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One-dimensional light amplification in individualp-sexiphenyl nanofibers is investigated. The influence of
fiber morphology on light propagation properties is studied via optical and atomic force microscopy. Isolated
nanofibers are shown to yield low-threshold random laser emission in the deep blue. Model calculations of
coherent light propagation in one-dimensional random media qualitatively reproduce the experimental results.
Implications for photonic nanosensors are briefly discussed.

Introduction

The past decade has witnessed great advancement in the field
of organic thin layers based on small oligomers such as
thiophenes and phenylenes. Conjugated organic molecules are
often insoluble in common solvents and have to be deposited
on substrates by vacuum sublimation techniques, e.g., molecular-
beam epitaxy1 and hot-wall epitaxy.2 When deposition of
p-sexiphenyl (p-6P) and other conjugated oligomers occurs on
substrates exhibiting large surface electric dipoles, dipole-
induced dipole interaction can lead to the self-assembly of
molecular aggregates with submicrometric cross-sectional di-
mensions, truly macroscopic lengths (up to 1 mm), and a high
degree of crystallinity.2-4 Depending on the substrate type and
preparation procedure, linear and ring-shape aggregates (usually
referred to as nanofibers and microrings) are formed.5 Such
nanoaggregates have been shown to yield efficient and aniso-
tropic blue luminescence,6 optical wave-guiding,7 optical up-
conversion,8 resonant Raman amplification,9 and laserlike
emission.10 In addition to the optical properties, carrier mobilities
ranging from 0.03 to 0.66 cm2 V-1 s-1 have been achieved in
organic nanofibers.11,12 Therefore, self-assembled molecular
nanoaggregates have been inferred to have great potential for
next-generation nanotechnologies such as nanoscale photonics
and optoelectronics. Also, the photonic properties of molecular
nanoaggregates could usher in novel sensing applications of
organic nanofibers and microrings in the future.

Laserlike emission reported in early experiments inp-6P
nanofibers grown on mica has been described in terms of
random lasing.10 Those early experiments relate to ensemble-
averaged measurements on systems of close-packed nanofibers
which do optically interact with one another. Random lasing in
close-packed, interacting nanofibers might actually differ from
lasing in one-dimensional (1-D) single nanofibers. To obtain
deep knowledge about the intrinsic photonic and lasing response

of self-assembledp-6P nanofibers and its implications for
photonic applications, it is therefore necessary to perform
spectroscopy on single (linear) nanofibers.

In this paper, we investigate laser action in singlep-6P
nanofibers grown on (001)-oriented muscovite mica. This is
done in a selection of samples exhibiting regions very sparse
in nanofibers. We show that random lasing occurs in isolated
nanofibers as a consequence of 1-D coherent optical feedback
along the nanofibers’ axis. This determination, inferred from
the observed spatial correlation between the nanofibers’ optical
and morphological characteristics, is further supported by
computer simulations of coherent propagation of light in 1-D
random media. Implications of our results concern the applica-
tion of organic nanofibers in nanotechnology, e.g., as active
photonic nanosensors.

Experimental Details

Sheets of muscovite mica (SPI) are cleaved in air and are
transferred immediately after cleavage into a high-vacuum
apparatus (base pressure of 5× 10-8 mbar). Before organic
material is deposited, the samples are outgassed at a temperature
of around 400 K such that low-energy electron diffraction shows
the well-known hexagonal surface structure of clean mica with
electric surface dipoles present.p-Sexiphenyl is deposited from
a home-built Knudsen cell by vacuum sublimation; during the
deposition the pressure inside the vacuum system rises to 2×
10-7 mbar. Longp-6P needles grow for deposition rates of 0.1
Å/s and at substrate temperatures around 420 K.

Laser action is photoinduced using ultrashort (∼150 fs) laser
pulses of a frequency-doubled (390 nm) Ti:sapphire regenerative
amplifier running at a repetition frequency of 1 kHz. The UV
beam is focused to a spot size with a diameter of∼180µm on
the sample. The samples are excited at normal incidence from
the back surface of the mica substrate; a polarization controller
ensures that the pump field polarization is perpendicular to the
axis of the nanofibers (lying on the front surface) for maximum
optical absorption.2 The nanofibers’ emission is collected from
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the front surface using a 32× microscope objective which
focuses it onto the plane of the input slit of a single imaging
spectrometer equipped with a liquid N2 (LN2) cooled charge-
coupled device (CCD). Setting the spectrograph to zeroth-order
diffraction and fully opening the input slit (operation in spatial
mode), we are able to image a∼65 (horizontal)× 200 (vertical)
µm2 area within the excitation spot, with a linear spatial
resolution of about 2µm. Tuning the spectrometer to first-order
diffraction and closing the input slit to 100µm (operation in
spectral mode), we can resolve the emission of a single nanofiber
aligned vertically (parallel to the input slit) with a spectral
resolution of about 0.2 nm, while the vertical spatial resolution
is still ∼2 µm. Complementary morphological characterization
is carried out by scanning-probe atomic force microscopy
(AFM) using Si probes in tapping mode in air.

