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Surface plasmon polaritons (SPP) were first theoretically
proposed in 1957 based on dielectric excitation of a thin metal

film by a charged particle.1 The excitation of SPPs was extensively
studied in 1980�1990s using electron energy loss spectroscopy
(EELS) by utilizing a fine electron probe in a scanning transmis-
sion electron microscope (STEM),2 which excites nanoparticles/
nanotubes of various geometrical shapes.3,4 The dielectric excita-
tion theory for plasmons in EELS is well established, which not
only can predict the plasmon energies, but also can give quanti-
tative results about the excitation probability as a function of the
electron impact factor and nanoparticle shape and size.5 However,
due to the limited energy resolution provided by EELS in STEM in
the order of 0.5�1 eV, the SPPs studied by EELS typically have
energy of a few electronvolts.

Recently, using a fine focused laser beam, SPPs with energies
from visible to near-infrared range have been studied for a range
of nanomaterials, such as nanowires (NWs), which can serve as
waveguides for plasmon propagation, and have the advantage of
localizing the electromagnetic energy in nanoscale regions that
are much smaller than the wavelengths of light in the material.6,7

Nanowire plasmonic waveguides also offer significant potential
for the miniaturization of optical signal processing/sensing
devices at the subwavelength scale and the integration of photo-
nic circuits with external devices to overcome the fundamental
data transmission rates and bandwidth limitations in conven-
tional electrical technology.8,9 As an efficient method to manip-
ulate light at the nanometer scale, plasmonic waveguiding has
been extensively investigated10�18 and has enabled a wide range
of applications including plasmonic routers and multiplexers,18

Bragg mirrors,19 interferometers,20 and electro-optic devices.21

The capability of plasmonic waveguides to localize the elec-
tromagnetic energy in nanoscale regions arises from the hybrid
nature of SPP, which is an electromagnetic wave coupled to
charge oscillation at the metal�dielectric interface. The electro-
magnetic field perpendicular to the interface decays exponen-
tially with distance from the surface. SPP can be laterally confined
below the diffraction limit and propagate over distances exceed-
ing tens of micrometers in silver, which is the material with the
lowest loss in visible spectrum.7 Various types of metallic
nanostructures such as nanoparticle chains,11,22 thin metal
films,23 metal slits,24 grooves,25 and nanowires26�30 have been
widely investigated to guide SPP modes for developing unique
nanophotonic systems and efficient delivery of light energy at
nanoscale as potential nanophotonic devices.

To design SPP-based devices, it is essential to study the energy
attenuation process in the plasmonic waveguides associated with
SPP propagation, such as intrinsic ohmic loss owing to absorption
in the metal7,12,31 and radiative energy loss resulting from dis-
continuities or continuous bending of the waveguides. In parti-
cular, the bending loss is a critical factor limiting the performance
of SPP modes as signal carriers in optical integrated devices.
However, few studies have been conducted to investigate the
bending loss in chemically synthesized nanowire waveguides due
to the difficulty in achieving continuous bending. The majority of
previous efforts have focused on structures such as metallic
stripes,32 wedges,33 grooves,25 splitters,34 and sharp bends,35�37
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ABSTRACT: Plasmonic waveguides made of metal nanowires
(NWs) possess significant potential for applications in inte-
grated photonic and electronic devices. Energy loss induced by
bending of a NW during light propagation is critical in affecting
its performance as a plasmonic waveguide. We report the
characterization of the pure bending loss in curved crystalline
silver NW plasmonic waveguides by decoupling the energy loss
caused by bending and propagation. The energy attenuation
coefficiency due purely to bending was also determined, which
exhibited an exponential relationship with the bending radius.
Finite-difference-time-domain (FDTD) methods were utilized
for theoretical simulations, which matched the experimental results well.
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which are fabricated by conventional lithography methods. These
structures usually suffer severe scattering loss compared with
chemically synthesized metal nanowires due to inevitable surface
corrugations originating from the metal evaporation process and
polycrystalline nature of these structures. The chemically synthe-
sized metal NWs can drastically enhance SPP propagation dis-
tances and are promising candidates for applications such as
interconnects in integrated optical and electronic circuits at
nanoscale, due to advantages such as high crystallinity and smooth
surfaces. Energy attenuation of propagating SPPs due to geome-
trical bending in chemically synthesized metal NWs, however, has
yet to be elucidated. Here we present experimental and theoretical
characterization of radiative loss of SPPs during the continuously
in situ bending process of single chemically synthesized silver
nanowires (Ag NWs). This continuous shape change of a Ag NW
to control the bending radius at one end was realized by
manipulating the NW using a tapered optical fiber.

