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We report on the modes interaction and light transport in weakly scattering neat films of small molecular
weight organic molecules, showing coherent random lasing. The lasing modes interaction exhibits peculiar
properties, with spatially overlapped modes at low excitation density and modes competition at high excitation
density. This results in a progressive decrease and in a saturation of the number of lasing modes with increasing
the excitation density. The weak scattering results in diffusive light transport with a transport mean free path in
the range 14.6–125mm, which is much higher that the lasing wavelengthl<620 nm. The average transport
properties are correlated with the single scattering event cross section. We demonstrate that the light propaga-
tion is mainly affected by single scattering properties rather than collective effects.
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I. INTRODUCTION

The study of electron and light transport in disordered
systems has become a prominent part of condensed matter
physics. In particular the formation of bands of spatially lo-
calized electronic states, called Anderson localization, has
been predicted to occur in sufficiently disordered solids,1,2 as
a consequence of the interference of electron wave functions
scattered by randomly distributed defects.

Regarding light transport in disordered materials the in-
terplay between light amplification and multiple scattering
results in the fascinating phenomenon of random lasing.
Such a process, after the theoretical prediction of Letokhov,3

has recently received considerable attention, both from the
fundamental point of view and for the application to micro-
sized active elements in photonic devices.4 Adding optical
gain to a random system indeed provides a unique tool to
study light transport and localization, as the behavior of las-
ing modes reflects the properties of the eigenstates of the
disordered system.5

Random lasing has been demonstrated in various materi-
als including strongly scattering tridimensional(3D) sys-
tems, like ZnO and GaN powders,6,7 blends of TiO2 and
rhodamine dyes in solution and in inert matrix,8,9 and weakly
scattering bidimensional(2D) polymeric films.10 Light local-
ization has been theoretically predicted11–17and recently cor-
related to random lasing18 for ZnO strongly scattering nano-
particles films, i.e., with the scattering mean free path length
comparable to the lasing wavelength. In addition the mode
interaction of the lasing modes has been investigated in
strongly scattering systems, showing the occurrence of spec-
tral and spatial modes repulsion,9,12 as well as modes
coupling.19 In this frame, the analysis of the emission prop-
erties of random lasers in the opposite limit of weak scatter-
ing is still lacking. Some preliminary results on polymer neat
films indicate a weaker scattering with respect to inorganic

powders,10,20whereas the effects on the modes interaction of
a reduced scattering efficiency, the light transport properties
as well as the origin of the feedback for lasing have not been
studied yet.

Moreover despite the theoretical prediction of enhance-
ment of the localization effects as the system dimensionality
is reduced,21 most of the recent experimental works have
been conducted in a strongly scattering 3D system and a
detailed analysis of the emission properties of the 2D system
is still missing.

In this paper we report on coherent random lasing in bi-
dimensional(2D) neat films of low molar weight organic
molecules(T5oCx, see inset of Fig. 1). We investigate the
modes interaction and the light transport in asymmetric
glass-T5oCx-air waveguides, which are characterized by a

FIG. 1. Emission spectra of the S1 sample as a function of the
excitation density for a stripe length of 6.5 mm. The gray lines
are fit of the spectra without the contribution of random lasing
peaks. The dotted vertical lines and the numbers indicate three
modes with different intensity dependence on excitation density.
Inset: Chemical structure of the T5oCx molecule(Hex=Hexyl
chain, Cx=Ciclohexyl group).
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high density of weakly scattering defects. The scattering in
our system comes from morphological defects, whose scat-
tering cross section is expected to be much smaller than that
of grain boundaries in powders. Three different geometries
and distributions of the scattering centers are obtained by
acting on the films deposition conditions.

Despite the weak scattering coherent random lasing emis-
sion is observed in all the samples. The 2D nature of the
system and the weak scattering led to modes interaction
strongly different from what observed in 3D powders, due to
the spatial overlap of the lasing cavities at low excitation
density followed by modes repulsion only at high excitation
density. This evolution is evidenced by the increase of the
number of lasing modes, as the excitation density increases,
followed by a decrease down to a saturation value.

