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a b s t r a c t

Single crystalline microwires and polycrystalline microtwists were self-assembled from X-
shaped conjugated molecules through solution process in high yield. The excellent long-
range optical waveguide ability and efficient light transfer between wires made the as-pre-
pared microwires potential building blocks for complex optical devices at micrometer
scale. By slight structural change, well-dispersed polycrystalline microtwists were also
successfully obtained. We further demonstrated that such chiral structures could also be
used as optical waveguiding materials. The investigation of photo waveguide property in
the well-dispersed single microtwist is the first demonstration of chiral microstructures
in the application of optical waveguide, which opens the possibility of coupling the chiral-
ity of material to that of light.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Due to the quantum effects of electrons, traditional
integrated circuits are facing serious challenges when the
device size goes down to tens of nanometers. Therefore,
it is important to exploit novel optical materials and tech-
nologies for information transmission and processing in
the next generation information and communication sys-
tems. Most recently, considerable attention has been paid
to the preparation and fabrication of semiconducting
nanomaterials due to their potential applications as active
materials in miniaturized optoelectronic devices [1–8].
Among all kinds of functional optoelectronic materials,
submicrometer photo waveguide materials play an impor-
tant role in integrated light-based devices [9–11]. They can
be used to control the efficient delivery of light at nano or
micrometer scale, indicating the possibility of high-speed
and low-loss integrated circuit. One dimensional single
. All rights reserved.
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crystal inorganic nanowires for active photo waveguide
materials have been obtained through chemical vapor
deposition (CVD) or physical vapor deposition (PVD) meth-
od, and their photo waveguide properties, including the
optical cavity effect and lasing, have been extensively stud-
ied [12–16]. Very recently, nano- or micro- architectures
(mostly 1D structures) self-assembled from conjugated or-
ganic molecules through solution process have been
attracting increased interest in this field [3–8]. They might
serve as better media to generate or propagate light in a
predefined way, due to their flexibility, easy optical tun-
ability, strong luminescence efficiency [17–30]. However,
waveguiding behavior has been observed only in few or-
ganic materials. Hence, the challenge of fabricating organic
nanowires, which could provide photo waveguide devices
with enhanced performance and more functionality, is a
subject of significant scientific interest and technological
importance.

Herein, we report the photo waveguiding behaviors of
single crystalline microwires and polycrystalline micro-
twists fabricated by solution process from a new kind of
X-shaped p-conjugated molecules synthesized by us re-
cently [31]. These ultralong microstructures provide us
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1a: R = n-C6H13
1b: R = n-C10H21

Scheme 1. Chemical structure of X-shaped molecule 1a and 1b.
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much convenience in the fabrication of optical and elec-
tronic devices. Fluorescence microscope and scanning
near-field optical microscope (SNOM) show that our 1D
microstructures can serve as long-distance active optical
waveguides, which allow locally excited photolumines-
cence to propagate along the 1D structure and out-couple
at the tip. We further observed excellent coupling between
the as-synthesized organic wires, which is an important
element in the construction of complex optical circuits.
The ability to change the direction of light would be of
great interest for real application in miniaturized complex
photonic devices [9–11]. By slight change in chemical
structure, we have obtained well-dispersed single micro-
twist and further demonstrated that such chiral structures
could also be used as optical waveguiding materials. Our
microtwist is the first chiral structure for waveguide re-
search and opens the possibility of coupling the chirality
of material to that of light.
Fig. 1. Normalized absorption and emission spectrum of 1a in dilute
CH2Cl2 solution (1 � 10�6 M) and in single-crystalline microribbons.
2. Materials and methods

X-shaped molecules were synthesized in our recently
published paper [31]. Absorption spectra were recorded
on PerkinElmer Lambda 35 UV–vis Spectrometer. Photolu-
minescent (PL) spectra were carried out on PerkinElmer
LS55 Luminescence Spectrometer. Thermal gravity analy-
ses (TGA) were carried out on a TA Instrument Q600 ana-
lyzer and differential scanning calorimetry (DSC) analyses
were performed on a METTLER TOLEDO Instrument
DSC822e calorimeter. Scanning electron microscopy
(SEM) was performed on a Philips XL30W/TMP operating
at 1 kV. Transmission electron micrographs (TEM) were re-
corded on a Philips model Tecnai F20 electron microscope
operating at 120 kV. Powder X-ray diffraction was re-
corded on a D/max-RA High Power Rotating Anode 12KW
X-ray Diffractometer. Refractive index was measured on
a HORIBA JOBIN YVON spectroscopic ellipsometer. The
fluorescence images were taken on a DMLS fluorescence
microscope (Leica, Germany). The optical waveguide prop-
erties were measured with a scanning near-field optical
microscope composed of a NSOM-100 near field scanning
tip (Nanonics Co.), SPM-100 (RHK Co.) controller and SPEX
0.34 fluorescence optical spectrometer.
3. Results and discussion