The crystalline Ag NWs were synthesized using a two-step
modified seed-mediated growth method,38 yielding Ag NWs
with diameters ranging from 550 to 800 nm and lengths from 20
to 50 μm (see Supporting Information Figure S1). The synthe-
sized Ag NWs were purified via centrifugation in ethanol then
deionized water for several cycles in each solvent. The obtained
suspension solution of Ag NWs was then deposited onto a clean
glass substrate for subsequent manipulation. Several different
approaches have been developed for the excitation and char-
acterization of SPP modes in metallic structures.10,12,39�41 In the
present work, a near-field coupling method was adopted for the
efficient excitation of SPP in Ag NWs.30,31 This method can be
used to directly excite SPPs in the midsection of Ag NW where
light cannot be coupled into the waveguides directly from free
space.17,42 Specifically, the guided photonic modes in a tapered
optical fiber can be coupled to the plasmonic propagation modes
in the AgNWwhen the fiber and AgNW are placed close enough
to each other. The measurement of energy loss in the bent Ag
NW was carried out by comparing the intensity of emission light
at the bent end of Ag NW at different bending radii. Tapered
optical fibers with a tip diameter of around 800 nmwere fabricated
from standard silica fiber (Thorlabs, SMF28) by a method
reported elsewhere.43 The position and contacting direction of
the optical fiber can be precisely adjusted by a three-axis translation
stage. Two types of laser sources, a He�Ne laser emitting at a
wavelength of 633 nm and a laser diode emitting at 785 nm, the
latter stabilized by the current controller (Thorlabs, LDC205c)
and temperature controller (Thorlabs, TED200c), were used for
exciting SPPs in the Ag NWs. The incident light was first coupled
into a standard fiber (Thorlabs, P1-SMF28-FC) with a lens, then
squeezed into the nanofiber through a fiber coupler, resulting in
the quasi-circular-polarization guided modes (HE11 modes) with
high-fractional evanescent fields.44

In our experiment, two tapered optical fibers were employed
for different purposes: one for directing the excitation light into
Ag NW and the other for applying a force to bend the NW. The
natural adhesion of the Ag NW to the substrate is sufficient to
hold one end of the nanowire in place while the other is
manipulated with the fiber probe, but not so great as to prevent
manipulation of the Ag NW. When excited at the unbent end of
Ag NW, SPPs were propagating along the NW and partially
scattered into free space at the bent end of the NW. The emission
from the bent end of the NW was collected by a 50� objective
(numerical aperture 0.55) and the optical image was recorded by
a charge-coupled-device (CCD) camera mounted on the

microscope (Nikon Eclipse Ti inverted microscope). The in-
tensity of the emission was obtained by determining the max-
imum value in the emission spot from the optical image. The
bending radius was directly measured from bright-field optical
images obtained under wide-field illumination by a halogen lamp.

The propagation losses, including intrinsic ohmic loss arising
from metal absorption as well as scattering loss owing to the
variations of the metal surface morphology and fabrication
imperfections in Ag NW are inevitable in plasmonic waveguides.
Furthermore, the propagation losses may vary significantly from
structure to structure. Therefore, to determine the bending loss
in curved AgNWwaveguides, the propagation process in straight
Ag NW needs to be characterized first and then decoupled from
the effect of bending. For each measurement, the angle and
position of the tapered optical fiber for coupling light into the Ag
NWwas carefully adjusted until the coupling was optimized with
maximum emission light intensity at the bent end of Ag NW.
A 785 nm laser was used for the excitation of SPPs in the Ag NW
with diameter of 750 nm and length of 45 μm. By placing the
light-coupling tapered optical fiber at different locations along
the Ag NW, the propagation distance can be changed from 5 to
42 μm in step of 5 μm and the corresponding decrease in
intensity of the emitted light with increasing propagation dis-
tance was observed. Selected optical images are shown in
Figure 1a and the corresponding dark-field optical images are
shown in Figure 1b. By plotting the measured emission light
intensity at the output end of the Ag NW against varying
propagation distances x (Figure 1c), the effective propagation
length L0, the length at which the light intensity decreases to 1/e
of the initial value, can be determined by fitting the data to an
exponential decay

