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Coherent random lasing in the deep blue from self-assembled organic
nanofibers
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We report on the morphological and nonlinear optical properties of highly ordered para-sexiphenyl
nanofibers grown by hot-wall epitaxy on muscovite mica. For suitable substrate temperatures and
deposition times, needle-shaped aggregates are obtained. These nanoaggregates, which are formed
by regrouping of small islands of the material, can support optical waveguiding and amplification of
the deep-blue emission of para-sexiphenyl. We show evidence of low-threshold coherent random
lasing in ensembles of nanofibers and study the dependence of lasing on the nanofibers’ film
thickness. We also present spatially resolved lasing measurements on individual nanofiber segments.
The achievement of isolated nanofibers with suitable morphology and low optical losses could open
the route to unprecedented photonic and optoelectronic devices at the submicrometric scale. © 2006
American Institute of Physics. �DOI: 10.1063/1.2161803�
I. INTRODUCTION

In recent years, there has been a great deal of research
devoted to the fabrication and characterization of thin films
of self-assembled molecular nanoaggregates. Deep under-
standing and control of the self-aggregation processes of or-
ganic molecules yielding efficient optical emission, nonlinear
activity, and high optical gain would, in fact, enable the re-
alization of nanoscaled photonic1 and optoelectronic
devices.2 Tailoring of the nanoaggregates’ morphology could
also be exploited to attain photonic nanoprobes for environ-
mental and chemical sensing.3 Among the challenges of to-
day’s nanotechnologies, including molecular self-assembly
techniques,4 is thus the realization of nanoaggregates having
well-controlled morphological, photonic, and electronic
properties and their large-scale integration in arrays and cir-
cuits with broad application capabilities.

Recent advances in the field of light-emitting organic
nanoaggregates include self-assembling of linear5,6 and
ring-shaped7 nanostructures based on para-sexiphenyl �p-6P�
and other oligomers. Such nanoaggregates possess truly sub-
micrometric cross-sectional dimensions; variation in shape,
size, and surface �film� density of the nanoaggregates has
also been obtained by varying the growth conditions5,6,8 and
by laser irradiation techniques.9 Besides waveguiding in the
deep blue,5,10 a number of optical functions have been dem-
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onstrated in p-6P self-assembled nanoaggregates, i.e., two-
photon processes,7,11 resonance Raman gain,12 gain
narrowing,13 and laser-like emission,14 suggesting that p-6P
nanoaggregates have potential for photonic applications.

We report a detailed study of the deep-blue coherent
emission of highly ordered p-6P thin films consisting of one-
dimensional self-assembled nanofibers under ultrafast photo-
pumping. The nanofibers are grown by hot-wall epitaxy
�HWE� on freshly cleaved mica. In contrast to common
deposition methods such as flash evaporation5 or organic
molecular-beam deposition,7,9–11 the HWE technique, which
was developed in our laboratory,15 allows to grow epitaxial
layers close to thermodynamic equilibrium, which is most
important for van der Waals epitaxy.6a,8 As a consequence,
the large organic molecules can find the most suitable ar-
rangement before being incorporated into the crystal lattice,
resulting in highly ordered structures of the deposited or-
ganic layers.6a,8,16,17 We show both ensemble-averaged and
spatially resolved optical measurements, which are comple-
mented by detailed atomic force microscopy �AFM� charac-
terization to define the nanomorphology of the p-6P films.

II. EXPERIMENT

As substrates we use freshly cleaved �001�-oriented
muscovite mica. p-6P is purified by threefold sublimation
under dynamic vacuum. The base pressure during growth is
about 6�10−6 mbar and the p-6P source temperature is fixed

at 240 °C. The substrate temperature is 130 °C. The growth
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time is varied between 10 s and 120 min. Further growth
details can be found in Refs. 6a,8,16. The film morphology is
imaged by AFM �Digital Instruments Multimode IIIa and
Dimensions 3100� operated in tapping mode in air.

