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Modes interaction and light transport in bidimensional organic random lasers
in the weak scattering limit
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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—12om, which is much higher that the lasing wavelengtis 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 powders'®20whereas the effects on the modes interaction of
a reduced scattering efficiency, the light transport properties
The study of electron and light transport in disorderedas well as the origin of the feedback for lasing have not been
systems has become a prominent part of condensed mattstudied yet.
physics. In particular the formation of bands of spatially lo-  Moreover despite the theoretical prediction of enhance-
calized electronic states, called Anderson localization, hament of the localization effects as the system dimensionality
been predicted to occur in sufficiently disordered solilas  is reduced most of the recent experimental works have
a consequence of the interference of electron wave functioniseen conducted in a strongly scattering 3D system and a
scattered by randomly distributed defects. detailed analysis of the emission properties of the 2D system
Regarding light transport in disordered materials the in4s still missing.
terplay between light amplification and multiple scattering In this paper we report on coherent random lasing in bi-
results in the fascinating phenomenon of random lasingdimensional(2D) neat films of low molar weight organic
Such a process, after the theoretical prediction of LetoRhov,molecules(T50Cx, see inset of Fig.)1We investigate the
has recently received considerable attention, both from theodes interaction and the light transport in asymmetric
fundamental point of view and for the application to micro- glass-T50Cx-air waveguides, which are characterized by a
sized active elements in photonic devi¢e&dding optical
gain to a random system indeed provides a unique tool to —012mlem

% 5 2

study light transport and localization, as the behavior of las- ~ |----- 0.49mJcm? : £ ?? ASY

ing modes reflects the properties of the eigenstates of the = |7 0.62mJ cmj 2 Cx Hax Hew G

disordered systerh. 2 |l .
Random lasing has been demonstrated in various materi- & | >®mlem,

als including strongly scattering tridimension@@D) sys- 2

tems, like ZnO and GaN powdet<, blends of TiQ and g | 1

rhodamine dyes in solution and in inert matfikand weakly E

scattering bidimension&PD) polymeric films® Light local-

ization has been theoretically predicted’and recently cor- B i A o

related to random lasid§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 g 1. Emission spectra of the S1 sample as a function of the
strongly scattering systems, showing the occurrence of spegxcitation density for a stripe length of 6.5 mm. The gray lines
tral and spatial modes repulsi®®? as well as modes gare fit of the spectra without the contribution of random lasing
coupling®® In this frame, the analysis of the emission prop- peaks. The dotted vertical lines and the numbers indicate three
erties of random lasers in the opposite limit of weak scattermodes with different intensity dependence on excitation density.
ing is still lacking. Some preliminary results on polymer neatinset: Chemical structure of the T50Cx moleculdex=Hexyl
films indicate a weaker scattering with respect to inorganichain, Cx=Ciclohexyl group

500 610 620 630
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e 19.2 mlem?
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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

Intensity (arb.un.)

the spatial overlap of the lasing cavities at low excitation W . \ . f a
density followed by modes repulsion only at high excitation 560 580 600 620 640 660 680
density. This evolution is evidenced by the increase of the Wavelength (nm)

number of lasing modes, as the excitation density increases, o )
followed by a decrease down to a saturation value. I_:IG_. 2. Eml_ssmn spectra of the S2 sample as a function of the
We demonstrate that the light transport in the system i§Xcitation density.

diffusive and we determine the transport mean free path b
photoluminescencéPL) measurements as a function of the
excited region length. These measurements show a critic
length for lasing and a linear increase of the number of lasin
modes with increasing length. The transport mean free pat
is in the range 14.6—12pm for the three samples. The ori- ; o . . .
gin of the feedback is analyzed by atomic force microscopé‘alSIng emission, as discussed in detail in Ref._ 22.
(AFM) measurements that show film roughness of few na- The emission spectra of the S2 sam(dee Fig. 2 show

nometers and cylindrical holes, acting as scattering Cemerglmnar features, with an ASE band visible for excitation den-

with average dimensions and distribution depending on théitIes higher than 4 mJ cthand narrow peaks due to coher-

deposition conditions. Starting from the scattering defect eu%;ag?;rgblsa;rlcg sz;tlrs]oaf(f:mSI?rstz?r:]eSlggld\}vi-{r?ear?%eEfz?]-d
geometry we analytically estimated the scattering cross se andom lasina threshold of about Zmpcm"z
tion of the single scattering event and then the transpoﬁ 9 '

mean free path. Excellent agreement between the obtained lr.' all th_e mvestlgated. samples th_e dependen_ce of the Ias—
Ing intensity on the excitation density shows different indi-

ing that the average properties of 2D random lasers in th idual behavior for different lasing modes, as shown in Fig.

