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Light-emitting conjugated polymer nanowires are vertically grown
and remotely manipulated into a freestanding straight or curved
structure in three-dimension. This approach enabled us to eliminate
substrate coupling, a critical issue in nanowire photonics in the past
decade. We for the first time accomplished characterization of prop-
agation and bending losses of nanowires completely decoupled from
a substrate.

Nanowire photonics is an emerging research area in various
photonic and optoelectronic applications." Understanding light
propagation in nanowires is of particular significance in
nanowire photonics due to its practical importance in applica-
tions and fundamental interest in their distinctive optical
properties.>® Needless to say, the primary characteristic of light
propagation in nanowires is propagation loss, the energy loss
originated from the absorption and scattering of the light in the
medium. Propagation loss is commonly measured because it
affects various performances such as lasing threshold in laser
sources, power loss in waveguides and so on.>*** Another
important characteristic is bending loss, the energy loss
induced by bending in a curved nanowire. In fact, bending is
routinely observed in nanowire photonics not only for indi-
vidual devices including interferometers,® couplers, and reso-
nators,>'* but also for complex routes towards waveguides.”
Propagation loss and bending loss have been characterized
mostly for nanowires supported by a substrate,>*” possibly
resulting in inaccurate estimates due to the unwanted light
interaction between nanowires and the underlying substrate,
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also known as substrate coupling.>®**"** Substrate coupling that
is hardly excluded without complete air-cladding®''>" is a
universal issue in nanowire photonics for organic,*”
ganic>'* and metal® nanowires. To characterize propagation loss
of nanowires in the absence of substrate coupling, several
strategies including suspended nanowires over a micro-trench
have been proposed.*'> However, the strategies require elabo-
rate nanowire manipulation that may cause physical damage to
the nanowires. Characterization of bending loss in the absence
of substrate coupling is furthermore a challenge.'* It is not easy
to bend into desired curvatures a single nanowire with complete
air-cladding.

Here we present versatile nanotechnology that enables
characterization of light propagation in both straight and
curved nanowires in the absence of substrate coupling. The
essential idea is based on direct growth of a freestanding active
nanowire and remote manipulation of the nanowire in three-
dimension.

To begin with, freestanding nanowires were grown by the
meniscus guided solidification method, recently developed for
versatile fabrication of polymer nanowires in three-dimensional
structures.'>'® The key feature of the method is that it relies on
confined solidification of a polymer solution within a nanoscale
meniscus (Fig. 1a, see the ESIt for details). Freestanding
nanowires can be generated by guiding the meniscus upward in
the air using a micropipette (Fig. 1a). Poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) was selected
as the nanowire material owing to its feasibility of various
applications."”*® Formation of MEH-PPV nanowires is very
difficult via typical fabrication methods, such as electro-
spinning, because of the limited solubility of conjugated poly-
mers.>" The meniscus guided method, however, enables ready
growth of conjugated polymer nanowires based on using low
concentration solutions (Fig. S1f). In fact, this approach
allowed us to grow freestanding MEH-PPV nanowires with
smooth surfaces, as seen in the scanning electron micrograph
of Fig. 1a, at desired positions with engineered diameters on
various substrates. Diameter engineering with highly smooth
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Fig. 1 Growth and three-dimensional remote manipulation of the nanowire. (a) Growth of a vertical nanowire by guiding the meniscus of
polymer solution. Inset: scanning electron micrograph of the nanowire. Scale bar, 500 nm. (b) and (c) Electrostatic manipulation to hold up a
nanowire into a straight nanowire (b) or to bend into a curved nanowire (c) with complete air-cladding in three-dimensional space. Propagation
loss was characterized using a stationary focused laser while moving down the nanowire. Bending loss was also characterized using the focused

laser while bending the nanowire.

surface promises the utility of the method not only for funda-
mental characterizations, but also for nanowire growth itself as
powerful nanotechnology.