Ultrafast photoexcitation of the p-6P samples is per-
formed using the frequency-doubled pulses of a Ti:sapphire
regenerative amplifier �150 fs pulses at 760 nm� operating at
the repetition frequency of 1 kHz. The polarization of the
380 nm laser beam is set parallel to the long molecular axis
of p-6P for maximum material absorption. The samples are
placed inside a recirculating-loop cold-finger cryostat for op-
tical measurements in the 30–300 K temperature range. The
optical emission is collected at different angles by variable
numerical aperture optics and wavelength dispersed in an
imaging spectrograph with a focal length of 46 cm. A
LN2-cooled charge-coupled device �CCD� is used as the de-
tector.

For ensemble-averaged measurements, the excitation
beam is focused to a spot size of about 120 �m. For spatially
resolved measurements, the pump spot size is about 180 �m.
The emission is collected with a 32� microscope objective
and imaged directly onto the input focal plane of the spec-
trograph. The spectrograph+CCD system allows us �i� to
acquire a two-dimensional image of the sample lumines-
cence with a linear resolution of about 2 �m �with the spec-
trograph set to zeroth-order diffraction� and �ii� to measure
emission spectra �with a spectral resolution of about 0.2 nm�
as a function of the longitudinal position along nanofibers
oriented parallel to the input slit of the spectrograph.

III. RESULTS AND DISCUSSION

It is well known that surface morphology and crystalline
quality of p-6P films are very crucial for their emitting
properties.5,10,18,19 The HWE technique allows us to control
these parameters very well. For example, the surface mor-
phology of p-6P films prepared with increasing growth times
in the range from 10 s to 120 min are shown in the AFM
images of Fig. 1. As depicted in Fig. 1�a� only small uni-
formly distributed islands can be detected for the sample

grown within 10 s. The surface morphology changes drasti-
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cally if a critical density of islands is reached between 10 and
25 s of growth time: a rearrangement of islands occurs re-
sulting in self-organized nanofibers with micrometer length
�Fig. 1�b��. As shown in Figs. 1�b�–1�f�, with increasing time
these fibers become progressively longer, quickly reaching a
fixed asymptotic width. At least after 5 min of growth nearly
no small islands could be found on the surface �Fig. 1�d��,
while the fibers become closer to each other.

Figure 2 shows a high-resolution three-dimensional �3D�
AFM image of a single p-6P nanofiber surrounded by small
p-6P islands in the most interesting intermediate growth
stage, where islands and fibers coexist. The image clearly
reveals that the roughly 850-nm-long, 15-nm-high, and 75-
nm-wide fiber is not homogeneous and consists of about 15
small blocks with approximately the same size as free stand-
ing p-6P islands. This result indicates that self-organized fi-
bers on mica are formed by regrouping of mobile individual
islands/crystallites originating from earlier growth stages.
This thesis is well supported by the observation �using dark-
field electron microscopy� of different crystalline p-6P do-
mains within long p-6P nanofibers.20

As the results are clear from Figs. 1�b�–1�f�, from the
very beginning all fibers are strictly parallel to each other

FIG. 1. �Color online� AFM topogra-
phy images of the p-6P films grown
within �a� 10 s, �b� 25 s, �c� 90 s, �d� 5
min, �e� 40 min, and �f� 120 min. The
growth temperature was 130 °C. The Z
scale is 0–50 nm in �a�–�c�, 0–100 nm
in �d�, 0–220 nm in �e�, and 0–700 nm
in �f�.

FIG. 2. �Color online� High-resolution three-dimensional AFM image show-

ing individual p-6P islands as well as a single nanofiber.
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having the same preferential orientation relative to the sub-
strate. Detailed AFM investigations show that this orienta-
tion as well as p-6P island nucleation are not controlled by
step edges on the mica surface. Moreover, x-ray diffraction
�XRD� and transmission electron diffraction studies reveal
three similar crystallographic orientations of p-6P on mica
�both for fibers and islands�: �11−1� p-6P � �001� mica
and �1−2−1� p-6P � �−340� mica �orientation �A��;
�−1−11� p-6P � �001� mica and �−110� p-6P � �−340� mica
�orientation �B�� and �11−2� p-6P � �001� mica and �−20
−1�p-6P � �−310� mica �orientation �C��.16,20 These three ori-
entations of the molecules relative to the substrate are shown
in Fig. 3. In all three cases the alignment of p-6P molecules
relative to the substrate and to each other is approximately
the same: their long axes within the fibers are nearly parallel
to the substrate and perpendicular to the needle’s direction. A

FIG. 3. Side view of p-6P molecules relative to the mica �001� substrate as
they are oriented within their epitaxial orientations. Top part: Orientations
�A� and �B� with the same intermolecular distance of a=26.34 Å. Bottom
part: Orientation �C� with another distance of a=26.92 Å.