weak scattering regimes mainly depend on the single scattes-o f;;tgfr fﬁe?g;?;enr;gq d%dsesshgf/vtg(ra] fw tler?gi? Cti:’]%rtlar;_spea\r/\tlli?f?lt?]re
ing properties rather than by collective effects. 9 y

excitation density typical of laser emission, as mode 3, while
Il. EXPERIMENT other modes, like mode 2, show decreasing intensity at high
The samples were prepared by spin coating of#0so- e_xcitation density, and eventually disappear from the emis-
lutions of T50Cx on glass substrates. In order to change the O spectra, as mode 1. . :

film morphology three different solvénts have been used, The thferent dependence on thg excitation Qen3|ty resilts
namely chlorofornisample S1, dichloromethanéS2), and a in pecullar dependence on the excitation density of the num-
1:1 chloroform-dichloromethane bleri83). The film, thick- ber of lasing modes. In the spectra of all the three samples

: : the number of lasing moddsee Figs. 4 and)5quickly in-

ness was about 450 nm, h|glher_ than the waveguiding CUt'Q 8reases over threshold and reaches a maximum value for an
for all the samples. The excitation laser source was the thir

harmonic (A\=355 nn) of a Nd-Yag laser, delivering 3 ns 8000 . . . . . ;

(yare displayed in Fig. 1. For excitation density higher than
bout 300uJ cm™ a 16 nm broad band due amplified spon-
aneous emissioASE) appears in the spectra with a super-
posed fine structure with features as narrow as 5 A. The
ine structure shows the typical behavior of coherent random

pulses at 1.064.m with a repetition rate of 10 Hz. The laser —~ 7000 | —o— mode1 o
was focused on the sample with a cylindrical lens, thus ob- S 6000 [ "~ 22325 ]
taining a 100um wide rectangular stripe. The length of the € ol ]
excited stripe was varied through a variable slit in the range = 4000 | s ]
0 mm-8.5 mm. The sample emission was collected from the 2 SN

: : S 3000 | PN .
sample edge, dispersed by a Triax 320 mm spectrometer and 2 ;. N
detected by a Si-CCD. The spectral resolution of the mea- - 20001 o o
surements was about 3.5 A. The measurements were per-  © 1000 F ’—__’c//g\\o 1
formed at room temperature in high vacuugabout ot . . . . . . ]
1078 mbay, in order to avoid photo-oxidation. 00 o0z 04 06 08 10 1z 14

Excitation density (mJem ™)
Ill. EXPERIMENTAL RESULTS
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
The emission spectra as a function of the excitation denintensity decrease at high excitation density for the modes 1 and 2 is
sity for sample S1 with an excited region length of 6.5 mmevident.

A. Effects of the excitation density
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FIG. 4. Number of random lasing mode in S1 spectra as a func- FIG. 6. Emission spectra of sample S1 as a function of the stripe

tion of the excitation density for three different stripe lengths. ~ length from 3.5 mm to 6.5 mm at fixed excitation density of
1.55 mJ cm?. The dotted lines indicate some modes that appear at

excitation density about twice the lasing threshold. Forsome stripe length and persist for longer stripes.
higher excitation densities some of the lasing modes disap-
pear and the total number of modes decreases down to0 @ order to study the effects of the active system size and to
saturation value until the damage threshold of the film iShave a deeper |ns|ght in the ||ght transport in our system we
reached. performed PL measurements, at a fixed excitation density, as
The saturation value of the number of lasing modes hag function of the length of the excited region.
been studied for different excited stripe lengths and for dif- The emission spectra of sample S1 for an excitation den-
ferent positions on the sample. sity of about 1.55 mJ cid, reported in Fig. 6, clearly show
In Fig. 4 we report the number of lasing modes in samplethe presence of a critical length for lasihg, ~4.1 mm.
S1 for three different excited region |engthS in the Sam@p/hen the excited region |ength is increased dyleiran in-
sample position of Fig. 1. The maximum number of lasingcreasing number of lasing modes appears and persists as the
modes increases with the increase of the excited length bufripe length is further increased. The dependence of the
no significant differences can be observed at high excitatioRumber of lasing modes on the excited stripe lerigée Fig.
density. For shorter excited regions the saturation regimeg) is linear overL,, with a slope of about 4.6 modes/mm.
cannot be reached because the requested excitation densityrige same behavior was found for the other two samsles
higher than the damage threshold of the film. These resultgig. 7), but with some differences in the valueslgf, and of
are quite general, regardless of the position of the exciteghe slope. In the S2 samplg,,~7.2 mm and the best fit
stripe on the sample surface, even though some variations Klope is slightly reduced to 4.2 modes/mm. In the S3 sample
the absolute value of the number of lasing modes from point,, is reduced to 2.8 mm and the slope is increased to