We demonstrate that the light transport in the system is
diffusive and we determine the transport mean free path by
photoluminescence(PL) measurements as a function of the
excited region length. These measurements show a critical
length for lasing and a linear increase of the number of lasing
modes with increasing length. The transport mean free path
is in the range 14.6–125mm for the three samples. The ori-
gin of the feedback is analyzed by atomic force microscope
(AFM) measurements that show film roughness of few na-
nometers and cylindrical holes, acting as scattering centers,
with average dimensions and distribution depending on the
deposition conditions. Starting from the scattering defects
geometry we analytically estimated the scattering cross sec-
tion of the single scattering event and then the transport
mean free path. Excellent agreement between the obtained
values and the experimental ones is found, thus demonstrat-
ing that the average properties of 2D random lasers in the
weak scattering regimes mainly depend on the single scatter-
ing properties rather than by collective effects.

II. EXPERIMENT

The samples were prepared by spin coating of 10−1M so-
lutions of T5oCx on glass substrates. In order to change the
film morphology three different solvents have been used,
namely chloroform(sample S1), dichloromethane(S2), and a
1:1 chloroform-dichloromethane blend(S3). The film thick-
ness was about 450 nm, higher than the waveguiding cut-off,
for all the samples. The excitation laser source was the third
harmonic sl=355 nmd of a Nd-Yag laser, delivering 3 ns
pulses at 1.064mm with a repetition rate of 10 Hz. The laser
was focused on the sample with a cylindrical lens, thus ob-
taining a 100mm wide rectangular stripe. The length of the
excited stripe was varied through a variable slit in the range
0 mm–8.5 mm. The sample emission was collected from the
sample edge, dispersed by a Triax 320 mm spectrometer and
detected by a Si-CCD. The spectral resolution of the mea-
surements was about 3.5 Å. The measurements were per-
formed at room temperature in high vacuum(about
10−6 mbar), in order to avoid photo-oxidation.

III. EXPERIMENTAL RESULTS

A. Effects of the excitation density

The emission spectra as a function of the excitation den-
sity for sample S1 with an excited region length of 6.5 mm

are displayed in Fig. 1. For excitation density higher than
about 300mJ cm−2 a 16 nm broad band due amplified spon-
taneous emission(ASE) appears in the spectra with a super-
imposed fine structure with features as narrow as 5 Å. The
fine structure shows the typical behavior of coherent random
lasing emission, as discussed in detail in Ref. 22.

The emission spectra of the S2 sample(see Fig. 2) show
similar features, with an ASE band visible for excitation den-
sities higher than 4 mJ cm−2 and narrow peaks due to coher-
ent random lasing with a similar threshold. The same fea-
tures are observed also for S3 samples, with an ASE and
random lasing threshold of about 200mJ cm−2.

In all the investigated samples the dependence of the las-
ing intensity on the excitation density shows different indi-
vidual behavior for different lasing modes, as shown in Fig.
3 for three different modes of the S1 spectra. In particular
some of the lasing modes show an intensity increase with the
excitation density typical of laser emission, as mode 3, while
other modes, like mode 2, show decreasing intensity at high
excitation density, and eventually disappear from the emis-
sion spectra, as mode 1.

The different dependence on the excitation density results
in peculiar dependence on the excitation density of the num-
ber of lasing modes. In the spectra of all the three samples
the number of lasing modes(see Figs. 4 and 5) quickly in-
creases over threshold and reaches a maximum value for an

FIG. 2. Emission spectra of the S2 sample as a function of the
excitation density.

FIG. 3. Intensity of the modes 1, 2, and 3 of Fig. 1 as a function
of the excitation density. The lines are guide for the eyes. The
intensity decrease at high excitation density for the modes 1 and 2 is
evident.
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excitation density about twice the lasing threshold. For
higher excitation densities some of the lasing modes disap-
pear and the total number of modes decreases down to a
saturation value until the damage threshold of the film is
reached.

The saturation value of the number of lasing modes has
been studied for different excited stripe lengths and for dif-
ferent positions on the sample.

In Fig. 4 we report the number of lasing modes in sample
S1 for three different excited region lengths in the same
sample position of Fig. 1. The maximum number of lasing
modes increases with the increase of the excited length but
no significant differences can be observed at high excitation
density. For shorter excited regions the saturation regime
cannot be reached because the requested excitation density is
higher than the damage threshold of the film. These results
are quite general, regardless of the position of the excited
stripe on the sample surface, even though some variations in
the absolute value of the number of lasing modes from point
to point may occur.

B. Effects of the system dimensions

The emission spectra of random lasing system are well
known to be strongly dependent on the system dimensions.

In order to study the effects of the active system size and to
have a deeper insight in the light transport in our system we
performed PL measurements, at a fixed excitation density, as
a function of the length of the excited region.

