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A technique to couple near-infrared (IR) light into organic nanofibres that function as active optical waveguides by utilising Raman scattering
is developed. Using this technique, light was coupled with λ = 800–910 nm into an organic nanofibre of thiacyanine (TC) dye and waveguiding
properties in this wavelength range were investigated. A number of organic nanofibres, including TC nanofibres, have been found to function
as active waveguides that propagate their own fluorescence along themselves. The waveguiding properties of these nanofibres have been
extensively investigated in their fluorescence wavelength range, which is usually in the ultraviolet to visible region. However, their
waveguiding properties outside of the fluorescence range are completely unknown because of the difficulties in coupling light from an
external light source. The technique enables coupling of light with various wavelengths from the visible to the near-IR into nanofibre
waveguides and investigation of the waveguiding properties at these wavelengths.
1. Introduction: Single-crystalline micro/nanofibres that are
self-assembled from some classes of organic dyes and
luminescent molecules have been found to function as active
waveguides that propagate the fluorescence generated by optical
excitation along the fibre axis [1–4]. Owing to their nanoscale
dimensions, high mechanical flexibility and low-loss waveguiding
properties, including extremely small bending losses [5, 6], these
nanofibre waveguides have attracted considerable attention for
nanophotonics applications, such as waveguides in miniaturised
photonic circuits, nanofibre lasers, and nanoscale optical devices
and sensors [7–15].
Due to these nanofibre waveguides propagate their own fluores-

cence, waveguiding can be observed only in the wavelength range
of their fluorescence band. Consequently, their waveguiding prop-
erties can be studied only in this wavelength range, which is
usually from ultraviolet to visible, and those at wavelengths
outside the fluorescence band are completely unknown.
Therefore, one obvious question is whether these nanofibres also
exhibit excellent waveguiding properties for wavelengths outside
their fluorescence band. In particular, the waveguiding properties
for near-infrared (IR) light are of great interest. In our previous
studies, we demonstrated that photonic circuit components, such
as microring resonators and Mach–Zehnder interferometers, could
be fabricated on the micrometre scale using organic dye nanofibres
and that they exhibited considerably high performance in the visible
wavelength range [7, 8]. If these components also function in the
near-IR wavelength range, they are promising for telecommunica-
tion device applications. To investigate the waveguiding properties
for near-IR light, one has to couple the light into the nanofibres.
However, it is technically very challenging to couple light from
an external light source into nanofibres because of their nanoscale
dimensions. Therefore, a technique to couple light via an active
waveguiding process should be developed.
Here, we demonstrate that near-IR light can be coupled into

organic nanofibre waveguides by utilising Raman scattering. As a
sample, we used a nanofibre of thiacyanine (TC) dye (Fig. 1a)
that propagates its fluorescence in the visible wavelength range
(480–600 nm) by exciting it with a laser beam at λ = 405 nm. In
this Letter, we illuminated the TC nanofibre with a focused laser
beam at λ = 785 nm and observed that the Raman scattering with
λ = 800–910 nm that was generated at the laser spot propagated
along the nanofibre over its entire length of a few hundred
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micrometres. Propagation of Raman scattering along
quasi-one-dimensional organic structures (tubular structures) was
recently reported by Chandrasekhar et al. [16–18]. They mapped
the spatial distribution of the Raman scattering over the tubes. In
contrast, we measured the spectrum of light outcoupled from the
fibre tip and quantitatively investigated the waveguiding properties
of the TC nanofibre in the near-IR region.

2. Experimental section
2.1. Sample preparation: Approximately 0.2 mM TC solution was
obtained by dissolving TC in hot water at ∼45°C. Then, the
solution was cooled to room temperature, resulting in
self-assembly of the TC molecules into single-crystalline
nanofibres with lengths of up to ∼300 μm. The nanofibres had a
rectangular cross section, and their width d could be controlled
from ∼20 nm to a few micrometres by varying the solution
temperature and/or cooling speed [19]. A high solution
temperature and rapid cooling result in the formation of narrower
nanofibres. The samples were prepared by depositing the solution
containing the nanofibres onto a glass substrate (microscope
cover glass, 18 × 18 mm) and allowing the water to evaporate.