FIG. 4. �Color online� Nanofiber dimensions for the p-6P films grown within

with corresponding gauss distributions �closed lines�; right: corresponding width
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high degree of epitaxial alignment is proven by rocking
curves with a full width at half maximum �FWHM� as nar-
row as 0.06°.21

In order to obtain detailed geometrical information about
the nanofibers, their height and width distributions are mea-
sured using AFM. Results are summarized on the histograms
in Fig. 4 for the two p-6P films grown within 40 and 120 min
�see Figs. 1�e� and 1�f�. One can see that with increasing
growth time from 40 to 120 min the average fiber’s height
�h� increases almost linearly from �110 to �290 nm, while
its width �b� increases much slower from �210 to �350 nm.
Moreover, if more material is deposited, both the fiber height
and width distributions become broader, clearly indicating a
strong increase of fiber size fluctuations �i.e., morphological
inhomogeneity of the p-6P film surface�.

Laser action is investigated using photopumping with
ultrashort pulses on samples with increasing film deposition
time to study the dependence of lasing on the nanofibers’
average size. All measurements are done at room tempera-
ture. The emission is found to be rather isotropic due to
strong light scattering by the nanostructured surface of the
samples. Optical collection is done normally to the sample
surface with an f-number �f /N� of about 4. The results are
substantially independent of both the collection angle and
f /N value. The emission features a degree of linear polariza-
tion �parallel to the long molecular axis of p-6P� of 7 dB or
larger across the entire emission spectral window, consistent
with the high degree of orientation of the nanofibers and
their high crystallinity.

As a first step, experiments are performed in the
ensemble-average configuration: the exciting laser beam is

� and 120 min �b�. Left: Experimental fiber height distributions �bar graphs�
40 �a

distributions.
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�i� focused on the sample to a spot whose size �	120 �m� is
much larger than the cross-sectional dimension of the nanofi-
bers, hence allowing to pump a fairly large number of
nanofibers; �ii� the emission from the entire spot is collected
and spectrally resolved to get the response of the nanofibers’
ensemble.

No evidence for nonlinear emission is seen when the
fibers are at early stages of nucleation �Figs. 1�a�–1�c�� since
their cross-sectional size is far too small to enable waveguid-
ing of light beyond 400 nm of wavelength.10 Although nicely
shaped fibers are realized with a deposition time of 5 min,
neither nonlinear narrowing nor laser action is detected in the
sample reported in Fig. 1�d� �sample D� for pump fluences as
high as 2 mJ/cm2. Again, lack of laser action is attributed to
poor optical waveguiding due to insufficient fiber width. Sta-
tistical analysis of the nanofibers’ morphology �not shown�
yields �h��100 nm and �b��125 nm, from which we esti-
mate that in sample D the fraction of nanofibers potentially
supporting waveguiding at 420 nm is only a few percent.

Figure 5�a� shows ensemble-averaged emission spectra
of the sample with �h��110 nm �sample E, shown in Fig.
1�e�� for different values of the excitation fluence at room
temperature. For excitation fluences exceeding threshold val-
ues ��th� which can be as low as 1 �J /cm2 �per pulse�,

FIG. 5. �a� Room-temperature emission spectra of the p-6P nanofibers with
�h��110 nm �sample E� for different values of the pump fluence � /�th

��th�1 �J /cm2 per pulse�. �b� Same as in panel �a� but measured in the
sample with �h��290 nm �sample F, �th�6 �J /cm2�.
discrete peaks emerge from the spontaneous emission spec-
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trum at the 0-1 vibronic peak near 420 nm. Their linewidth is
0.2 nm or smaller. Due to the p-6P film inhomogeneity, fairly
large variation in �th �up to a factor of 10� is found as the
excitation spot is moved across the sample surface. The film
absorption being �30%, the surface filling factor �50%,
and assuming further that the conversion efficiency of the
absorbed pump energy into singlet excitons is equal to 100%,
a threshold fluence �th=1 �J /cm2 is estimated to corre-
spond to a density Nth=1.2�1017 cm−3, which is over four
orders of magnitude smaller than the p-6P molecular crystal
density. However, the long-term stability �over a time period
of weeks� is verified only for a threshold fluence of the order
of 10–30 �J /cm2 �Nth	�1–3��1018 cm−3�. Laser-induced
damage of the p-6P films can occur after intensive utilization
of the samples.

