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Abstract

Random laser action and amplified spontaneous emission are observed near 425nm in self-assembled para-
sexiphenyl nanofibers following subpicosecond optical pumping. The threshold excitation fluence (photoexcited
density) is as low as 0.5pJ/em? (6 x 10'°cm ™). The high degree of material crystallinity results in a very large
singlet-singlet annihilation rate of ~ 107 cm?/s. In stationary conditions, assuming a standard singlet-to-triplet density
ratio of 0.3 and bimolecular recombination as the only density-dependent loss mechanism, the equivalent current
density necessary for lasing threshold is estimated to be as low as 3 kA/cm?. The experimental findings suggest that such
highly ordered molecular nanoaggregates have great potential as blue-emitting devices for integrated photonic
applications.
© 2004 Elsevier B.V. All rights reserved.
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Recent advancements in the field of epitaxial
growth include surface-dipole-assisted self-assem-
bly of nanoaggregates of organic molecules, such
as para-sexiphenyl (p-6P). Crystalline needle-
shaped [1,2] and ring-shaped [3] aggregates of p-
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6P have been realized on both mica and KCI
substrates; the nanoaggregates are truly nano-
scopic in two dimensions (their heights and
widths), while their lengths and radii are in the
millimeter- and micrometer-length scale. The size
and surface density of the needles can be
controlled through the growth parameters and by
laser irradiation [4]. Due to the high blue
luminescence quantum yield (30%) of p-6P in the
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solid state and to their crystalline structure, p-6P
nanoaggregates are easily envisaged as highly
polarized, blue-emitting basic components (such
as active waveguides and resonators) of next-
generation integrated photonic systems. Linear
waveguiding of the p-6P blue emission near 425 nm
has been demonstrated in the needles (nanofibers)
[5]. Nonlinear optical conversion (second-harmo-
nic generation and two-photon luminescence) has
also been reported, in both the nanofibers and
nanorings [3,6]. Owing to the waveguiding effect,
amplified spontaneous emission (ASE) and lasing
are also possible in these nanoaggregates. How-
ever, no clear signature of ASE or lasing emission
had ever been reported in either the nanofibers or
nanorings until very recently [7].

In this paper, we report experimental evidence
of amplified spontaneous emission and random
lasing near 425nm in p-6P nanofibers grown by
hot-wall epitaxy (HWE) on freshly cleaved, (00 1)-
oriented mica substrates. Evaporation of p-6P is
operated under a dynamic vacuum of =~
10~%mbar, at a substrate temperature ranging
typically from 80 to 130 °C. Self-assembly of the p-
6P molecules results in needle-shaped nanofibers,
featuring cross-sectional dimensions in the 100-
400nm range (depending upon growth condi-
tions), and lengths of up to 100 um. The high
order of crystallinity of p-6P has been shown to
yield highly polarized optical absorption [2,8].

ASE and laser action are investigated by
photopumping with ultra short pulses. Photoexci-
tation is performed using the frequency-doubled
output pulses (760 nm, 150 fs duration) of a Ti:
sapphire regenerative amplifier operating at the
repetition frequency of 1 kHz. The 380-nm excita-
tion beam is focused to a spot size of 120 pm,
approximately, so that even the longest nanofibers
can be thoroughly excited upon suitable position-
ing of the laser spot on the sample surface. The
excitation polarization is set parallel to the long
molecular axis for maximum material absorption
(4~ 60%). The samples are placed inside a
recirculating-loop cold-finger cryostat and optical
measurements are performed over the 30-300 K
temperature range. The emission is collected by
variable numerical aperture optics and dispersed in
a single spectrometer. A LNj-cooled charge-

coupled device is used to measure the time-
integrated emission spectra.

The experiments and related results reported in
this paper refer to a nanofiber sample grown at a
substrate temperature of 130°C, whose surface
topography image, obtained by an atomic-force
microscope (AFM) in tapping mode, is shown in
Fig. 1.

From a line profile reconstructed along the
direction perpendicular to the needle axis we
deduce an average base width and height of the
nanofibers of about 220 and 110 nm, respectively.
The nanofibers result to be highly packed, having a
surface coverage factor of ~50%. Since (i) it was
shown that the nanofibers can support light
propagation at 425 nm if their width is larger than
220nm [5], and (ii) in virtue of the very little
amount of p-6P material present between adjacent
needles [2], we infer that ASE and laser action at
the 0-1 vibronic peak (425nm) are possible only
along the fibers lying in the upper side of the fiber
width distribution.

Fig. 2 shows room-temperature emission spectra
collected normally to the sample surface with an f-
number (f/#) of ~4, for different values of the
excitation fluence. Owing to strong light scattering
by the nanostructured surface of the sample, the
emission is rather isotropic; the emission spectra
measured using collecting optics with different
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Fig. I. AFM topography image of the surface morphology of a
p-6P film grown by HWE at 130 °C on (00 1)-oriented mica.
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Fig. 2. Main panel: Room-temperature, time-integrated emis-
sion spectra for different values of the pump fluence @/Py,,
where @y, ~ 1 uJ/cm? per pulse. Inset: Emission spectra
measured after polarization filtering along the direction parallel
(//) and perpendicular (L) to the long molecular axis of p-6P
(solid lines); Intensity ratio between the two polarization
filtered spectra (dots).

numerical apertures, at various angles, display
very similar features.