2.2. Optical measurements: An epi-illumination microscope
(Olympus) equipped with a motorised stage (Prior) was used
(Fig. 1b). The output of a continuous-wave diode laser (λ = 785
nm) was coupled to the microscope, directed toward the sample
by a dichroic mirror (Semrock), and focused onto the sample
with a 50 × IR objective lens (Olympus). The laser power at the
sample was ∼10 mW. Scattered light from the sample was
collected by the same objective lens and imaged onto the
entrance slits of an imaging monochromator (Acton Research,
SpectraPro 2150) through a long-pass filter (Semrock) that
blocked the excitation laser. The light passing through the slits
was recorded by a liquid-nitrogen-cooled back-illuminated
charge-coupled device (CCD) camera (Princeton Instruments,
Spec10, 1340 pixels × 400 pixels). The quantum efficiency of
the CCD camera is ∼80% at λ = 800 nm and drops to ∼50% at
λ = 900 nm. The captured image was spectrally and spatially
resolved along the horizontal and vertical axes of the CCD
camera, respectively.

To measure the waveguiding properties, a straight nanofibre was
selected and positioned such that it was imaged between the entrance
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Fig. 3 Spatially resolved fluorescence spectra of a TC nanofibre
a Fluorescence microscopy image of the straight nanofibre obtained by
exciting the position labeled Exc
b Spatially resolved fluorescence spectrum at Exc
c Spatially resolved spectrum at the tip

Fig. 2 Fluorescence guiding along a TC nanofibre
a Optical micrograph of a TC nanofibre on a glass substrate (arrows indicate
the tips of the fibre); inset: SEM image (scale bar is 1 μm)
b Fluorescence microscopy image of the nanofibre obtained by exciting the
position indicated as Exc

Fig. 1 Schematic representation of experimental setup
a Chemical formula of TC
b Schematic of the experimental setup
c Left: a nanofibre imaged between the entrance slits of the monochromator
(X is the distance between the laser spot and the nanofibre tip); right: an
image captured by the CCD camera
slits of the monochromator by translating and rotating the sample
(Fig. 1c). In this nanofibre orientation, the laser was polarised perpen-
dicular to the fibre axis. Since the nanofibre was imaged between the
entrance slits, the scattering from the position of the laser spot and
outcoupled light from the fibre tip passed through the entrance slits
and were recorded by the CCD camera. The spectra at both positions
were obtained by extracting the horizontal cross sections of the
image. The spectral and spatial resolutions were ∼0.4 nm and ∼1
μm, respectively. These spectra were measured while the excited pos-
ition was moved along the nanofibre by translating the sample in a
direction parallel to the slits, namely by changing the distance, X,
between the laser spot and the nanofibre tip. The obtained set of
spectra was then analysed to evaluate the propagation loss.

The setup used to measure the fluorescence guiding was essen-
tially the same as that described above. A continuous-wave diode
laser (λ = 405 nm), a set of a dichroic mirror and a long-pass filter
(Omega optical), which were adequate for the excitation wave-
length, and a 40× objective lens for visible light (Olympus) were
used [20].

