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Pronounced peaks in both photoluminescence and light scattering from an array of almost parallel
oriented, needle-shaped organic nanoaggregates on mica are observed as a function of angle of
incidence. Within the framework of a simple theoretical model, we identify those peaks as
originating from the launching of normal modes in the nanofibers, both radiative and waveguiding.
Quantitative information is obtained about the mode spectrum and morphology of nanoscaled
objects from a simple far field scattering measurement. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2839396�

In recent years, various classes of light absorbing, light
emitting, and/or light guiding nanoaggregates have been re-
ported. Among those are semiconductor quantum dots,1 car-
bon nanotubes,2 inorganic nanowires,3 and—more recently—
organic nanofibers.4 Besides their potential use as individual
entities with unusual optical or electronic response �e.g.,
quantum dots� or as arrays with improved optoelectronic per-
formance �e.g., carbon nanotube field emitters5�, there is also
a huge interest in implementing these nanoaggregates into
more complex optoelectronic nanocircuits.6

In this article, we demonstrate how optical far field tech-
nology together with simple theoretical modeling allow one
to characterize the nanoaggregates mode spectrum and to
validate their ability to represent key waveguiding elements
in nanoscaled optoelectronic circuits. As an example, we in-
vestigate waveguiding in needleshaped organic nanoaggre-
gates �“nanofibers”�. This example is of special interest since
organic nanofibers could indeed be important elements for
future nanodevices with a large variety of optoelectronic
properties. Since the organic fiber growth works with mol-
ecules with various functional end groups, fibers with ex-
traordinary high optical gain �leading to random lasing7� or
pronounced nonlinear optical properties �leading to nanos-
caled frequency doublers8� can be fabricated.

The excitation of the nanofibers—which eventually leads
to their photoluminescence or laser action—can be unam-
biguously described in terms of the nanofiber normal modes,
both radiative and waveguiding.9 The intensity of scattered
light as well as the electromagnetic energy that penetrates the
nanofiber undergo enhancement when the incident radiation
is in resonance with such a mode and the phase-matching
condition is fulfilled. The mode structure is also reflected in
the excitation polarization ratio. A thorough knowledge of
the mode dispersion of a given nanofiber ensemble is, there-
fore, of paramount importance for applications in nanopho-
tonics.

Here, first experimental evidence is given of specific
nanofiber mode launching observed in both scattered light

and photoluminescence. To ensure a fixed position of the
illuminated spot at the sample when changing the angle of
light incidence, we used a half-sphere made of fused silica
�ns=1.48 at 325 nm� with a radius of 10 mm. A mica sub-
strate with deposited domains of para-hexaphenyl nanofibers
was positioned parallel to the planar surface of the half
sphere with the help of immersion oil. The nanofibers were
deposited on the distant mica side with respect to the half
sphere and the sample was oriented such that the nanofiber
axes were parallel to the plane of incidence.

We illuminated a flat domain of parallel oriented organic
nanofibers with a linearly polarized beam of a He–Cd ��
=325 nm� laser from the half-sphere side and detected the
scattered or emitted light intensity along the normal to the
sample surface from the back side �Fig. 1�. The extinction
ratio of the polarization system is 105. The light beam passed
a pinhole of diameter 400 �m and was collimated before
entering the half sphere, which results in a beam divergence
of less than 0.7° after leaving the half sphere. The angles of
incidence were varied between 20° and 65° with respect to
the normal axis of the plane of the halfsphere.

A photomultiplier mounted on a goniometric table al-
lows us to detect scattered and emitted light intensity distri-
butions from a spot on the sample of a diameter of about
500 �m. The acceptance angle of the detection system is
44°. The absolute and relative accuracies of the incident and
the detection angles were 1° and 0.5°, respectively. To ob-
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FIG. 1. �Color online� Experimental setup. HWP, half-wave plate; P, polar-
izer; Ph, pinhole; MO, microscope objective; F, filter; and PMT, photomul-
tiplayer. Inset: Fluorescence microscopy image of a sample domain.
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serve only the wavelengths of interest, we used band pass or
interferometric filters in front of the photomultiplier.

The intensity of light scattered perpendicularly to the
sample surface as a function of the incidence angle � is
shown in Fig. 2. Clear peaks at �=40° in both TE and TM
incident light polarizations are observed. Those peaks origi-
nate from the nanofiber array exclusively as seen from a
comparison with the data obtained from a nanofiber-free
mica surface. The scattered intensity decreases when the in-
cidence angle exceeds the critical angle for total internal re-
flection at the quartz semisphere-air interface, �c=42.5°.

The photoluminescence intensity measured along the
normal to the surface is represented in Fig. 3. Several peaks
are seen at both ���c and ���c. Some of them �at �=32°
and at �=58°� are well pronounced in both polarizations,
whereas the others are noticeable in TE polarization only.
Figure 4 shows the results of similar measurements but ob-
tained from a different spot on the sample. In this case, the
resonance peaks at �=32°, 44°, and at 58° are distinguish-
able for TE incident wave polarization only.

