrate several
micrometers from its initial position.

2.2 Growth mechanism of the silver nano-needles and
controlled synthesis

To understand the growth mechanism, the crystallographic
structures of the silver NNs were investigated by selected area
electron diffraction (SAED) and high resolution transmission
electron microscopy (HRTEM) measurements. As shown in
Fig. 2, the characterized NN is 2.7 µm long with the transverse
diameter attenuating from 80 to 40 nm, from which we can

Fig. 1 Laser-induced synthesis of silver NNs. (a) Schematic of the experimental setup. The laser is 980 nm with a power of 120 mW. The reaction
solution: silver nitrate and sodium citrate with the respective concentrations of 5 mM and 7 mM in a volume ratio of 1 : 1. (b) Dark-field optical image
of the products. The white circle indicates the size of the laser spot. (c) SEM image of the products shown in (b). (d) Close-up of a nano-needle indi-
cated by the yellow square in (c). The yellow line indicates the z axis along the needle. Inset: Zoomed view of the needle termination. (e) Transverse
diameter as a function of positions along the needle (z axis) from the start point to the end indicated in (d). The black line is a linear fit between 1.4
and 3.8 µm. The inset shows the shrinking of the diameter at the sharp apex, and the orange line is a linear fit of the points closest to the apex.
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find that the NN is well crystallized and has an atomically
smooth surface. Details of the thinner end are shown in the
inset of Fig. 2a. In the corresponding SAED pattern (Fig. 2b),
most of the spots can be indexed to diffractions of two zone
axes: [001] and [1̄12], which suggests that the silver NN pos-
sesses a fcc twinned structure similar to the uniform nanowire
synthesized by wet chemical methods.54,55 Additionally, the
SAED pattern also indicates that the NN has a longitudinal
axis parallel to the [110] direction, which can be further con-
firmed by the HRTEM image in Fig. 2c. The X-ray diffraction
and electron backscatter diffraction measurements were also
performed (Fig. S3 and S4†), demonstrating consistent results
with the SAED and HRTEM.

As is known, for a fcc structure in the absence of sur-
factants, the growth rate of the low-index crystallographic
plane {110} is faster than that of the other two planes:
{100} and {111}, because of the descending surface energies
γ{110} > γ{100} > γ{111}.

62 Hence, some initially formed Ag NPs
can grow uniaxially along the [110] direction to form one
dimensional nanostructures. Their diameter can be deter-
mined by the growth competition between the {110} facet and
the other two.63,64 The higher the growth rate of the {110}
facet, the thinner the transverse diameter. Tian et al. also
reported that thinner nanowires can be synthesized by improv-
ing the Ag monomer concentration to accelerate the growth of
the {110} facet.63 In our experiment, the Ag+ ions are photo-
chemically reduced by focused laser field with the intensity
decreasing exponentially along the radial direction (see
Fig. S5†). So the reduced Ag monomer concentration decreases
along the radial direction as well. Around the center of the

laser spot, as the monomers in the stagnant solution (solution
near the growth surface) are consumed, the monomers in the
bulk solution with a relatively higher concentration can
quickly diffuse to the {110} facet. Hence, the growth rate of
{110} can significantly surpass that of the other two, allowing
the NN to grow uniaxially with a small diameter. As one end of
the needle gradually grows away from the center, however, it
experiences a rapid decrease of monomer concentration due to
the weakened laser intensity. Hence, the diffusion potential of
the monomers from the bulk to stagnant solution is reduced,
and the growth priority of the {110} facet is then substantially
suppressed. This results in a larger transverse diameter and
finally the preferential growth into a nanosphere structure
through Ostwald ripening,63 which is consistent with the
observation of the needles with “big heads”.

Here, the laser induced thermal effect on the Ag monomer
concentration was also evaluated. By the fluorescence intensity
ratio of the up-conversion nanomaterial,65,66 the temperature
gradient along the radial direction was measured (the
Fig. S5†), where the difference between the spot center
(∼353 K) and edge (∼323 K) was about 30 K. It was reported
that, due to the angular mismatch of the five-fold twined crys-
tallites and surface-free energy minimization, the higher the
temperature, the bigger the diameter of the nanowire.64

However, we found that the thinner end of the NN is always
formed in the spot center (the Fig. S2†). It indicates that the
gradient temperature is not the determinative reason for the
tapered morphology. In our case, the concentrations of reac-
tants are much higher than the one in the literature.64 In such
a circumstance, the photochemical reduction rather than
temperature dominates the growth of the NNs. Consequently,
it is the distribution of light intensity that determines the
morphology of nanostructures. Another thermal effect that
should be considered during the process is thermophoresis in
the solution induced by laser irradiation.67 It will lead to a
pushing force exerted on the needles that can significantly
increase as the needles grow. Once the pushing force finally
overcomes the adhesion of the needle on the substrate, the
needle can be suddenly ejected out of the laser spot.
Nevertheless, the plasmon-induced effects, such as electric/
magnetic resonance,12,68 plasmoelectric potential,69 hot elec-
trons70 and heating,71 could also involve in the formation of
nanostructures. However, as the wavelength of the laser
(980 nm) in this work is relatively far from the resonance of
silver nanostructures, light field distribution is still the key for
the formation of the NNs.