3. Results and discussion
3.1. Fluorescence guiding along a TC nanofibre: To clarify the
difference in the waveguiding properties for visible light
(fluorescence) and near-IR light (Raman scattering), first, we
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briefly describe and discuss the fluorescence guiding properties of
TC nanofibres, which we investigated in our previous studies [1,
20]. Fig. 2a shows an optical micrograph of a TC nanofibre with
a length of ∼250 μm and d ; 400 nm that has been transferred
onto a glass substrate. A scanning electron microscopy (SEM)
image shows that the nanofibre has a very smooth surface (inset
in Fig. 2a). When the point labelled “Exc.” (position indicated in
Fig. 2b) was illuminated with a focused 405 nm laser, which
excites the exciton absorption band of the nanofibre, bright
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fluorescence spots were observed at both fibre tips, demonstrating
the active fluorescence guiding behaviour (Fig. 2b).
Fig. 3a shows a fluorescence microscopy image of a straight TC

nanofibre (d ; 400 nm) recorded by exciting the point labelled Exc.
The distance between that point and the tip (X ) was 85.5 μm. By
applying spatially resolved fluorescence microscopy as described
in the Experimental section, the spectra at the excitation point
and at the tip were obtained. The spectrum at the excitation point,
which corresponds to the fluorescence spectrum of the nanofibre,
Fig. 4 Spatially resolved spectra of the nanofibre obtained by illuminating it
with a laser beam at λ= 785 nm (see the inset of a)
a Spectrum at the position of the laser spot, which corresponds to the Raman
spectrum of the nanofibre
b–f Spectra measured at the nanofibre tip obtained by varying X from 5.6 to
68.0 μm
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shows fluorescence between 460 and 600 nm (Fig. 3b). In contrast,
the spectrum at the tip shows fluorescence between 490 and 600 nm
(Fig. 3c). These spectra indicate that fluorescence at λ = 460–490
nm is attenuated during propagation, whereas that at λ = 490–600
nm propagates to the tip.

By recording the spectra at the tip for various X values, we can
quantitatively determine the wavelength-dependent propagation
loss via the procedure given in the next section. Our previous
studies showed that for nanofibres with d = 400–800 nm, the loss
at long wavelengths (λ = 520–600 nm) is small (<1 dB/100 μm)
and increases with decreasing λ [20]. Moreover, we applied spatial-
ly resolved fluorescence microscopy to bent nanofibres and
observed that the fluorescence transmitted through sharply bent
nanofibres with micron-scale radii of curvature suffered only
small bending losses [5]. We revealed that the small bending
losses can be attributed to the exciton polariton effect [21].
Namely, the guided fluorescence couples with excitons and forms
exciton polaritons, which are strongly coupled states of photons
and excitons [22, 23]. Polariton formation results in a substantially
large high the refractive index of the nanofibres, which leads to
small bending losses.

3.2. Raman scattering guiding along a TC nanofibre: To couple
near-IR light into a TC nanofibre and investigate its waveguiding
properties in this wavelength region, here we used Raman
scattering instead of fluorescence emission. A nanofibre with d ;
800 nm was illuminated with a focused laser beam at λ = 785 nm
Fig. 5
a Normalised intensities of peaks A–E in Fig. 4a plotted as functions of X
(symbols) and best fitted curves
b Plot of the losses for X = 100 μm as a function of λ

125
& The Institution of Engineering and Technology 2016



(spot size: ∼1 μm) (inset in Fig. 4a), and the spectra at the laser spot
and the tip were recorded using spatially resolved microscopy.
Fig. 4a shows the spectrum at the laser spot, which corresponds to
the Raman spectrum of the nanofibre. Sharp Raman peaks were
clearly observed in a wavelength range of 800–915 nm, which
corresponds to a Raman shift of 200–1800 cm−1 (see the top axis).
The spectral range was limited to λ <∼915 nm by the sensitivity
of the CCD camera. The features of the obtained Raman spectrum
were similar to those of the spectra of other cyanines and TCs,
both in solution and in their crystalline (aggregate) phase [24–26].
The Raman peaks observed in this wavenumber region were
assigned to C–C stretching vibrations, CH out-of-plane bending
vibrations, C = C stretching vibrations, and their coupled modes.
The assignments of the individual Raman peaks in our spectrum
are not given in this Letter because that is outside the scope of the
present study.