to point may occur. 7.2 modes/mm.
B. Effects of the system dimensions
The emission spectra of random lasing system are well C. Film morphology

known to be strongly dependent on the system dimensions. ag in our samples we did not intentionally introduced any

S2 Excitation density (mJcrm?) scattering center, it has to be expected that the scattering
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FIG. 5. Number of random lasing mode as a function of the FIG. 7. Number of lasing modes as a function of the excited
excitation density for S2 and S3 samples. The S3 point are vertistripe length showing the presence of a threshold length followed
cally traslated for clarity. The lines are guides for the eyes. by a linearly increasing number of lasing modes.
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FIG. 8. 2X2 um AFM images
of the three investigated samples.
The roughness is in the range
5-6 nm.

providing the feedback for random lasing comes from mor-modes increases with the excitation density until it reaches a
phological defects. We then analyzed by atomic force misaturation value at high excitation density. Moreover the
croscopy(AFM) the film morphology of the three investi- saturation value is found to linearly increase with the excited
gated samples. The AFM images of a .0.0 um region  region length. These results are due to the presence of strong
are reported in Fig. 8. mode confinement, leading to non-overlapping modes. When
The S1 sample shows a roughness smaller than 6 nm overlasing modes reaches the lasing threshold it prevents other
several microngsee Table), and several small holes in the modes, close to its localization center and with higher losses,
film, of average radius around 25 nm, superficial defectdo reach the lasing threshold. Then only modes with far
density Ng=~4.0x 10° cmi? and a superficial defects filling enough localization centers can lase simultaneously and a
factor of about 0.7%. The S2 samples shows a very similamaximum number of lasing modes is observed, increasing
morphology, with a roughness of about 6 nm, slightly re-with the system dimensions.
duces holes dimensions, but increased density. The S3 Our results are instead very different, as the number of
sample shows a similar roughness but with larger holes, withasing modes increases up to a maximum value, but then
an average radius of about 61 nm, and reduced density. decreases down to a saturation values at high excitation den-
The origin of feedback in polymers random ladérsas  sity. Moreover we observed that this results is due to the
attributed to thickness fluctuations of the active films, whichpresence of some lasing modes with an intensity which de-
is expected to form random microring cavities. In our casecreases for high enough excitation density and disappears
this possibility is ruled out by the very uniform thickness. from the spectra. Previous studies on organic random lasers
Moreover we recently demonstratéthat a molecule similar  demonstrated® that the lasing cavities are much larger than
to T50Cx, (T50xMe with methyl groups instead that ciclo- the lasing wavelength, due to the weaker scattering, and are
hexyl group, despite a much higher film roughness and gainon average identical.
values similar to T50Cx does not show coherent random las- For a weakly scattering system is then reasonable to as-
ing, but only ASE. We then conclude that in our films the sume that partially overlapping lasing cavities are present
feedback for lasing comes from sequential scattering fronwith similar losses, and then similar lasing threshold.
the holes in the film. Despite the high density of defects, We then attribute the observed trend in the number and
their scattering cross section is expected to be low, as thimtensity of lasing modes to the presence of spatially over-
holes are smaller than the scattered wavelength, and thdapping modes at low excitation density. When the excitation

weak scattering is expected. density is increased, more and more modes reach the thresh-
old, until the mode with the highest gain prevails over the
IV. DISCUSSION 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.

The dependence of the number of lasing modes on the
excitation density allows us to study the interaction between g Efects of the system dimensions: Light transport

different random lasing modes in the weak scattering limit. i )
In strongly scattering systems it has been theoretitaiyd In the theory of disordered systems two very different

experimentally demonstrated that the number of lasing "€dimes, localized and diffusive, are distin_guisﬁ%dh 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.

A. Effects of the excitation density: Modes interaction

TABLE I. Roughness(R), holes radiug(r), density(Ng), and
filling factor (f) for the three investigated samples.