We summarize the roles of the focused laser beam in the
synthesis of silver NNs: (1) it induces the photochemical
reduction of Ag+ ions, (2) it facilitates the uniaxial growth of
needles by creating an inhomogeneous solution environment
and (3) it leads to strong thermophoresis in the solution,
which pushes the needles out of the laser spot. Here, we
emphasize that the synthesis of NNs is a dynamic process.
Needles may spin in the solution because of convection, which
can flip over the NNs before they deposit on the substrate,
thus resulting in a double-tapered structure as presented in

Fig. 2 HRTEM analysis of the silver NN. (a) Low magnification
TEM image of a silver NN. The inset shows the zoomed view of the
thinner end. (b) The corresponding SAED pattern from the thinner end.
(c) HRTEM image of the square-enclosed region in the inset of (a).
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Fig. S1.† These interesting dynamic movements including NN
ejection, flip-over and flowing back to the laser spot are pre-
sented in Movie S1,† and SEM images of the final products
containing ∼30 needles are presented in Fig. S6.†

Furthermore, we try to control the photochemical synthesis
by changing the parameters such as light intensity, reactant
concentrations and light distributions. First, we change the
laser power while maintaining the reactant concentration used
in Fig. 1. For the laser power below 100 mW, almost no NNs
can be formed as shown in Fig. S7.† With the increase of the
power from 100–150 mW, the yield of nano-needles increases.
However, for laser power larger than 150 mW, the reactant
solution will be evaporated which totally damages the reaction
environment. On the other hand, under the same excitation
conditions (120 mW), the reactant concentrations influence
the NN yield significantly. As shown in Fig. 3a and b, the
number of NNs increases from ∼2 to ∼40 when silver nitrate/
sodium citrate concentrations increase from 4 mM/6 mM to
6 mM/8 mM. For a higher concentration, the reduction of Ag+
ions could occur at room temperature even without laser illu-
mination. The uncontrolled consumption of Ag+ ions thus
limits the yield of the NNs. The size of the laser spot is
another key parameter for the NN synthesis. In our experi-
ment, it extends up to ∼10 µm providing an inhomogeneous
solution environment large enough for NNs growth. For a

larger photoexcitation area created by an objective with a mag-
nification 20× (NA = 0.4), longer nano-needles can be obtained
(Fig. 3c). Close-up views of two needles with longer lengths
13.3 µm (dD/dz = −0.005) and 8.5 µm (dD/dz = −0.01) are pre-
sented in Fig. 3d and e, respectively. Furthermore, by manipu-
lating the relative position of the laser spot during the NN
growth, we can actively control the morphologies of the
synthesized needles. As shown in Fig. S8 and Movie S3,† a
needle with a “big head” can be purposely synthesized by
moving the growing needle to the edge of the laser spot, which
can result from the Ostwald ripening induced by the sharp
decrease of Ag monomer concentration in the edge of the laser
spot.

2.3 Surface plasmon nanofocusing in silver NNs and remote-
excitation detection

In light of the tapered shape and atomically smooth surfaces
of the NNs, we demonstrate the potential use as a nanofocus-
ing and remote-excitation source. Fig. 4a shows a SEM image
of the investigated needle with a length of 6.4 µm and a dia-
meter attenuating from 220 to 75 nm. Launching the SPPs at
the thicker end with longitudinal polarization (see the ESI†), a
bright emission spot can be observed at the thin end of the
needle (Fig. 4b). It has been previously reported that the
damping of SPPs increases with decreasing diameter owing to