The observed phenomenology is attributed to coherent
random lasing,22 arising from recurrent scattering within the
system of close-packed nanofibers. As a matter of fact, the
nanofibers realize a tight interconnect �Figs. 1�e� and 1�f��
that cannot be traced back to an inhomogeneous ensemble of
independent fibers. Cracks, bends, sudden variation in fiber
height or width, and intersection points between adjacent fi-
ber segments can serve as optical scattering centers. Given
the large number of such features, the light diffused by a
scatterer can come back to the same scatterer after experi-
encing a sequence of scattering processes in the p-6P nanofi-
ber film, hence forming a closed-loop path for light amplifi-
cation. Lasing starts when the closed-loop amplification
overcomes the loss, provided that the total phase variation in
the loop is equal to a integer multiple of 2�. Owing to the
randomness of the phase shift experienced by the light in
each scattering process and of the distance between scatter-
ing centers, lasing occurs at random frequencies. Coherent
random lasing with very similar features has been reported
over the last decade in a variety of material systems.23–26 As
the pump fluence is increased, a growing number of closed-
loop random paths existing within the photoexcited spot
reaches threshold, resulting in the appearance of additional
discrete peaks in the emission spectrum. This is partially
responsible for the superlinear dependence of the emission
intensity versus pump fluence above threshold.

In addition to coherent random lasing, as the pump in-
tensity is increased, optical gain exceeds the losses in an
increasing number of open-loop paths, yielding intensity �or
incoherent� amplification, namely, amplified spontaneous
emission �ASE�. ASE, in turn, is responsible for line narrow-
ing and possibly overlaps with coherent random lasing,
thereby reinforcing the superlinear growth of the emission
intensity.

Very similar results are obtained in the sample with �h�
=290 nm �sample F, shown in Fig. 1�f��, as reported in Fig.
5�b�. The larger film inhomogeneity of this sample is respon-
sible for an increased efficiency of light scattering into out-
of-plane directions, which do not contribute to the build up
of closed-loop paths for coherent random lasing. This might
explain why in sample F coherent features are less pro-

nounced than in sample E and why the threshold pump flu-
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ences are higher �	10–100 �J /cm2�. Intermediate material
deposition times �of a few tens of minutes� are thus inferred
to yield nanofibers with lowest losses.

To get better insight into the random lasing properties,
we perform spatially resolved lasing measurements. A large
pump spot ��180 �m in diameter� is still used, but the emis-
sion is spatially resolved with a linear resolution of 2 �m
approximately. Care is taken as to excite a spot at the edge of
the area covered with p-6P, where the nanofiber density is
lower. Results relating to this configuration are reported in
Fig. 6.

Figure 6�a� shows an emission micrograph taken on
sample E. The picture covers an area smaller than the excited
spot and is taken above threshold so that it displays both
spontaneous and coherent emission. One recognizes the
shape of a few nanofibers leaning out of the area covered
with p-6P. We measure the emission spectrum integrated
over the small �3�56 �m2� area delimited by the white
markers, that is, over a well-defined nanofiber segment.
Spectra are shown for different pump fluences in Fig. 6�b�.
The results are similar to those observed in ensemble-
averaged measurements: discrete random lasing modes
emerge from the spontaneous emission spectrum when the
threshold fluence is reached. Lasing is observed also at the
0-2 vibronic peak near 450 nm.