IðxÞ ¼ I0e
�x=L0 ð1Þ

where I0 is the initial intensity coupled into the input end of the
Ag NW. Then the propagation loss expressed in decibels (dB),
�10 log(I/I0), can be calculated and plotted as the red dotted
line in Figure 1c. The propagation length is found to be L0 = 10.6
μm (the distance that the corresponding energy loss is 4.3 dB)
for SPP propagation using 785 nm laser excitation, correspond-
ing to an attenuation coefficient R0 = 1/L0 = 0.094 μm�1. The
propagation loss per unit length along the Ag NW is then 0.41
dB/μm and the total propagation loss along the 45 μm long
nanowire is approximately 18.5 dB. In addition, the investigation
of propagation loss has also been carried out in several other Ag
NWs with different diameters and lengths and observed to range
from 0.35 dB/μm to 0.48 dB/μm, which is comparable to
previous results.42,45 Although the propagation loss decreases
as the diameter increases,6 the small variation observed here in
the measured propagation loss per unit length for the Ag NWs
results from the uniform distribution in diameter of the Ag NWs
investigated in this experiment (see Figure S1 in Supporting
Information).

Bending loss occurring in the curved NW during bending is a
radiative process that converts the energy from propagating
modes to free radiation. This occurs because bending changes
the momentum of kSPP, and the changed part ΔkSPP should be
compensated by the momentum of the light radiation. Bending
radii ranging from 5 to 32 μm in a Ag NW with diameter of
750 nm and length of 45 μmwas achieved by tapered optical fiber
manipulation. The results in Figure 2a are selected optical images
to demonstrate the continuous bending process in one Ag NW,
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where the bending section of the Ag NW is smooth and no
defects can be seen in the SEM image (inset in Figure 2a). The
intensities of the emitted light at the bent end of the Ag NW for
varying bending radius are measured in the dark-field optical
images, recorded in situ during the bending process (Figure 2b).
It can be clearly observed that the emitted light spot is dimer at
the bent end of the Ag NWwith decreasing bending radius when
the incident laser intensity is kept constant (Figure 2b). In
addition, there is no observable emission of light along the
curved section of the Ag NW. Since the bending is smooth over
a large length scale (tens of micrometers), the radiation is also
spread over a large area and may therefore be too weak to be
observed. It can be seen from the SEM image in the inset of
Figure 2a-5 that no discernible deformation or cracking of the
surface structure/morphology exists. The emission intensity can
be directly obtained by determining the maximum value in the
emission spot from the optical images in Figure 2b and thus the
total energy loss in the Ag NW can be acquired.

As discussed previously, the propagation loss exists whenever
SPP propagates along the plasmonic waveguides regardless its
local curvature. The propagation loss along the entire AgNWcan
be considered as a constant value (e.g., 18.5 dB in this Ag NW of

length around 45 μm) during the bending process since the
variation in the length of the Ag NW is insignificant. Conse-
quently, the energy loss resulting purely from the bending
process can be isolated by subtracting the propagation loss along
the entire Ag NW from the total energy loss. This pure bending
loss for the same Ag NW in Figure 2a plotted as the red dotted
curve in Figure 2c, exhibits an exponential attenuation trend with
increasing bending radius and achieves 11 dB when the bending
radius decreases to 5 μm (Figure S2 in Supporting Information).
The obvious dependency of bending loss on bending radius of Ag
NW demonstrates that the emitting light intensity at the output
end of bent Ag NW is sensitive to the shape deformation of NW,
which has the potential applications such as stress sensor.