Fig. 3 Controlling yield and length of nano-needles by reactant concentrations and optical field. (a and b) SEM images showing the needle yield for
lower and higher silver nitrate/sodium citrate concentrations than used previously: (a) 4 mM/6 mM and (b) 6 mM/8 mM. The two reactants were
mixed in a volume ratio of 1 : 1, and the laser irradiation lasted for 60 s with an excitation power of 120 mW. (c) SEM image showing nano-needles
formed in the laser spot with a larger photoexcitation area. The irradiation time was 90 s. Silver nitrate and sodium citrate reactants with respective
concentrations of 6 mM and 8 mM were used in a volume ratio of 1 : 1. (d, e) Close-up views of the nano-needles, 1 and 2, indicated by the squares
in (c).
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the tighter field confinement.72 Nevertheless, the needle
shows the unique ability to channel SPPs over considerable
distances to the very small end with a diameter of only several
nanometers. To reveal the propagating properties of different
plasmon modes in the NN, we visualized the near-field distri-
bution along the needle by quantum dot- (QD) based local-
field imaging. As shown in Fig. 4c, a quasiperiodic node-like
field distribution along the needle was observed upon laser
illumination. This near-field spatial modulation, or “beat”,
along the needle originates from the superposition of different
propagating plasmon modes.73 For cylindrical nanowires in
uniform dielectric environments, the analytical eigenmode is
indexed with azimuthal quantum number “m” which is an
integer. Two lowest-order modes (m = 0 and m = −1) can be
excited by the parallel polarized light.72,74 For nanowires on
a dielectric substrate, these modes will be changed to H0

and H2 modes, respectively, due to the break of cylindrical
symmetry.75

H0 is a longitudinal mode with electrons oscillating parallel
to the wire axis, whereas H2 is a transverse mode with electrons
oscillating vertically to the substrate. The beat length, Λ, result-
ing from the constructive or destructive interference of the two
modes is determined by the relation: Λ = λ0/(nH0

− nH2
), where λ0

is the wavelength under vacuum, and nH0
and nH2

are the
effective refractive indices for the H0 and H2 modes, respec-
tively. For nanowires with a uniform diameter, the beat length
is constant, because the difference nH0

− nH2
is invariant along

the entire wire. For nano-needles, however, we found that the
beat length changes along the longitudinal axis. As shown in
Fig. 4c, the second beat near the excitation was ∼1.7 µm long,
covering part of the needle with the diameter attenuating from
200 to 140 nm, which corresponds to an average diameter of
170 nm. The third beat covering the thinner part of the needle
with an average diameter of 115 nm was found to be shorter
with a length of ∼1.0 µm. We also show that chiral plasmons76

can be formed by changing the incident polarizations (Fig. S9†).

Fig. 4 Near-field distributions of SPPs in silver nano-needles. (a) SEM image of a silver nano-needle with a length of 6.4 µm and diameters of
220 nm and 75 nm at each end. The scale bar is 2 µm in length. (b) Optical image of the nano-needle under excitation of a focused laser beam (λ =
633 nm) at the thicker end. The incident polarization is marked by the green arrow. (c) QD emission image of the nano-needle. The inset shows the
emission intensity profile along the nano-needle. (d) Calculated electric field distribution of propagating plasmons along the nano-needle with a
length of 6.4 µm and diameters decreasing from 200 nm to 100 nm. The needle was excited at the thicker end by a focused laser polarized parallel
to the longitudinal axis. Dark red and blue colors correspond to high and low intensities of the electric field, respectively. (e) Calculated effective
refractive indices, nH0

and nH2
, for the H0 and H2 modes as a function of needle diameter. (f ) Beat length as a function of needle diameter. The black

curve represents the calculated result using the effective refractive indices in (e), and the dots represent the experimental data with the diameter
being the average value for each observed beat length. The error bars are set as ±300 nm determined by the diffraction limit of the optical
microscope.
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Electromagnetic calculations of the plasmon modes were
performed based on a finite element method (see the ESI†).
Two plasmon modes, H0 and H2, can be excited upon parallel
polarized excitation (Fig. S10†). The calculated electric field
distribution resulted from the interference between the two
plasmon modes, H0 and H2, is shown in Fig. 4d. The promi-
nent experimental feature of decreasing beat lengths along the
propagation direction was well reproduced. The decreasing
beat length can be quantitatively evaluated by the relationship
of the effective refractive indices to the diameter. As shown in
Fig. 4e, the nH0

increases rapidly with the decrease of the dia-
meter, while the nH2

remains almost constant. The beat
lengths were then predicted with the relation Λ = λ0/(nH0

−
nH2

). As shown in Fig. 4f, the calculated beat lengths at
different diameters are in good agreement with the experi-
mental values. The effective refractive index for the H0 mode
that varies with the diameter (nH0

∝ 1/D) has important impli-
cations for plasmon nanofocusing.33 The focusing ability can
be evaluated by the eikonal parameter, δ = |D′d(k0nH0

)/dD|,
where δ indicates how fast the SPP wavelength changes along
the NN.33 Generally, δ < 1 is considered as an adiabatic focus-
ing process. As an example, the main body of the needle
shown in Fig. 1d exhibits an eikonal parameter of δ < 0.05,
which indicates an adiabatic regime of nanofocusing. With the
tapering of NNs, the propagating SPPs become increasingly
localized with negligible internal reflections and scattering. At
the very end, where the adiabatic approximation is not appli-
cable, δ could be larger than 1. As a consequence, the short
and sharp termination of the needle will give rise to a high
localization and enhancement of the near field.