When the excitation fluence reaches threshold
values (@y,) of 1 pJ/em? (per pulse) or lower, ultra
narrow (width<2A) and randomly spaced lines
suddenly appear on top of the spontancous
emission spectrum near 425nm.The threshold
fluence is found to be independent of temperature
down to 30 K, and position dependent with typical
variations of a factor of 3. Assuming that the
conversion efficiency of the absorbed pump energy
into singlet excitons is equal to 100%, the (lowest
ever observed) threshold fluence @y = 0.5uJ /cm2
yields a threshold density (Ny,) of 6 x 10'® cm™
The optical emission is highly polarized, with an
output polarization intensity ratio larger than 7dB
(inset of Fig. 2).

Since the spectral pattern is (i) strongly depen-
dent on the photoexcited area on the sample, and
(i1) time independent, so that detection artifacts
can be completely ruled out, the narrow lines are

attributed to random laser action occurring along
the nanofibers. The optical feedback necessary for
laser action originates presumably from random
fiber width fluctuations. Random laser action has
been reported over the last few years in a variety of
solid-state, high-gain material systems [9], includ-
ing neat films of substituted thiophene-based
oligomers, which possess very large stimulated-
emission cross-sections of up to 6 x 10~ % cm? at
the material gain peak [10].

As the excitation fluence is increased, an ASE
band appears on top of the 0—1 vibronic band,
which explains the superlinear variation of the
nonlinear emission intensity with pump excess
fluence, (& — @)/ Py [7]. Also, we have partial
evidence of ASE threshold at the peak of the 0-2
vibronic band near 450 nm at the highest excita-
tion fluence of @/dy, ~ 10 (Fig. 2). Random lasing
starts in a few nanofibers exhibiting long closed-
loop random paths for light amplification, which
causes the appearance of narrow spikes on top of
the broad spontaneous emission spectrum of the
photoexcited nanofibers. At sufficiently high pump
fluences, ASE takes place even in the lossier
nanofibers (not possessing efficient random gain
paths) and line narrowing of the 0—1 vibronic band
is then observed.

Density-dependent effects are observed in spec-
trally- and time-integrated measurements of the
spontaneous emission intensity as a function of the
excitation fluence, for pump fluences below lasing
threshold (Fig. 3 (a)). The sublinear behavior
indicates the occurrence of density-dependent
losses, which are attributed to singlet—singlet
annihilation [I11]. The time-integrated emission
intensity is curve fitted wusing the function
I(Ny) oc In(kssNo/ko+ 1), where ksg and k are the
singlet-singlet annihilation coefficient and the
(low-intensity) inverse photoluminescence lifetime,
respectively, and N, is the estimated singlet density
at the time of excitation (¢ = 0). Using kg = 1.8 x
10°s~! [7], we find kss = (0.9 £ 0.2) x 107" cm?/s.
We conclude that the bimolecular (nonradiative)
recombination coefficient is as large as 10~ cm’/s,
which is in fact comparable to the value reported
in tetracene single crystals [12]. The efficient
singlet-singlet annihilation process is attributed
to the high molecular order of the p-6P nanofibers,
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Fig. 3. (a) Spectrally and time-integrated emission intensity
versus photoexcited singlet density Ny at =0, for pump
intensities below threshold (7" = 30 K). The solid diamonds are
the experimental points and the solid line is a fit to the data (see
the text for details). (b) Steady-state singlet density as a function
of the current density, calculated as explained in the text. The
horizontal and vertical dashed lines mark the threshold density
N = 6 x 10'%cm=3 and the corresponding threshold current
density Jy, =3 kA/cmz, respectively.

which would result in a large diffusion constant of
singlet excitons.

Given kss = 1077 cm3/s, bimolecular recom-
bination dominates the singlet recombination
dynamics for densities larger than Ngg=
2 x 10'%cm™3. The current density necessary to
achieve a given singlet density in a DC electrical
pumping scheme is estimated with the assumption
that only singlet—singlet annihilation is responsible
for density-dependent losses. In fact, it is known
that singlet—polaron interaction is weaker than
singlet-singlet interaction in crystalline materials

[11]. A standard value of 0.3 is taken for the
singlet-to-triplet population density ratio at the
steady state. The thickness of the recombination
region is set equal to the average thickness of the
nanofibers (110nm). The variation of the singlet
density with current density is shown in Fig. 3 (b).
We notice that a threshold density Ny = 6 x
10'%cm— yields an equivalent threshold current
density Jy, = 3 k4 /cm?, which might be achievable
in high-mobility crystalline materials [11]. This
suggests that electrical pumping is potentially
feasible in crystalline p-6P nanofibers.

In conclusion, we report evidence of low-thresh-
old random laser action and ASE near 425nm in
p-6P self-assembled nanofibers grown by HWE.
The high molecular order of the nanofiber material
makes them attractive as highly polarized, blue-
emitting nanoscaled devices for integrated photo-
nics applications in the near future.
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