The emission spectra of sample S1 for an excitation den-
sity of about 1.55 mJ cm−2, reported in Fig. 6, clearly show
the presence of a critical length for lasingLthr<4.1 mm.
When the excited region length is increased overLthr an in-
creasing number of lasing modes appears and persists as the
stripe length is further increased. The dependence of the
number of lasing modes on the excited stripe length(see Fig.
7) is linear overLthr with a slope of about 4.6 modes/mm.
The same behavior was found for the other two samples(see
Fig. 7), but with some differences in the values ofLthr and of
the slope. In the S2 sampleLthr<7.2 mm and the best fit
slope is slightly reduced to 4.2 modes/mm. In the S3 sample
Lthr is reduced to 2.8 mm and the slope is increased to
7.2 modes/mm.

C. Film morphology

As in our samples we did not intentionally introduced any
scattering center, it has to be expected that the scattering

FIG. 4. Number of random lasing mode in S1 spectra as a func-
tion of the excitation density for three different stripe lengths.

FIG. 5. Number of random lasing mode as a function of the
excitation density for S2 and S3 samples. The S3 point are verti-
cally traslated for clarity. The lines are guides for the eyes.

FIG. 6. Emission spectra of sample S1 as a function of the stripe
length from 3.5 mm to 6.5 mm at fixed excitation density of
1.55 mJ cm−2. The dotted lines indicate some modes that appear at
some stripe length and persist for longer stripes.

FIG. 7. Number of lasing modes as a function of the excited
stripe length showing the presence of a threshold length followed
by a linearly increasing number of lasing modes.

MODES INTERACTION AND LIGHT TRANSPORT IN… PHYSICAL REVIEW B 70, 195216(2004)

195216-3



providing the feedback for random lasing comes from mor-
phological defects. We then analyzed by atomic force mi-
croscopy(AFM) the film morphology of the three investi-
gated samples. The AFM images of a 2.032.0 mm region
are reported in Fig. 8.

The S1 sample shows a roughness smaller than 6 nm over
several microns(see Table I), and several small holes in the
film, of average radius around 25 nm, superficial defects
densityNs<4.03108 cm−2 and a superficial defects filling
factor of about 0.7%. The S2 samples shows a very similar
morphology, with a roughness of about 6 nm, slightly re-
duces holes dimensions, but increased density. The S3
sample shows a similar roughness but with larger holes, with
an average radius of about 61 nm, and reduced density.

The origin of feedback in polymers random lasers10 was
attributed to thickness fluctuations of the active films, which
is expected to form random microring cavities. In our case
this possibility is ruled out by the very uniform thickness.
Moreover we recently demonstrated22 that a molecule similar
to T5oCx, (T5oxMe with methyl groups instead that ciclo-
hexyl group), despite a much higher film roughness and gain
values similar to T5oCx does not show coherent random las-
ing, but only ASE. We then conclude that in our films the
feedback for lasing comes from sequential scattering from
the holes in the film. Despite the high density of defects,
their scattering cross section is expected to be low, as the
holes are smaller than the scattered wavelength, and then
weak scattering is expected.

IV. DISCUSSION

A. Effects of the excitation density: Modes interaction

The dependence of the number of lasing modes on the
excitation density allows us to study the interaction between
different random lasing modes in the weak scattering limit.
In strongly scattering systems it has been theoretically12 and
experimentally9 demonstrated that the number of lasing

modes increases with the excitation density until it reaches a
saturation value at high excitation density. Moreover the
saturation value is found to linearly increase with the excited
region length. These results are due to the presence of strong
mode confinement, leading to non-overlapping modes. When
a lasing modes reaches the lasing threshold it prevents other
modes, close to its localization center and with higher losses,
to reach the lasing threshold. Then only modes with far
enough localization centers can lase simultaneously and a
maximum number of lasing modes is observed, increasing
with the system dimensions.

Our results are instead very different, as the number of
lasing modes increases up to a maximum value, but then
decreases down to a saturation values at high excitation den-
sity. Moreover we observed that this results is due to the
presence of some lasing modes with an intensity which de-
creases for high enough excitation density and disappears
from the spectra. Previous studies on organic random lasers
demonstrated20 that the lasing cavities are much larger than
the lasing wavelength, due to the weaker scattering, and are
on average identical.

For a weakly scattering system is then reasonable to as-
sume that partially overlapping lasing cavities are present
with similar losses, and then similar lasing threshold.