In order to describe the optical properties of a nanofiber
grown on a substrate, we use a model system represented by
an infinite isotropic dielectric semicylinder placed on an ide-
ally reflecting surface.10 Figure 5 shows the dispersion
curves of the nanofiber normal modes in dimensionless vari-
ables calculated under the assumption that the para-
hexaphenyl material is isotropic.9 They are plotted in the
range of size parameters a /� with a the nanofiber radius and
� the wavelength of the incident radiation corresponding to
the experimentally observed typical nanofiber widths �2a� as
well as the wavelength of the He–Cd laser used for excita-
tion. Here, the dispersion curves of the waveguiding modes
lie to the right from the cutoff line 2� /�=� with � the
propagation constant. They are denoted as usual in optical
waveguide theory.11 The dispersion curves of the radiative
modes are located to the left from the cutoff line. For them,

FIG. 2. Intensity of light scattered perpendicularly to the sample surface as
a function of the angle of incidence. The incident wave polarization is indi-
cated in the inset.

FIG. 3. Photoluminescence intensity measured along the normal to the
sample surface as a function of the angle of incidence �spot 1�.

FIG. 4. The same as in Fig. 3, but observed from a different spot on the
sample �spot 2�.

FIG. 5. Dispersion curves of an infinite isotropic dielectric semicylinder
placed on an ideally reflecting surface. The bold inclined dashed line indi-
cates the cutoff line. The other inclined straight lines correspond to light
incident at the angles shown in the inset. The open and closed circles rep-
resent the measured peaks in the photoluminescence experimental data.
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the propagation constant is a complex quantity, i.e., �=�r

+ i�i and only �r is plotted in Fig. 5. The corresponding
modes are transient waves decaying along the nanofiber axis;
they are called therefore space-decaying modes �SDnm�. The
condition of the phase matching between the incident light
and the nanofiber normal mode can be written as �
= �2� /��ns sin �. The corresponding dispersion lines for the
angles �=32°, 40°, 48°, and 58° at which resonances in scat-
tering and photoluminescence are observed are also shown in
Fig. 5. Here, all lines corresponding to ���c intersect with
the radiation mode curves, whereas those corresponding to
���c cross the waveguide mode curves.

The analysis of the polarization properties of the excited
normal modes allows one to specify them. The sharp peak
seen in the scattered light intensity at �=40° �Fig. 2� has
comparable amplitudes in both TE and TM incident wave
polarizations. It can, therefore, be associated with the exci-
tation of the hybrid SD12 mode. The increase in intensity at
��26° originates probably from a resonance with the hybrid
SD21 mode. The TE-polarized mode SD01 is suppressed in
scattering due to the presence of the reflecting substrate.10

The comparison of the photoluminescence data shown in
Fig. 3 for TE versus TM polarization reveals that the modes
excited at �=32° and �=58° are the hybrid modes SD21 and
HE21 �probably with admixture of the mode TM01�, respec-
tively, whereas the one excited at �=40° is the TE-polarized
mode SD01. The line �=48° crosses the dispersion curve
EH11 in the relevant domain of the size parameter. However,
due to the optical anisotropy of para-hexaphenyl nanofibers,
the curve HE12 can be shifted closer to the crossing point
with the line �=48°, which explains the dominance of TE
polarization at this resonance. The analysis of the data rep-
resented in Fig. 4 reveals that all three resonances at �
=32°, 44°, and 58° are TE polarized. This observation can be
explained if one assumes that the mean size parameter for
spot 2 is different from that for spot 1. For spot 2, the inter-
sections with the lines �=32° and �=58° correspond to
launching of the modes SD01 and TE01, respectively �see Fig.
5�. The broad maximum at �=44° originates very likely from
an overlapping of two resonances corresponding to the
launching of the modes HE21 and SD12. The positions of the
crossing points in Fig. 5 correspond to the most probable size
parameter within the illuminated spot shown by the horizon-
tal dashed lines, which results in diameters of about 260 and
300 nm. Both values are within the range of values
240�80 nm obtained from atomic force microscope �AFM�
measurements. Due to the approximations of the theoretical
model, the crossing points are not situated perfectly on a

straight horizontal line. The broadenings of the isolated
peaks observed in photoluminescence allow one to estimate
the distribution of the nanofibers in the array over their
widths. The angular broadening of about 7° corresponds to a
scattering of 0.12� in nanofiber diameters which gives
�40 nm for the relevant wavelength. This value agrees
qualitatively with that measured via AFM.

In conclusion, we have demonstrated experimental evi-
dence of mode launching in organic nanofibers grown on
mica. Those modes show up as pronounced peaks in both
light scattering and photoluminescence from the nanofibers.
Using a simple model we are able to identify specific modes
which have been excited in the course of light scattering
from the sample. Those modes are clearly separated as radia-
tive and waveguiding ones.

The obtained results provide detailed information about
possible electromagnetic mode propagation in nanosized,
needle-shaped aggregates and form also the basis for a new
way of optically characterizing the morphology of subwave-
length sized nanostructures via far field scattering. Further
development of this technique by using a tunable light source
should allow one to determine the actual dispersion curves of
nanofibers. Due to its generic nature, the method discussed in
this paper is not limited to organic nanofibers but can be
equally well applied to other kind of light emitting nanoag-
gregates.
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