Remote manipulation of the freestanding active nanowires
allowed us to characterize propagation and bending losses in
the absence of substrate coupling. We first describe character-
ization of propagation loss of the nanowires. Our strategy for
remote manipulation is to directly hold up an as-grown nano-
wire in the air by electrostatic attraction between the nanowire
top and a charged micropipette (Fig. 1b, Fig. S17), providing a
straight nanowire with complete air-cladding. Detailed optical
characterization (Fig. 2a—c) is described in the ESLf

The attenuation of the measured output intensities for an
MEH-PPV nanowire with a diameter of 295 nm (black circles in
Fig. 2d) follows first-order exponential decay (black dashed line)
of the Lambert-Beer law, I = I, exp(—ax) where I and I, are the
output and input intensities respectively, « is the attenuation
coefficient, and x is the propagation distance. The attenuation
coefficient estimated is 0.042 pm™", which is comparable to
those of high quality conjugated polymer nanowires® (see ESIT
2. for details). From the propagation loss expressed in decibels
(dB), —10 logo (I/I,), plotted as red triangles in Fig. 2d with a
linear fit as a red dashed line, the propagation loss per unit
length is estimated to be 0.19 dB um ™. Notably, the measured
propagation loss is solely due to the attenuation of the nano-
wire, unaffected by substrate coupling, as manifested by the
complete air-cladding of the straight nanowire. The attenuation
of the nanowire can be originated from reabsorption by the
active material, variations in molecular dipole orientation, and
scattering due to surface roughness®* (see ESIt 3 for detailed
discussion).

We now describe characterization of the bending loss of the
nanowires with complete air-cladding. It is a challenge to bend
a straight nanowire with complete air-cladding systematically.
By controlling the movement of a charged micropipette, we
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Fig. 2 Characterization of propagation loss in an MEH-PPV nano-
wire with a diameter of 295 nm with complete air-cladding. (a-c)
The left- and right-hand pictures in (a), (b), and (c) are transmission
and photoluminescence (PL) micrographs respectively with
decreasing propagation distance (a to c). Propagation loss is
characterized by collecting scattered PL at the upper end (yellow
squares), excited by a focused 405 nm GaN laser beam centered at
the middle part (white arrows). Scale bar, 3 um. (d) Propagated
output intensities (black circles) and the corresponding propaga-
tion losses (red triangles) against the propagation distance. Black
and red dashed lines are fitting of first-order exponential decay and
linear curves respectively.
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were able to remotely bend the nanowires into desired curva-
tures in three-dimension (Fig. 1c). Fig. 3b and ¢ demonstrate
two representative bending states of a curved nanowire with
complete air-cladding, manipulated from a straight nanowire
(Fig. 3a). Detailed optical characterization (Fig. 3a-c) is
described in the ESL{

In sharp contrast to partial air-cladding in nanowires sup-
ported by a substrate,**” complete air-cladding in our system
can be regarded as symmetric cladding like optical fibers. The
bending loss, measured for the same nanowire as in Fig. 2,
follows double exponential dependency on the bending radius
(Fig. 3d), similar to those in optical fibers.>*** The empirical
expression for the attenuation of the ‘curved’ nanowire can be
modified to be I = I, exp(—ax)exp(—~l), where y ~ C; exp(—C,R),
v is the attenuation coefficient for bending loss, [ is the length of
the bent region, R is the bending radius, C; and C, are fitting
parameters for the geometry and optical properties of the
nanowire.”*® The attenuation by bending is then calculated to be
exp(—~!) ~ exp(—C;(exp(—C,R))) by dividing the output intensity
of the bent nanowire by that of the straight one before bending,
showing double exponential dependency on bending radius R.
Indeed, the bending loss in Fig. 3d is well matched with the
double exponential dependency of the attenuation on R, as fitted
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Fig. 3 Characterization of bending loss in an MEH-PPV nanowire with
a diameter of 295 nm with complete air-cladding. (a—c) The left- and
right-hand pictures in (a), (b), and (c) are transmission and photo-
luminescence (PL) micrographs respectively with decreasing bending
radius (a to c). Bending loss is characterized by collecting scattered PL
at the upper end of the nanowire (yellow squares), excited by a focused
GaN 405 nm laser beam centered at a bottom straight part (white
arrows). Scale bar, 3 um. (d) Bending loss (red circles) against the
bending radius fitted with the exponential decay curve (red dashed
lines).
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by the red dashed line. The exponential dependency also agrees
with our 3D-FDTD simulation results for bending loss of the
nanowires (Fig. S21) as well as previous 3D-FDTD simulation
results,”® both performed under the assumption of complete
symmetric air-cladding.