Sample (n?n) (nrm) (hole':ScmZ) of/o Ir_1_ord_er to determine the average dimensions of t_he lasing
cavities in our system we calculated the power Fourier trans-
S1 6 25 4.1-1% 0.7 form of the emission spectra over the random lasing thresh-
S2 6 24 5.1-19 0.9 old.
s3 5 61 1.0-19 1.2 The typical power Fourier transform spectrum of the

emission spectrésee Fig. 9 over the random lasing thresh-
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' TABLE II. Transport mean free pathl,) extracted from the
threshold condition of the diffusion equation with gain. The gain
value (g), the threshold stripe lengtfLy,), and the waveguide

=T - losses(«) are also reported.
g
& I g Linr a
= Sample (um) (cm™) (cm) (cmd)
[72]
2 | ]
%’ S1 125 2.7 0.41 2.1
S2 105 2.6 0.72 2.2
e AV VY s3 14.6 25 0.28 2.6
0 200 400 600 800 1000

Pathlength (micron)

FIG. 9. Typical power Fourier transform of the S1 emission C. Scattering cross section

spectra over the random lasing threshold. The dotted lines represent
the best fit curves of a multi-Gaussian fitting of the spectrum. The AFM measurements of the Sample morphology Sug-
gest that the scattering defects are cylindrical holes with a

old presents clear resonances, corresponding to the length g?feCtS superficial filling factor in the range 0.7%-1.2% for

the lasing cavitie®® The average pathlength has been therf!| the samples. _
extimated as weighted average of the peak pathlength, using FOr @ So low filling factor of the scattering centers the
their amplitudes as weights, and turned out to be abol@verage transpprt properties of the dlsor.dered mecﬁum are
350 um for the S1 sample, which is much larger than theexpected to mainly depend on the scattering properties from
lasing wavelength, thus indicating weak scattering in the sys2 Single defects rather than on collective effé¢t.
tem. We then calculated the scattering and transport mean free
In the weak scattering regime the light transport in thepaths from the scattering cross section per unitary leagth
active medium is diffusive and can be modeled by solving byof a single defect. The exact cross section for scattering of a
variable separation the diffusion equation with ddiing  plane wave of wavelength from a finite cylinder of radius
the photon flux at O close to the system edge. For a twor and lengthL can be easily performétiin the limits of very
dimensional rectangular system with uniform gain and withsmall cylinders, i.e.;, L <\ (Rayleigh scattering and in the
lengthL, and height_, the lasing threshold is reached when opposite limit of very long thin cylinders, i.er,<\ and
L>\. In our case, ak is comparable withh and the aspect
ratio is between 5 and 9, the cross section for a plane wave
D.B2-Y =0 1) cannot be trivially extimated and numerical techniques are
’ necessary’~3! 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,
whereD=vl,/2 is the diffusion constant; is the light speed byt with the TE(electric field in the plane of the waveguide
in the medium]y, is the transport mean free paty=1/gis  guided mode. The electric field amplitude is then maximum
the gain length and close to the waveguides center and vanishing close to the
interfaces. Moreover it's knowfthat in the central region of
1 1 a finite cylinder the elements of the polarization matrix are
B2=2. <_2 + _2> (2)  Very close to the values of infinite cylinders already for an
LS Ly aspect ratio of 5. We then estimated by using the values
for an infinite cylinder perpendicular to the light propagation

In our experiment we pump a rectangular stripe of vari- . =~ . o L )
able lengthL, and fixed heighti~ 100 um. The light which direction a_md for TE polarlzatlo(elecync flelq perpend|cu_lar
to the cylinder axes As the scattering mainly occurs in a

is laterally scattered along thedirection leaves the excited . . L
y g the t plane perpendicular to the cylinder a¥&i is also reason-

region, with net optical gaig, and is then scattered and los ble to assume that all the scattered light continues to propa-
in the unexcited sample region, characterized by waveguid@ . : 9 10 prop
gate in the guide plane, so that the total scattering cross

lossesa~2 o™, As the standard propagation length in asection can be used. For very thin cylinder the total scatter-
lossy scattering system i2D/a we fixed Ly~d+2y2D/a. ; ' 1y y .
ing and transport cross section are then giveff by