For the description of bending loss, the simplest reasonable
assumption is that the emitted light intensity at the bent end of Ag
NWstill decays exponentially with the length of curved section but
with a different attenuation coefficient, which varies when the
bending radius changes.37 The expression is therefore proposed as

I ¼ I0e
�l=L0e�Rðl � x0Þ ð2Þ

where I0 is the initial input intensity, R is the parameter to depict

Figure 2. Measured bending loss for varying bending radii. (a) Images
1�5 are the selected bright-field optical images demonstrating the
bending process of the Ag NW with diameter of 750 nm, length of 45
μm, and bending radii of¥, 32, 16, 9, and 5 μm, respectively. The inset is
the SEM image of the curved section with scale bar of 350 nm. (b)
Images1�5 are the dark-field optical images for the corresponding
bending process. The emitted light at the bent end of Ag NW are
indicated by the red arrows and 785 nm laser is used for the excitation.
The scale bar is 5 μm in (a) 1�5 and (b) 1�5. (c) Pure bending loss as a
function of bending radius. The red curved line is the exponential fit to
the bending loss in the Ag NW at certain bending radius, which is
obtained by subtracting the propagation loss from the measurement of
emitted light intensity in (b) 1�5. Inset: geometry of the bent wire. The
length of the straight section is x0, and the bending radius is R.

Figure 1. Measured propagation losses for varying distances along the
Ag NW waveguide. (a) Bright-field optical images and (b) correspond-
ing dark field optical images are obtained for the AgNWwith diameter of
750 nm and length of 45 μm. A 785 nm laser, directed by the tapered
optical fiber (as indicated in inset (a) 2), is used for the excitation of SPPs
in the AgNW. The emitted light at the output end of Ag NW is shown in
(b) 1, (b) 2, and (b) 3 as indicated by the red arrows, which corresponds
to propagation distance of 11, 19, and 38 μm, respectively. The scale bar
is 5 μm. (c) The intensity of emitted light at the output end of the Ag
NW (black circles) and the corresponding propagation loss (red
squares) for different propagation distances. The black dotted curve is
the exponentially fitted emission intensity for different propagation
distances. The red dotted line is the linearly fitted propagation loss in dB
for varying distances along the Ag NW waveguide.

http://pubs.acs.org/action/showImage?doi=10.1021/nl104514m&iName=master.img-001.jpg&w=197&h=279
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the energy attenuation per unit length around the bending section
due to bending loss, l is the length of the AgNW, x0 represents the
length of the straight segment as shown in the inset of Figure 2c. In
the following calculation, x0 is taken as a constant since the
variation is small during the whole bending process, which is
confirmed by the measurement from bright-field optical images.
It is convenient to express the bending loss F in dB as

F ¼ � 10 log e�Rðl � x0Þ ¼ � 10 log
I
I0
� 10
2:3

l
L0

� �
ð3Þ

FromFigure 2c, the shape of the bending loss F as a function of the
bending radiusR can bemathematicallymatched if the attenuation
coefficient is a function of the form

R � Cge
�βR ð4Þ

whereCg and β are fitting parameters depending on the shape and
optical properties of the nanowires.37 Then the value of R at
certain bending radius can be calculated and shown in Figure S3
(see Supporting Information). It can be observed that the energy
attenuation coefficient R due to bending process exceeds that of
the propagation loss if the bending radius is less than 10 μm,
demonstrating that the bending loss plays an important part for the
contribution of energy attenuation at small bending radius. This is
important for the estimation of energy loss in the design of
practical SPP-based photonic circuits.