Scheme 1 illustrates the chemical structure of our X-
shaped molecules. Fig. 1 shows the absorption and photo-
luminescence (PL) spectra of 1a in CH2Cl2 solution and in
the crystalline state. The monomer exhibits two resolved
absorption peaks at 300 and 327 nm, and a relative weak
shoulder peak at about 350 nm. All absorption peaks
slightly red-shifted after the molecules self-assembled into
microwires, and the intensity of the shoulder peak in-
creases considerably. In the dissolved state, 1a exhibits a
single emission peak at about 414 nm. In the solid state,
a small red-shift of the photoluminescence peak was ob-
served. The small red-shifts in absorption and fluorescence
spectra on going from solution to solid state indicated that
the p–p stacking interactions among the molecules are not
very strong in the microwires. The photophysical proper-
ties of 1b are almost the same as that of 1a due to the same
skeleton.

A facile method that combines reprecipitation and self-
assembly techniques [5] was developed to fabricate the
single-crystalline microribbons. Experimentally, the
microstructures were prepared by dissolving the molecule
1a in mixed solvents of CH2Cl2 and EtOH (1:1.5, V/V) at a
concentration of 1 mg/mL and stay with slow evaporation
of the solvents. The slow crystallization process results in
the formation of ribbon-shaped aggregates from the self-
assembly of the molecules. Fig. 2 shows typical scanning
electron microscopy (SEM) and fluorescence microscope
images of the microribbons. Large-area SEM images of an
EtOH suspension of self-assembled 1a through slow crys-
tallization process on silica substrate showed a uniform fi-
brous structure (Fig. 2a). Most of the microribbons are
hundreds of micrometers long and 1–4 lm wide. Small
area SEM image (Fig. 2b) demonstrated that each single
ribbon has a fixed size along its entire length. The cross-
sections of the microribbons are rectangular (see Fig. 2c),
which is a propitious condition to realize the fluorescence
out-coupling at the end of the ribbons compared with the
microstructures with irregular tips. Some thinner
nanowires with length of tens of micrometers and
width of 200–400 nm were also found. The selected area
electron diffraction (SAED) pattern indicated that the



Fig. 2. Morphologies of the microribbons. (a) Large-area; (b) small-area and (c) further amplified SEM image of single-crystalline microribbons prepared
from 1a (1 mg/mL). (d) Photoluminescence images of the microribbons.
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ribbon-shaped 1D morphology was single crystalline [31].
Fig. 2d shows a PL microscopy image of the microribbons
on glass substrate. The microribbons were transferred onto
the substrate by spin casting and were directly observed by
using a PL microscope. The PL image shown in Fig. 2d indi-
cates that the microribbons exhibit blue emission, with
very bright luminescence spots at both tips and relatively
weaker emission from the bodies of the ribbons. This is a
typical characteristic of an optical waveguide material.

Photoluminescence images of the microribbons on a
glass substrate reveal that they are suitable for long-range
optical waveguide materials. To study the detailed wave-
guiding properties of the microribbons, we employed a
continuous laser focused down to the diffraction limit
(�5 lm) with a wavelength of 325 nm according to the
absorption spectrum of the microribbon. The local emis-
sion of light from each single microribbon under laser exci-
tation was so strong that it could be imaged clearly with a
color CCD. Fig. 3a shows the micro area fluorescence
microscopy image of a single microribbon obtained from
scanning near-field optical microscopy (SNOM) in bright
field, indicating that the ribbons are suitable single wire
long range photo waveguide materials. Guided PL was
emitted from both ends of the microribbons irrespective
of the excited position. No emission was detected other
than the tips and the excited area. It can be supposed that
due to a large enough diameter of the crystallite (larger
than excitation and fluorescence wavelength), lumines-
cence excited on the ribbon surface spreads out inside
the ribbon by means of total internal reflection [22].

A SNOM collection tip was placed stationary at one of
the ribbon ends to detect the out-coupled fluorescence.
As shown in Fig. 3b, the PL spectra collected at different
transmitted distance are very similar, with only a slight
red-shift due to self-absorption at low wavelength. The
process of light traveling along the wire can be investi-
gated by moving the laser along the ribbon, as shown in
Fig. 4. The distance-dependent photoluminescence spectra,
showing propagation of light through single microribbons,
were also measured with a SNOM. The PL intensity at
424 nm decreases with increasing the guided distance,
without any change in outcoupled position (Fig. 3c). The
optical loss mainly comes from the reabsorption during
propagation of light and coupling between the ribbons
and the substrates. Another possible source for the optical
loss is the Rayleigh scattering arising from defects and
roughness, which will result in the local variation in the
refractive index along the length of the ribbons.
a ¼ �10� logðIout=IinÞ � L�1 ð1Þ