Bending loss involves energy losses caused by the velocity
mismatch of the outer evanescent field and the distortion of the
modal field,>** which also contribute to the enhancement of the
evanescent field around the bent region,**** as seen in Fig. S3.}
For a nanowire supported by a substrate, the enhanced field can
induce an increase in energy loss by substrate coupling, possibly
leading to an overestimation of the bending loss. Therefore,
complete air-cladding is necessary to characterize the actual
bending loss of the nanowire, unaffected by substrate effects.

We further investigated scale dependencies of the propaga-
tion and bending losses. The propagation loss for a series of
nanowires with different diameters in Fig. 4a consistently
showed first order exponential dependency of attenuation
against the propagation distance. The larger loss in the smaller
diameter is attributed to scattering of the enlarged evanescent
field by surface contamination, as reported in nanofibers with
complete air-cladding.”® The bending loss, characterized for the
same nanowires, consistently showed double exponential
dependency of attenuation against the bending radius as well
(Fig. 4b). The larger loss in the smaller diameter is attributed to
coupling of the enlarged evanescent field to the radiation
mode,”>*” and agrees with the 3D-FDTD simulation result in
Fig. S2.f We believe that diameter and length engineering
together with manipulation at complete air-cladding, established
in our approach, would also contribute to the understanding of
various scale dependent fundamental physics in nanowire
photonics.
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Fig.4 Scale dependencies of the propagation loss and bending loss of
MEH-PPV nanowires with complete air-cladding. (a) Propagation loss
of nanowires with different diameters, 295 nm, 357 nm, and 377 nm. (b)
Bending loss for the same nanowires.
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Fig. 5 Substrate effect on propagation loss. Propagation losses of an
MEH-PPV nanowire with a diameter of 340 nm with complete air-
cladding (red circles) and MgF, substrate supported (green circles).

To investigate the effect of substrate coupling, we charac-
terized the propagation loss of an MEH-PPV freestanding
nanowire with complete air-cladding that was vertically grown
on a MgF, substrate (red circles in Fig. 5). The same nanowire
was also characterized after being laid on the substrate (green
circles in Fig. 5). MgF, substrate is widely used to minimize
substrate coupling. Showing exponential dependency, the
propagation loss per unit length for the nanowire supported by
a substrate is very large, 0.29 dB um ™, almost double that with
complete air-cladding, 0.16 dB um™'. The difference of the
attenuation coefficients in the two cases, estimated to be 0.027
um™, is attributed to substrate coupling. From this we suggest
a simple empirical model for attenuation: I = I, exp(—(« + 0)x),
where ¢ (0.027 pm " in Fig. 5) is the attenuation coefficient for
additional loss by substrate coupling (Fig. S471). Explicit esti-
mation of the attenuation coefficient, separating contributions
of propagation and substrate coupling, deepens fundamental
understanding of light propagation in nanowires and presents
practical utility of our nanotechnology in designing nanoscale
photonic devices.

Conclusions

In conclusion, our results indicate that light propagation in
nanowires can be properly understood when complete air-
cladding is satisfied. We presented novel nanotechnology that
enables characterization of light propagation not only in straight
but also in curved active nanowires with complete air-cladding
based on three-dimensional growth and remote manipulation of
conjugated polymer nanowires. We correctly identified expo-
nential dependencies in propagation and bending losses of
MEH-PPV active nanowires. We evidenced that the loss by
substrate coupling has first-order exponential dependency with
propagation distance. Our method can provide not only funda-
mental understanding in nanowire photonics but also general
utility across nanoscience and nanotechnology.
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