The electric field intensity distributions calculated using the
FDTD method are shown in Figure 3b (Lumerical FDTD
solutions). The geometry of the Ag NW is modeled as a cylinder
(diameter of 750 nm and length of 45 μm) on a glass substrate
(refractive index 1.5) as shown in the schematic picture
(Figure 3a). The electric field distribution in the straight segment
of Ag NW is not shown in Figure 3b as it does not suffer
deformation when Ag NW is curved. It can be observed that the
attenuation of electric field in Figure 3b-2 (bending radius is 25
μm) is very close to that of the straight one shown in Figure 3b-1,
and the intensity of electric field at the output end of Ag NW
decreases compared to the original straight one (see insets in
Figure 3b-1 and b-2). This difference is enhanced when the
bending radius of Ag NW decreases as shown in Figure 3b-3
(bending radius is 10 μm). The electric field decays quickly along
the bending section of AgNW and a small portion of electric field
distribution on the outside of the Ag NW is also observed, which
thus results in the very weak intensity of electric field distribution
at the output end of Ag NW (see the inset in Figure 3b-3). The
corresponding calculated bending loss plotted as a function of
bending radius in Figure 3c demonstrates that the bending loss
increases when the bending radius decreases, which is consistent
with the experimental observations. It should be, however, noted
that the influence of strain-induced crystalline structure change
on the bending loss, as well as the quantitative analysis of effect of
the polarizations of guided light on the bending loss need to be
addressed in theoretical and experimental work in the future.

The interaction between the surface charge oscillation and the
electromagnetic field results in the momentum mismatch be-
tween SPPmode (h9kspp) and a free space photon (h9kphoton). The
mismatch in momentum, h9Δk, needs to be compensated via a
scattering mechanism,7 which can be realized at the sites of either
discontinuity or defects where the symmetry in structure or
geometry is broken and light can thus be coupled into propagat-
ing surface plasmon modes. Vice versa, plasmon modes can also
be scattered in the form of photons at the output end of the NW.

The above two scenarios have been observed experimentally and
shown in Figures 2 and 4, respectively. In the case of Figure 2, the
chemically synthesized Ag NW with smooth surface does not
suffer observable bending-induced cracks or defects and only
light emitted at the output end of Ag NW can be observed. On
the contrary, defects or discontinuities such as cracks introduced
during the bending process can result in the propagating
plasmons, which are scattered into photons and observed as
bright light emitted spots at these defective sites, as shown in
Figure 4b. When there is no bending (Figure 4a-1) or the
bending radius is large (Figure 4a-2), no defective deformations
can be observed along the NW and the emitted light can only be
seen at the output end of the NW (Figure 4b-1,2). When the
bending radius gets smaller, on the other hand, sharp bends
together with cracks and defective sites can form easily as revealed
in SEM image (the inset of Figure 4a-3) and propagating SPPs can
be significantly scattered by these symmetry breaking sites into
free-space photons, observed as bright light spots and indicated by
the red dotted circles (Figure 4b-3). This is in accordance with the
phenomenon of radiation inNWwith kinks reported previously.26

The intensity of the right light spot is much weaker than the left
one probably because a great majority of light has been scattered

Figure 3. The calculated distribution of electric field intensity around a
Ag NW by the FDTD method. (a) Schematics of a Ag NW when it is
straight in (a) 1, and bent with bending radius of 25 μm in (a) 2 and 10
μm in (a) 3. (b) The calculated electric field distribution. The insets
show the corresponding distribution of electric field intensity at the
output end of Ag NW. Themaximum intensity of color bar in the inset is
27 times lower than that of the color bar shown on the bottom. The scale
bar is 1 μm. (c) The caculated bending loss as a function of bending
radius (in blue). The observed experimental results as in Figure 2c are
also shown for comparison (in red).

http://pubs.acs.org/action/showImage?doi=10.1021/nl104514m&iName=master.img-003.jpg&w=240&h=305
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out by the left-hand defects when the propagating SPPs arrives and
thus only a small portion of propagating SPPs exists in Ag NW
before arriving the right-hand one.

Since a large amount of the propagating modes are scattered
out into photons at these two positions, the emitted light at the
end of Ag NW is weak compared to those in Figure 4b-1,2, as
indicated by the red arrowheads. Therefore, SPP propagation
upon abrupt discontinuities can be scattered significantly into
free-space photons (Supporting Information Figure S4), com-
pared with the situation that the symmetry is gently broken over
large length scales, as previously demonstrated in Figure 2a and
Figure 4a-2, where SPPs cannot be coupled out in an efficient
manner and hence no observable emission of light can be seen.
Unlike light emitted at the defective sites of the Ag NW that
appears as bright spots (Figure 4b-3), the radiative loss along the
smooth bending section is too weak to be directly recorded by
CCD camera. To study the radiative loss in the curved Ag NW, it
is essential to investigate the variation of emitted light intensity
with varying bending radius including the initial straight Ag NW,
which can be taken as the nanowire with infinite bending radius.
The sharp bends, on the other hand, can be intentionally made to
scatter the SPP modes into free space photons for the special
purpose when SPPs are served as information carrier in the future
integrated photonic circuits and devices.