Results and Discussion

Figure 1 depicts the surface morphology of a∼5 × 5.5 µm2

substrate area with sparsep-6P nanofibers. Epifluorescence
measurements made in an optical microscope show that iso-
lated nanofibers can actually be tens to several hundreds of
micrometers long (not shown). The topographic image in Figure
1 displays typical features of isolated nanofibers on the length
scale of a few micrometers. The nanofibers have a base width
of 300 nm or larger, which enables wave-guiding of the deep-
blue spontaneous emission ofp-6P beyond 400 nm. The small
islands lying between adjacent nanofibers are remnants of the
nucleation process ofp-6P into oriented fibers.13 Occurrence
of cracks, which are typically 50-300 nm wide, implies
segmentation of the nanofibers. Such thin breaks occur possibly
at the end of the material growth process as a result of a surface
thermal gradient while the substrate is cooling4 or are due to
an instability similar to the case of functionalized organic
nanofibers on mica.14 Breaks characterize most nanofibers in
most samples albeit there exist nearly break-free nanofibers. In
addition to special sites where sudden variation in fiber width
or height occurs (also evident in Figure 1), cracks are allegedly
responsible for scattering and partial back-reflection of the
optical mode(s) confined in the nanofibers; hence, they poten-
tially contribute to the buildup of 1-D coherent optical feedback
for lasing.

Random lasing from isolated nanofibers starts at pump
fluences on the order of 10µJ/cm2 per pulse. Lasing nanofibers
are reported in Figure 2. Figure 2a shows a lasing micrograph
taken in imaging mode slightly above threshold. It displays both
lasing from vertically aligned nanofibers and spontaneous

emission from a set of neighboring nanofibers oriented ap-
proximately at 60° with respect to the vertical axis of the
detection system. The latter faintly appear in the lower part of
the graph. Scattering of the lasing emission into out-of-plane
directions does not take place homogeneously along the
nanofibers’ axis; conversely, scattering is highly spotted,
indicating that wave-guiding is interleaved with light scattering
and outcoupling at special sites along the fibers. Emission
spectra relating to the∼100 µm long nanofiber placed at the
center of the imaging field of view in Figure 2a are reported in
Figure 2b. They refer to the emission spatially integrated over
the whole nanofiber length. Below threshold, spontaneous
emission exhibits a broad vibronic progression with 0-1 and
0-2 emission bands peaked near 425 and 450 nm, respectively.

When the threshold fluence is reached, narrow peaks emerge
from the spontaneous emission spectrum (0-1 band) and their
number increases with increasing pump fluence. The lasing
behavior, very similar to that reported in previous ensemble-
averaged measurements carried out in systems of close-packed
nanofibers, is attributed tocoherent random lasing due to
coherent (or amplitude) feedback.15 The large p-6P gain
bandwidth makes random lasing possible also at the 0-2
vibronic peak with only slightly higher threshold pump fluences.
We notice that the spontaneous emission intensity sharply
saturates for pump fluences larger than the threshold fluence,
in agreement with basic laser theory for a single emitter such
as a single nanofiber. By contrast, in ensemble-averaged
experiments many excited nanofibers do not reach threshold;
hence, they contribute to the system response only with
spontaneous emission, and the total luminescence intensity does
not clamp to its threshold level.10

Correlation between the lasing properties and the morpho-
logical characteristics of individual nanofibers allows us to gain
insight into the origin of coherent optical feedback leading to
random lasing in isolated nanofibers. All this is illustrated
throughout the four panels of Figure 3. Panels a and b display
a lasing micrograph of an isolated nanofiber and its intensity
profile, respectively. By zooming in on a smaller fiber region,
it turns out that scattering of the lasing emission guided by the
nanofiber occurs at the fiber breaks. In fact, excellent cor-

Figure 1. Gray-scale AFM topographic image of the surface morphol-
ogy of p-6P nanofibers grown on muscovite mica. Black and white
levels correspond top-6P heights of 0 and 95 nm, respectively.

Figure 2. (a) Gray-scale optical emission intensity image of lasing
and luminescentp-6P nanofibers excited at a pump fluence (φ) of 15
µJ/cm2 per pulse. The gray-level scale is logarithmic. They coordinate
refers to the position along the vertical direction, which is parallel to
the input slit of the detection system. (b) Emission intensity spectra of
the nanofiber positioned atx ≈ 30 µm in panel a and extending
vertically from y ≈ 50 µm to y ≈ 150 µm for different values of the
pump fluence. Note that the threshold fluence is lower than 12µJ/cm2

per pulse.
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respondence is found between the positions of the lasing spots
and those of the fiber breaks, as shown in panels c and d. Very
similar results are obtained in other isolated nanofibers.
Therefore, correlated lasing measurements and AFM measure-
ments strongly support the idea that back-reflections of the
wave-guided lasing mode(s) at the fiber break interfaces (where
strong scattering occurs) are the main source of coherent optical
feedback responsible for 1-D random lasing in isolated nano-
fibers.