The optical loss coefficient of guided fluorescence in the
microribbons can be calculated by the following Eq. (1). Iout

and Iin are the intensities of incidence and out-coupled
light, and L is the propagation distance [30]. The loss coef-
ficients at 424 nm in the microribbons is determined to be
4.9 dB/100 lm, which is much lower than those of many
1D organic nanomaterials reported before [28–30]. This
indicated that the microribbons are excellent candidate
for low-loss, long-distance optical waveguide material.
The PL of the microribbons at 424 nm displays linear losses
(Fig. 3d) with increasing propagation length. Hence, by
using the loss coefficient and the value of Iin from the spec-
trum of L = 40 lm in Fig. 3d, one could calculate the theo-
retical intensity of PL at different wavelengths guided
through different distance (L) along the microribbons.

The transition from spontaneous PL to stimulated emis-
sion is significantly influenced by the size and length of the



Fig. 3. (a) Micro area fluorescence microscopy image of an excited single microribbon in bright field. (b) The detection of the out-coupled fluorescence: a
SNOM collection tip was placed stationary at one of the ribbon ends. (c) The distance-dependent photoluminescence spectra of propagated light through
single microribbon measured with an SNOM detection tip. (d) The logarithmic plot of relative intensities of PL peak at 500 nm. Scale bars: (a) 20 lm, (b)
40 lm.

Fig. 4. Selected images of an excited microwire with different guided distance. (A) 40 lm; (B) 80 lm; (C) 100 lm; (D) 110 lm and (E) 120 lm.

456 T. Lei et al. / Organic Electronics 12 (2011) 453–460
microribbons. For example, for thinner ribbons with a
width of 300–400 nm, no emission was detected at the
tip of the ribbon (Fig. 5). It has been demonstrated that
light can only propagate within the transverse magnetic
(TM) modes of microribbon waveguides [24], whereby
the number of possible modes, m, is restricted by

m <
2a
k
� n ?

nk �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
k � n2

s

q
ð2Þ

with a being the width of the ribbon; k � 424 nm, the
wavelength of the propagated light, nk and n\, the refrac-
tive indices along and perpendicular to the microribbon,
respectively, and nS = 1.46, the refractive index of the
quartz substrate. Here, we assume that both nk and n\

are close to the value of the bulk material (�1.62), which
was measured using a spectroscopic ellipsometer (as
shown in Fig. 6). According to the Eq. (2), the minimum
width required for light propagation at 424 nm is
approximately 302 nm as given by m = 1. This is consis-
tent with the experimental observations that thinner rib-
bons with a width of 300 nm exhibit no long-range
optical waveguide properties. The maximum mode (m)
that a microwire with width of 2 lm could propagate
is 6.



Fig. 5. SNOW image of a single wire with a width of about 300 nm: No emission was detected at the tip of the wire. Scale bars: (A) 2 lm and (B) 5 lm.

Fig. 6. The wavelength-dependent refractive index of the microwires
measured with an HORIBA JOBIN YVON spectroscopic ellipsometer.
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The cutoff wavelength above which no propagating
mode can exist can be given as follows:

kcutoff ¼ 2a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
k � n2

s

q
ð3Þ

By using the above values of nk, n\ and nS, the kcutoff is
calculated to be 421 and 1402 nm when a = 300 and
1000 nm, respectively. This mode analysis implies that
due to the cutoff effect, the ribbons with a width of about
300 nm may exhibit an significant increase in the optical
loss for k > 421 nm. The cutoff effect can be observed only
for ribbons with a relatively narrow width because kcutoff is
out of the wavelength range of the emission band for fibers
wider than 650 nm. In our case, most of the ribbons were
1–4 lm along the 1D direction, so the cutoff effect has neg-
ligible influence on the out-coupling fluorescence at
424 nm.

Excellent coupling effect (Fig. 7) was found in the sys-
tem of two or more ribbons from molecule 1a, which
was unusual in organic micrometer scale photo waveguide
materials. In Fig. 7a and b, both the right ends of ribbons A
and B emitted luminescence as long as any one of the left
ends was excited by the laser. This observation suggested
that part of the light is transferred from one ribbon to an-
other, and the residual light propagated along the same
ribbon. Similar coupling behavior could also be observed
for 3 or more microwires, as shown in Fig. 7c and d. The left
end of ribbon C emitted intrinsic luminescence of the
microribbon if the right end of ribbon A was excited, show-
ing the transfer of light among three ribbons, which was
never reported before. This phenomenon is common in
our material. We tentatively proposed that the transfer of
the light took place at the contact point of the two fibers
where the difference of the refractive index disappeared.
The surface condition of the fibers at the contact point is
an important factor for the transfer of the light. As an
example, in Fig. 7b, 46% of the light intensity transfer into
ribbon A from ribbon B at the contacting point according to
the known loss constant (Fig. 8). The unique feature of the
microfibers provides us a convenient way to control the
direction and distribution of the fluorescence, indicating
the potential in building complex optical system in
micrometer or submicrometer scale.