Figs. 4b–f show the spectra at the tip of the nanofibre recorded
while X was varied from 5.6 to 68.0 μm. These spectra exhibit
peaks at the same positions as the Raman peaks shown in
Fig. 4a, indicating that the Raman scattering generated at the
laser spot propagated to the tip and that near-IR light was
coupled into the TC nanofibre.

We quantitatively analysed the propagation loss of the TC nano-
fibre for near-IR light as follows: First, the intensities of the peaks in
the spectra at the tip (Figs. 4b–f) were normalised with respect to
those of the corresponding peaks in the Raman spectra measured
at the laser spot (Fig. 4a). Then, the normalised intensities were
plotted as a function of X. As an example, the plots of several
peaks (marked A–E in Fig. 4a) are shown in Fig. 5a (symbols).
The data points show a gradual decrease with increasing X, which
is attributed to the propagation loss. These data points were fitted
by an exponential decay function expressed as I(X ) = I0 exp
(−αX), where I0 is the normalisation coefficient, and α is a fitting
parameter (solid curves). Using the obtained values of α, the propa-
gation loss across a distance X can be evaluated using the equation L
(X ) =−10 log[I(X )/I0] dB =−10 log[exp(−αX)] dB. We conducted
this analysis for the nine major Raman peaks in the spectra and
evaluated the losses for X = 100 μm [L(100)], which are plotted in
Fig. 5b as a function of λ. For the short-wavelength side, λ < 880
nm, the nanofibre exhibited a relatively small propagation loss of
∼4 dB/100 μm. This value is a few times larger than that for
λ = 500−600 nm measured via fluorescence guiding [20]. The
light–exciton coupling (the polariton effect) in the near-IR region
should be weaker than that in the visible region because of the
large energy difference between near-IR light and the exciton ab-
sorption band, which is located around λ = 400 nm [1]. The weak
polariton effect leads to a small refractive index; thus, confinement
of light in the nanofibre is weak. Therefore, the weak confinement,
which results in more leakage of light from the nanofibre, can prob-
ably be attributed to the greater propagation loss in the near-IR
region compared with that in the visible region. For the long-
wavelength side, λ = 880−900 nm, the loss increased slightly to 5
−6 dB/100 μm. This supports the weakening of the confinement
with increasing λ. To support the above discussion, we will numer-
ically calculate the waveguiding properties in our future work.

The technique developed in this Letter has two major advantages.
First, it can be applied to any nanofibre waveguide regardless of
whether it is organic or inorganic, as long as it has Raman-active
vibrational modes. Second, light with a wide wavelength range
can be coupled into nanofibres by varying the wavelength of the ex-
citation laser. In this Letter, we presented the results obtained using
a 785 nm excitation laser. We also conducted the same experiment
using a 632 nm laser (He–Ne laser) and observed that light with λ >
650 nm could be coupled into the nanofibres. If suitable optical
components and a detector are employed, it is possible to couple
light with λ > 1 μm into nanofibres by using, for example a 1.06
μm laser. This will enable us to study the waveguiding properties
of the nanofibres for the telecommunication wavelengths of 1.3
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−1.5 μm. The waveguiding properties in this wavelength range
are particularly important for examining the feasibility of telecom-
munication device applications of the nanofibres.

4. Conclusion: We developed a technique to couple near-IR light
into organic nanofibre waveguides by utilising Raman scattering.
As a sample, we used a nanofibre of TC, which propagates its
fluorescence in the visible wavelength range (480–600 nm). We
illuminated TC nanofibres with a laser beam at λ = 785 nm and
observed that Raman scattering with λ = 800–910 nm generated
at the laser spot propagated to the fibre tips over a distance of
∼100 μm. We quantitatively investigated the waveguiding
properties of the TC nanofibres for the near-IR range. The loss
was ∼4 dB/100 μm for λ = 820–880 nm and increased slightly
with λ. Our next step is to apply this technique to bending loss
measurement in the near-IR region because a low bending loss is
essential for nanophotonics applications of nanofibres.
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