We then attribute the observed trend in the number and
intensity of lasing modes to the presence of spatially over-
lapping modes at low excitation density. When the excitation
density is increased, more and more modes reach the thresh-
old, until the mode with the highest gain prevails over the
overlapping modes around its localization center. The num-
ber of modes then decreases and reaches saturation corre-
sponding to the number of non-overlapping modes.

B. Effects of the system dimensions: Light transport

In the theory of disordered systems two very different
regimes, localized and diffusive, are distinguished.23 In the
diffusive regime, for weak scattering, the eigenstates are ex-
tended and efficient light transport is possible. On the con-
trary, in the localization regime, requiring strong disorder,
the eigenstates become localized and light transport strongly
inhibited.

In order to determine the average dimensions of the lasing
cavities in our system we calculated the power Fourier trans-
form of the emission spectra over the random lasing thresh-
old.

The typical power Fourier transform spectrum of the
emission spectra(see Fig. 9) over the random lasing thresh-

FIG. 8. 232 mm AFM images
of the three investigated samples.
The roughness is in the range
5–6 nm.

TABLE I. RoughnesssRd, holes radiussrd, density sNsd, and
filling factor sfd for the three investigated samples.

Sample
R

(nm)
r

(nm)
Ns

sholes cm−2d
f
%

S1 6 25 4.1·108 0.7

S2 6 24 5.1·108 0.9

S3 5 61 1.0·108 1.2
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old presents clear resonances, corresponding to the length of
the lasing cavities.20 The average pathlength has been then
extimated as weighted average of the peak pathlength, using
their amplitudes as weights, and turned out to be about
350 mm for the S1 sample, which is much larger than the
lasing wavelength, thus indicating weak scattering in the sys-
tem.

In the weak scattering regime the light transport in the
active medium is diffusive and can be modeled by solving by
variable separation the diffusion equation with gain3 fixing
the photon flux at 0 close to the system edge. For a two-
dimensional rectangular system with uniform gain and with
lengthLx and heightLy the lasing threshold is reached when

D ·B2 −
v
lg

= 0, s1d

whereD=vl tr /2 is the diffusion constant,v is the light speed
in the medium,l tr is the transport mean free path,lg=1/g is
the gain length and

B2 = p2 ·S 1

Lx
2 +

1

Ly
2D . s2d

In our experiment we pump a rectangular stripe of vari-
able lengthLx and fixed heightd<100 mm. The light which
is laterally scattered along they direction leaves the excited
region, with net optical gaing, and is then scattered and lost
in the unexcited sample region, characterized by waveguide
lossesa<2 cm−1. As the standard propagation length in a
lossy scattering system isÎ2D /a we fixedLy<d+2Î2D /a.
The g and a values for the three samples have been mea-
sured in the same excitation condition of the measurements
as a function of the stripe length(Sec. III B) and are reported
in Table II. The transport mean free pathl tr has been then
determined from Eq.(1) and is reported in Table II for the
three samples. In all the samplesl tr is much higher than the
lasing wavelengthsl<620 nm and much higher than the
values reported for inorganic powders.7,18

C. Scattering cross section

The AFM measurements of the sample morphology sug-
gest that the scattering defects are cylindrical holes with a
defects superficial filling factor in the range 0.7%–1.2% for
all the samples.

For a so low filling factor of the scattering centers the
average transport properties of the disordered medium are
expected to mainly depend on the scattering properties from
a single defects rather than on collective effects.24,25

We then calculated the scattering and transport mean free
paths from the scattering cross section per unitary lengths8
of a single defect. The exact cross section for scattering of a
plane wave of wavelengthl from a finite cylinder of radius
r and lengthL can be easily performed26 in the limits of very
small cylinders, i.e.,r, L!l (Rayleigh scattering), and in the
opposite limit of very long thin cylinders, i.e.,r !l and
L@l. In our case, asL is comparable withl and the aspect
ratio is between 5 and 9, the cross section for a plane wave
cannot be trivially extimated and numerical techniques are
necessary.27–31 However in our experiment we studied the
light propagation in a 2D disordered asymmetric waveguides
air-organic-glass, so we are not dealing with a plane wave,
but with the TE(electric field in the plane of the waveguide)
guided mode. The electric field amplitude is then maximum
close to the waveguides center and vanishing close to the
interfaces. Moreover it’s known30 that in the central region of
a finite cylinder the elements of the polarization matrix are
very close to the values of infinite cylinders already for an
aspect ratio of 5. We then estimateds8 by using the values
for an infinite cylinder perpendicular to the light propagation
direction and for TE polarization(electric field perpendicular
to the cylinder axes). As the scattering mainly occurs in a
plane perpendicular to the cylinder axes26 it is also reason-
able to assume that all the scattered light continues to propa-
gate in the guide plane, so that the total scattering cross
section can be used. For very thin cylinder the total scatter-
ing and transport cross section are then given by26