Usually, waveguiding materials have simple geometric
shapes such as wire and ribbon. We wondered whether
complex microstructure could also used to transport light
and whether such materials would give new physical phe-
nomena. As we reported recently, by simply changing the
length of peripheral alkoxy groups, well-dispersed, regular
microtwists were easily obtained [31]. Such a large change
in morphology was remarkable. We ascribed such change
to different crystal growth kinetics of 1a and 1b. In short,
the imbalance in the growth rate between the center and
the edge part of a growing front provided the driving force
for twist growth in 1b [31]. In the preparation of the man-
uscript, Luis Sánchez and coworkers also reported a similar
system for the growing of chiral one-dimensional micro-
structures. However, in our system, the chirality of the
microwires was not induced by the chirality of the side al-
kyl chains but by the intrinsic crystal packing [32]. Fig. 9a
shows a SEM image of the microtwists prepared at 15 �C
through solution process. The fluorescence microscope im-
age of the microtwist on glass substrate (Fig. 9b and inset)



Fig. 7. Coupling effect in the microribbons. (a) Coupling effect in a two-ribbon system in bright field, excitation position: left end of microribbon A. (b) A
corresponding picture of the two-ribbon system in dark field, excitation position: left end of microribbon B. (c) Coupling effect in a three-ribbon system in
bright field, excitation position: right end of microribbon A. (d) A corresponding picture of the three-ribbon system in dark field, excitation position: right
end of microribbon A. Scale bars: (a) 20 lm, (b) 20 lm, (c) 10 lm and (d) 10 lm.

Fig. 8. The calculation of the transfer efficiency in Fig. 7b.
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indicates that such chiral structure could also serve as opti-
cal waveguide materials. The distance-dependent photolu-
minescence spectra along a single microtwist were also
measured with a SNOM. Fig. 9d shows the logarithmic plot
of relative intensities of PL peak of the microtwists with a
pitch of 1 lm. The microtwist showed photo waveguide
properties similar to that of the microwire. Although its
loss coefficient is systematically higher (8.3 dB/100 lm
with a pitch of 1 lm according to Eq. (1)), the loss coeffi-
cient is still lower than many other organic photo waveguide
materials [30]. The comparatively higher performance of
the microribbons can be attributed to two factors: first,
as demonstrated by SAED experiment [31], the microrib-
bons are single crystalline while the microtwists are rela-
tive polycrystalline. Single crystalline materials are
known to have superior device performance due to less
grain boundaries and scattering. Second, the dramatic cur-
vature change at the groove of the twists might constitute
many scattering sites, which further increased the optical
loss. The scattered strength should be strongly dependent
on the size of the scattering center; further investigation
is undergoing focused on these problems. In general, the
loss coefficient increased with the decrease of the pitch,
which is a result of the lower crystallinity and more scat-
tering sites. Nevertheless, the ability of realizing single
twist device with definite chirality allowed us to explore
the interesting possibility of chirality-coupled optical de-
vices. We are currently examining this possibility in a sin-
gle left-handed or right-handed twist.
4. Conclusion

In summary, we have demonstrated a series of 1D
microstructure which can be used as optical waveguide
materials. 1D microwires and microtwists were prepared
from X-shaped conjugated molecules through simple solu-
tion process in high yield, which provides us a convenient
and low-cost fabrication method for functional organic
microstructures. The as-prepared microwires demon-
strated excellent properties in low-loss long-distance
(4.9 dB/100 lm, >200 lm) photo waveguide in single wire
as well as the transfer of light between the wires, showing
the potential as building blocks in complex optical devices



Fig. 9. (a) SEM image of the microtwists prepared at 15 �C. (b) Photoluminescence images of a single microtwist. Inset: the photo waveguiding behavior of
the microtwist. (c) The distance-dependent photoluminescence spectra of propagated light through single microtwist measured with an SNOM detection
tip. (d) The logarithmic plot of relative intensities of PL peak at 424 nm.
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at micrometer scale. On the other hand, we were also able
to greatly change the morphology of the microstructure by
a slight change in the chemical structure. Our microtwist is
the first chiral material that shows waveguiding proper-
ties. Despite the medium performance (8.3 dB/100 lm),
realization of photo waveguiding in chiral materials sug-
gest many interesting possibilities for novel devices. Fur-
ther efforts would be made to control the distribution of
PL between two wires, and to reveal the relationship be-
tween the coupling efficiency and the surface condition
of the wires at the contact point. Also, we are further devel-
oping microtwists with pitch comparable to the wave-
length of guided light in order to check whether the
chirality of the materials would influence its interaction
with light.
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