The g and « values for the three samples have been mea-
sured in the same excitation condition of the measurements
as a function of the stripe lengt®ec. Ill B) and are reported

in Table Il. The transport mean free pdthhas been then o =£fzw|-|-(0)|zd0: ‘_’f(”_xz)z(nz_ 1)2
determined from Eq(1) and is reported in Table Il for the s ko k\ 4

three samples. In all the sampligsis much higher than the

lasing wavelengths.=620 nm and much higher than the x{£+ 2 } (3)
values reported for inorganic powdéers 64 (n>+1)?]’
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TABLE Ill. Scattering and transport cross section and mean free 1.5 — T T T T T T T T
path extracted from the defects geometry and distribution of the
three investigated samples.
’ ’ ’E 10} 1
Osca Ty lsca e 2
Sample (cm) (cm) (um) (um) 8
S1 2.37-10 2.37-107 105 105 05 - $240.2
S2 2.01-10 2.01-107 97.7 97.7 3 ——S3+0.4
S3 8.18-1¢f 8.16-10° 12.2 12.3 '
0 1 1 1 1 1 1 1 1 1
00 05 1.0 15 20 25 30 35 40
2 6\ (12 _ 12 r(um)
o= 2 IT(0)]A(1 - cosh)db= ol - LX) (0 - 1° . . .
"k, @ K\ 64 )/ (n°+1)% FIG. 10. Height correlation function of the three samples. The

curves are normalized to their saturation value and vertically trans-
(4) lated for clarity.

wherek is the wave numbex=Kk-r, 6 is the scattering angle

in the propagation plane, antis the organic refractive in-  perent random lasing even in the diffusive regime. The weak
dex. The relation betweem.,and oy in the low concentra-  scattering results in a peculiar modes interaction, with spatial
tion limit?® is o¢.;lscs= oy |y By substituting the values for - mode overlap at low excitation density and mode competi-
k, r, andn=1.8 (determined from reflectance and transmit-tjon and suppression at high excitation density. The light
tance measurementa/e obtainog, and oy, the values are  ransport in the samples is diffusive with a transport mean
reported in Table III. free path in the range 14.6—128n, much higher than the
In order to extract the transport and spattering mean fregysing wavelength=620 nm. The average transport proper-

paths from the corresponding cross section, and to compafg:s have been then correlated with the scattering cross sec-
them with the experimental values, it is very important totjon of a single scattering defects, of geometry and distribu-
know the degree of order of the defects distribution. In partion obtained from AFM measurements. The theoretical
ticular the presence of spatial correlation in the defects pOSiscattering and transport mean free path are in excellent
tion is known to.strongly infl'uence Fhe emission properties Ofagreement with the experimental ones, demonstrating that
random lasers in the diffusive regim&3? Moreover, as the the light propagation in our system is mainly influenced by

holes providing the feedback for lasing are formed during theingle scatterer properties rather than by collective processes.
spin coating process, correlation effects similar to the ones

observed in organic droplets grown by evaporation could be
present: ACKNOWLEDGMENTS
We then estimated for all the samples the height-height

lation function defined .
correlation function defined as The authors would like to acknowledge Roberto Rella and

g(r) =([h(ry) = h(ry)1%, (5)  Francesca Chetta for the refractive index determination,
. _ .. Mauro Lomascolo and Massimo De Vittorio are acknowl-
wherer, andr, are the position vector of two generic points edged for useful discussions. One of the authibtsA.) par-

in the sample at distance and the brackets indicate the ticularly acknowledges Raimondo Anni for continuous
averaging over all the sample surface. The obtained CUVeEaachings and stimulating discussions.

reported in Fig. 10, show a regular increase witland a
saturation forr higher than about 1 micron, but no evident

peaks, denoting correlation, are present. We then conclude = 140 ; e Theoronoal
that ttlwe defects distribution is random in all the investigated f 120 k O . O+ Experimental 1
samples. S . o

The scattering and transport mean free paths have been 5100 [ . i
then determined through the relationsl246'Ns. The ob- 2 8ot -
tained values, reported in Table Il are in excellent agreement § 60 1 ]
with the experimental values extracted from the diffusion S
equation with gair(Fig. 11), thus indicating that the average § 401 1
transport properties in our samples are mainly influenced by 2 ol _
the single scattering properties and not by collective effects. = o . . ?

S1 S2 S3

V. CONCLUSIONS ]
FIG. 11. Transport mean free path obtained from the calculated

In conclusion we reported on modes interaction and lightcross sectioiffull dots) compared with the values obtained from the
transport in weakly scattering 2D organic films showing co-diffusion equationlempty dot$. The good agreement is evident.
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