The dependence of energy loss in bent Ag NW on other
parameters such as the wavelength of excitation light and the
diameter of the NW waveguide has also been investigated. The
lasers with wavelength of 785 and 633 nm were used respectively
for the excitation. More significant energy loss was observed for
longer wavelength excitation at bending radius ranging from 5 to
32 μm as shown in Figure 5a. This is different from the propaga-
tion losswhich tends to decrease in longerwavelength.46However,
considering the relative bending radius Reff, which is defined here
asReff = R/λ, that is, 1.24 times larger for 633 nm than 785 nm, the
energy loss versus Reff is actually quite similar for different

wavelengths (see Supporting Information Figure S5). This in-
dicates that the bending loss for different wavelength of excitation
laser in Ag NW follows such a scaling law.

It is also observed that the bending loss in curved Ag NW
increases as the diameter of the NW becomes larger at fixed
excitation wavelength and bending radius as shown in Figure 5b.
Under the excitation of 785 nm laser, the bending loss is
suppressed when the diameter of Ag NWs decreases from 750
to 580 nm for fixed bending radius. It is known that SPPs are
excited and propagated in different modes in Ag NWs, and the
higher-modes will possess increased portion when the diameter of
NWs becomes larger. Since themomentum of higher ordermodes
is closer to that of the emitted photons,47 the thickerNWcan serve
more radiative loss than the thinner one as observed in Figure 5b.
These experimental observations are well consistent with our
simulation result (see Figure S6 in Supporting Information).

In conclusion, the bending loss of SPP propagation in Ag NW
of bending radius ranging from 5 to 32 μm has been investigated.
The precise control of the incident laser spot position enables us
to obtain the propagation loss of SPP propagating in the Ag

Figure 5. Dependence of pure bending loss on the wavelength of
excitation light and the diameter of the AgNWwaveguides. (a) The pure
bending loss in the Ag NWwith a 785 nm laser and a 633 nm laser as the
excitation source. The diameter of the Ag NW is 750 nm. (b) The pure
bending loss in Ag NWs with a diameter of 580, 660, and 750 nm,
respectively, when the 785 nm laser is used for excitation. Symbols
represent the measured data and the dashed lines are the corresponding
fits to the data as described in the text.

Figure 4. Effect of discontinuities and defects in the Ag NW on the
propagation of SPPs. (a) Bright-field optical images demonstrating the
bending process of the AgNWwith diameter of 800 nm and length of 40
μm. No observable fracture or defect can be seen in (a) 1 and (a) 2. In
(a) 3, however, a fracture and a defect can be observed in the areas
indicated by the white dotted lines. Insets are the SEM images with the
scale bar of 500 nm. (b) Images 1�3 are the corresponding dark-field
optical images. No bright spot can be seen along the AgNWbetween the
output and input ends in (b) 1 and (b) 2, while two bright emission spots
appear at the defective sites of the AgNW in (a) 3. The scale bar is 5 μm.

http://pubs.acs.org/action/showImage?doi=10.1021/nl104514m&iName=master.img-004.jpg&w=240&h=354
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NWs. FDTD method was utilized for simulating the SPP
propagation in bent Ag NWs, and the simulation results agree
well with the experimental results. The energy loss in a bent Ag
NW is also influenced by the wavelength of the excitation laser
and the diameter of the Ag NW. In addition, the effect of
discontinuity and defects for the scattering of propagating SPPs
modes from Ag NW waveguides to the free space light has been
demonstrated. The quantitatively and qualitative investigation of
bending loss in Ag NW waveguides is insightful for the future
SPP-based photonic circuits and devices.
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