To further visualize this process in silver NNs, near-field
measurement using scattering-type SNOM (s-SNOM) is carried
out. The 633 nm laser is focused on a metallized atomic force
microscope (AFM) probe tip, where plasmons can be excited
through the coupling between the tip and NNs. Plasmons pro-
pagating in the NNs are reflected at the termination of the
needles and return to the AFM tip, which are then out-scat-
tered to the far field. Optical pseudoheterodyne detection
records the scattering field of the reflected plasmons interfer-
ing with the light directly scattered from the local coupling
between the AFM tip and the NNs. By raster scanning the NN
with the AFM probe, the topography and optical signal image
beyond the diffraction limit can be obtained simultaneously
(see the ESI† for details). A typical result is presented in
Fig. 5a, where the topography measurement shows that the
length of the NN is 5.7 µm and diameters attenuate from
120 nm to only 10 nm. In the corresponding optical image
(Fig. 5b), a series of fringe patterns along the nano-needle is
observed. Interestingly, it is found that the neighbor fringe
spacing (ΔL) decreases gradually with the decrease of the
transverse diameter (Fig. 5c). As plasmons returning to the tip
experience twice the distance between the AFM tip and the
needle termination, the ΔL is determined by the relation: ΔL =
λo/(2neff ),

77 where neff is the effective refractive index of the pro-
pagating plasmon mode. Then, the dependence of neff on the
NN diameter can be extracted from the s-SNOM image.

Consistent with the result obtained by the QD imaging
method, neff is proportional to the 1/D (Fig. 5d), fulfilling the
requirement for adiabatic compression of surface plasmons.33

Additionally, a highly focused spot with a size of ∼20 nm
(close to the optical resolution of s-SNOM measurement) is
clearly observed at the sharp apex of the NN (inset of Fig. 5b),
which indicates the effective nanofocusing process that com-
presses the near field to the volume far beyond the diffraction
limit.

Through the adiabatic nanofocusing H0 mode, the giant
field at the tip of the NN structure is an ideal candidate for
remote-excitation sources. As shown in Fig. 6, efficient remote-
excitation nanofocusing SERS can be realized by launching
propagating plasmons of the H0 mode at the thick end and
detecting Raman signals from the sharp tip. The detection
limit of CV molecules can be as low as 10−9 M. At the same
time, the Raman signal can hardly be observed under trans-
verse polarized excitation, where non-nanofocusing mode H2

is launched. Moreover, we also demonstrated that the nano-
needles can be freely manipulated by a micromanipulator with
an optical fiber. In Fig. S11,† a NN connection is successfully
assembled. Plasmons launched in one NN can be effectively
coupled into another one. We even pick up one NN and install
it on a tapered fiber probe. Propagating SPPs can then be
launched via the fiber probe by the “end-fired” configuration
(Fig. S12†). It can be anticipated that these unique and easily
manipulated NNs will have potential for intracellular SERS
endoscopy, high resolution SERS imaging/sensing, building-
blocks of integrated nanophotonic networks,19 etc.

Fig. 5 Plasmon imaging of the silver nano-needle with s-SNOM.
(a) AFM image of a silver nano-needle with a length of 5.7 µm. The
enlarged view of the tip in the inset shows that the sharp apex is about
10 nm in size. (b) Plasmon image of the nano-needle shown in (a). The
inset shows that the near field is highly focused at the apex. (c) The
near-field intensity profiles along the cross lines i and ii in (b). (d) The
experimentally measured effective refractive index as a function of
nano-needle diameter.
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3. Conclusions

In summary, we have reported a novel approach to realize
ultra-smooth, silver NNs with a sharp tip, using focused
optical field induced photochemical synthesis. The tapered
morphology is the consequence of competing growth among
the different facets of the fcc structure in the inhomogeneous
growth environment created by the focused light field. These
photochemically synthesized NNs can guide SPPs over a con-
siderable distance and adiabatically compress the optical field
to the sharp apex with a diameter only several nanometers,
and thus can be a good candidate for remote-excitation
sources. The detection sensitivity of CV for this remote-exci-
tation nanofocusing SERS can be as low as 10−9 M. Moreover,
we also demonstrate the assembling and picking up of NNs by
a micromanipulator, which is promising for the applications
of intracellular SERS endoscopy, high-resolution SERS
imaging/sensing, building-blocks of integrated nanophotonic
networks, etc. As for the synthesis technique, we have showed
that the light field distribution can effectively tailor the mor-
phology of chemically synthesized nanostructures. These
results would also bring the methodology for controlled syn-
thesis of plasmonic nanostructures by designed optical field
distribution.
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