Although the spectroscopically singled-out nanofiber
segment is not decoupled from the surrounding nanofibers
�as being part of the whole fiber interconnect�, the strong
similarities between the ensemble-averaged spectra and spa-
tially resolved spectra suggest that coherent random lasing in
p-6P nanofibers has a one-dimensional character. Thin cracks
and sudden variation in fiber thickness or width can account
for the realization of one-dimensional random optical cavi-
ties in isolated nanofibers. A detailed study of random lasing
in single nanofibers has been carried out very recently.27

Below threshold, the exciton recombination dynamics is
dominated by density-dependent effects, which are ascribed
to singlet-singlet annihilation. This results from the sublinear
growth of the emission intensity versus excitation fluence, as

FIG. 6. �a� Gray-scale micrograph of random lasing nanofibers �sample E�.
The excitation fluence is �60 �J /cm2 per pulse. The white markers are
delimiters for the area over which the spectra shown in �b� are spatially
integrated. �b� Emission spectra measured for different values of the pump
fluence � /�th ��th�35 �J /cm2�.
in fact revealed in sample E. The singlet-singlet annihilation
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coefficient �kSS� is estimated to be as high as 10−7 cm3 s−1,
which further confirms the high degree of crystallinity of the
nanofibers. The low-intensity recombination rate �k0�, in-
cluding both radiative and nonradiative losses, amounts to
�1.8�109 s−1. Thus, in our system singlet-singlet annihila-
tion loss is estimated to overcome nonradiative loss at a den-
sity �2�1016 cm−3. The physical parameters �k0, kSS� of
crystalline p-6P have been obtained upon averaging over a
large number of nanofibers placed in different positions on
the sample.14

Knowing the exciton recombination constants, we can
give an estimate for the electrical current density which has
to flow through the nanofibers’ film to achieve threshold in
continuous-wave �cw� operation. The current density at a
given exciton population density is derived by imposing that
the total formation rate of singlets be equal to the total re-
combination rate. The estimate is done for sample E, where
the lowest threshold densities have been found. The thick-
ness of the recombination region is set equal to the average
thickness of the nanofibers ��h�=110 nm�, and the statistical
value of 0.3 is taken for the singlet-to-triplet generation ratio.
For the recombination rate, density-dependent losses other
than singlet-singlet annihilation �e.g., singlet-polaron annihi-
lation� are neglected. This approximation puts a lower limit
to the current density required for lasing. The variation in
singlet population density with current density is shown in
Fig. 7. It turns out that to operate at a current density J
	1 kA/cm2, which is sustainable in high-mobility organic
crystals,28 lasing should start at a density Nth	3
�1016 cm−3. This limit is close to the minimum threshold
density reported in our samples, suggesting that an electri-
cally driven nanofiber-based laser might be achievable. In
addition to density-dependent losses, voltage breakdown
should be taken into account for a more quantitative estimate
of the maximum current density that can drive the nanofi-
bers. Operation at current densities �1 kA/cm2 could indeed
be necessary, in which case nanofibers should be realized

FIG. 7. Exciton density vs estimated dc current density. The current density
is estimated assuming a singlet-to-triplet ratio of 0.3 and an average nanofi-
ber height of 110 nm. The vertical and horizontal dashed lines mark the
current density J=1 kA/cm2 and the corresponding singlet density N=3
�1016 cm−3, respectively.
with even lower optical losses.
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IV. CONCLUSIONS

In conclusion, we report a detailed account of the mor-
phological and nonlinear optical properties of p-6P self-
assembled nanofibers grown by HWE on mica. We show the
dependence of both the film morphology and nanofiber cov-
erage on deposition time, and how the regrouping process of
p-6P islands into linear nanofibers takes place. When the
nanofibers are photoexcited by ultrafast laser pulses, low-
threshold laser-like emission occurs in the deep-blue �420–
450 nm� spectral range. Based on the results of both
ensemble-averaged and spatially resolved measurements, the
nonlinear emission is attributed to coherent random lasing in
a system of close-packed nanofibers. Spatially resolved mea-
surements also suggest that nanofiber lasing is one-
dimensional. We claim that one-dimensional lasing on the
longitudinal modes of isolated and morphologically uniform
nanofibers is necessary for practical application of p-6P
nanofibers as nanolasers. Regarding the feasibility of electri-
cally excited nanofiber-based lasing, our estimates based on
the results of the present study are encouraging, although
further investigations are necessary to define the require-
ments for electrical pumping more quantitatively. In the end,
the realization of nanofibers having ultralow optical scatter-
ing losses, together with the availability of an effective tech-
nology for charge-carrier injection into the nanofibers, could
enable the realization of electrically driven nanolasers. The
present work is thus expected to stimulate further consider-
ation of p-6P nanofibers for both photonic and optoelectronic
applications at the submicrometric scale.
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