ssca8 =
2

pk
E

0

2p

uTsudu2du =
4

k
Spx2

4
D2

sn2 − 1d2

3F x4

64
+

2

sn2 + 1d2G , s3d

FIG. 9. Typical power Fourier transform of the S1 emission
spectra over the random lasing threshold. The dotted lines represent
the best fit curves of a multi-Gaussian fitting of the spectrum.

TABLE II. Transport mean free pathsl trd extracted from the
threshold condition of the diffusion equation with gain. The gain
value sgd, the threshold stripe lengthsLthrd, and the waveguide
lossessad are also reported.

Sample
l tr

smmd
g

scm−1d
Lthr

(cm)
a

scm−1d

S1 125 2.7 0.41 2.1

S2 105 2.6 0.72 2.2

S3 14.6 2.5 0.28 2.6
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str8 =
2

pk
E

0

2p

uTsudu2s1 − cosuddu = ssca8 −
1

k
Sp2x6

64
D sn2 − 1d2

sn2 + 1d2 ,

s4d

wherek is the wave number,x=k·r, u is the scattering angle
in the propagation plane, andn is the organic refractive in-
dex. The relation betweenssca8 andstr8 in the low concentra-
tion limit25 is ssca8 ·lsca=str8 ·l tr. By substituting the values for
k, r, andn=1.8 (determined from reflectance and transmit-
tance measurements) we obtainssca8 and str8, the values are
reported in Table III.

In order to extract the transport and scattering mean free
paths from the corresponding cross section, and to compare
them with the experimental values, it is very important to
know the degree of order of the defects distribution. In par-
ticular the presence of spatial correlation in the defects posi-
tion is known to strongly influence the emission properties of
random lasers in the diffusive regime.16,32 Moreover, as the
holes providing the feedback for lasing are formed during the
spin coating process, correlation effects similar to the ones
observed in organic droplets grown by evaporation could be
present.33

We then estimated for all the samples the height-height
correlation function defined as

gsrd = kfhsr1d − hsr2dg2l, s5d

wherer1 andr2 are the position vector of two generic points
in the sample at distancer and the brackets indicate the
averaging over all the sample surface. The obtained curves,
reported in Fig. 10, show a regular increase withr and a
saturation forr higher than about 1 micron, but no evident
peaks, denoting correlation, are present. We then conclude
that the defects distribution is random in all the investigated
samples.

The scattering and transport mean free paths have been
then determined through the relations 1/l =s8Ns. The ob-
tained values, reported in Table III are in excellent agreement
with the experimental values extracted from the diffusion
equation with gain(Fig. 11), thus indicating that the average
transport properties in our samples are mainly influenced by
the single scattering properties and not by collective effects.

V. CONCLUSIONS

In conclusion we reported on modes interaction and light
transport in weakly scattering 2D organic films showing co-

herent random lasing even in the diffusive regime. The weak
scattering results in a peculiar modes interaction, with spatial
mode overlap at low excitation density and mode competi-
tion and suppression at high excitation density. The light
transport in the samples is diffusive with a transport mean
free path in the range 14.6–125mm, much higher than the
lasing wavelength<620 nm. The average transport proper-
ties have been then correlated with the scattering cross sec-
tion of a single scattering defects, of geometry and distribu-
tion obtained from AFM measurements. The theoretical
scattering and transport mean free path are in excellent
agreement with the experimental ones, demonstrating that
the light propagation in our system is mainly influenced by
single scatterer properties rather than by collective processes.
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TABLE III. Scattering and transport cross section and mean free
path extracted from the defects geometry and distribution of the
three investigated samples.

Sample
ssca8
(cm)

str8
(cm)

lsca

smmd
l tr

smmd

S1 2.37·10−7 2.37·10−7 105 105

S2 2.01·10−7 2.01·10−7 97.7 97.7

S3 8.18·10−6 8.16·10−6 12.2 12.3

FIG. 10. Height correlation function of the three samples. The
curves are normalized to their saturation value and vertically trans-
lated for clarity.

FIG. 11. Transport mean free path obtained from the calculated
cross section(full dots) compared with the values obtained from the
diffusion equation(empty dots). The good agreement is evident.
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