The experimental results are further supported by computer
simulations of random optical spectra in one-dimensional
nanostructures such as our nanofibers. The theoretical model
relates to the propagation of a coherent optical field of variable
wavelength through a nanofiber using a standard transfer-matrix
approach. Coherent propagation (with arbitrary material gain)
accounts for transmission resonances which are the relevant
channels for lasing;16 thus, a coherent propagation model
highlights all the spectral features of lasing. Calculations are
done for a one-dimensional structure, neglecting cross-sectional
(modal) effects. In the model structure, several material slabs,
simulating fiber segments, are separated by thin air gaps, which
in turn stand for fiber breaks. The refractive index step between
the material (n ≈ 1.7 for p-6P7) and air causes partial back-
reflection of the (plane-wave) optical field at each material-
air interface. Light scattering into directions other than the fiber
axis at the break locations is introduced in the model in the
form of linear extinction of the one-dimensionally propagating
field through the air gaps. Other optical losses such as material
reabsorption and waveguide scattering are compensated by gain.
The total loss actually determines the spectral width of the
coherent propagation modes. Simulations are carried out with
the structural data (deduced from AFM) of the nanofiber shown
in Figures 2 and 3, in terms of both material slab lengths and
air gap widths. The intensity spectrum of the coherent field is
calculated at specific break locations and compared to the lasing
emission spectrum measured at the same locations (Figure 4).
The theoretical spectra are in qualitative agreement with the
experimental ones, from which we infer that the present model
is able to describe the basics of lasing in a 1-D random system.
In particular, the model reproduces the spectral density of the
lasing modes and accounts for intensity variation of the peaks
as a function of the position along the nanofiber. However,

inclusion in the model of cross-sectional effects relating to the
propagation of light in the actual nanofiber is necessary to
predict the positions of the lines and their relative intensities.
This goes beyond the scope of this paper. Experimentally, both
the spectral and spatial patterns of the random modes are found
to be highly reproducible over long time periods, so we infer
that the nanofibers’ material and morphology are robust against
persistent laser irradiation at the pump levels used for the
measurements.

The calculated intensity spectrum is very sensitive to changes
in the refractive index as well as structural changes in the
position and width of the fiber breaks, suggesting that self-
assembledp-6P nanofibers have great potential for photonic
sensing. For instance, surface adsorption of molecular species
in nanofibers assembled from suitably functionalized oligomers14

would generate photonic chemosensing, e.g., by modulation of
the effective index of the nanofiber propagation modes.
Furthermore, operation at the onset of random lasing should
lead to increased sensitivity of nanofiber-based sensors.17

We add that the feasibility of advanced sensing applications
(e.g., position sensors) based on self-assembled organic nano-

Figure 3. (a) Logarithmic gray-scale image of the lasing emission intensity of an isolated nanofiber. The pump fluence is 15µJ/cm2 per pulse. (b)
Spatial profile of the lasing emission intensity shown on a linear scale. (c) Lasing intensity profile zoomed in on the region delimited by the
horizontal markers placed in panel b. (d) Gray-scale AFM topographic image zoomed in on the same region. Black and white levels correspond to
p-6P heights of 0 and 95 nm, respectively. The horizontal markers show the correspondence between the positions of the bright lasing spots and
those of the nanofiber breaks.

Figure 4. (a) Lasing emission spectra measured at the locations of
the three nanofiber breaks shown in Figure 3. The pump fluence is 25
µJ/cm2 per pulse. (b) Optical intensity spectra calculated at the same
fiber locations on the basis of a one-dimensional coherent propagation
model using a transfer-matrix formalism. Calculation details are given
in the text.
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fibers stems from a number of capabilities, among which are
(i) the ability of controlling the material aggregation process
into highly crystalline nanostructures with suitable morphologi-
cal characteristics, so as to achieve the desired photonic
response, and (ii) the possibility of transferring large numbers
of homogeneous nanofibers onto suitable substrates (such as
ITO, Si, and SiO2) for device realization, while ensuring high-
density packing and a high degree of orientation. Concerning
the transfer capability, encouraging results have already been
obtained with self-assembled organic nanofibers fromp-6P18,19

and thiophene/p-phenylene co-oligomers.20

Conclusions

We studied 1-D random laser action in singlep-6P nanofibers
realized on mica via self-assembly. The interpretation of the
experimental results, assisted by model calculations of propaga-
tion of coherent light in 1-D random media, suggests that organic
nanofibers have potential for photonics and sensing applications
at the nanoscale.
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