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We investigated gain and lasing in spin-coated films of a soluble substituted oligothiophene. With
increasing excitation power, the photoluminescence spectra show a clear line narrowing due to
amplified spontaneous emission. We measure a low thre$p@ldJ cmi ) for line narrowing and

a large gain cross section X6L0 6 cn?), indicating that this molecule is a promising active
material for organic solid-state lasers. As a demonstrator, we realize a transverse electromagnetic
(TEMg) single-mode laser with tunable emission from the yellow to the(aechnge of 37 nm

with a pump threshold as low as 18 cm 2 and efficiency of 1.9%. These results are among the
best so far reported for organic lasers. 2002 American Institute of Physics.

[DOI: 10.1063/1.1519735

Light-emitting organic materials, both conjugated poly-ing capability. In particular, we studied the optical gain of
mers and low-molar-mass compounds, have several appeapin  coated films of 3,34”,3"'-Tetracyclehexyl-
ing characteristics for the realization of active optical de-3",4"-dihexyl-2,2:5",2":5",2":5",2"": quinquethiophene-
vices: namely, high photoluminescen@l) efficiency, wide 1”,1"-dioxide compound[(T50CX structure in Fig. 1,
tunability of the emission wavelength, as well as low costshowing very good electroluminescence yi€ldntensity de-
and simple deposition techniques. Recently, the observatiopendent PL experiments have revealed line narrowing, due to
of optical gain from a wide range of organic compounds,@mplified spontaneous emissioASE), with a threshold of
both in solutiod and in thin films? further raised the interest 20 #J cmi % The gain cross section determined by pump-—
into organic semiconductor lasers. A number of conjugatedrobe measurements was found to beX®™*° cm™?, which
compounds have been demonstrated to show opticalgain, iS among the highest values reported for organic compounds.
and optically pumped lasing with different cavity These characteristics have been exploited to fabricate a solid-
geometrie€1® Among these compounds, functionalized State laser _us_ing a neat film in a plane-concave resonator. T_he
thiophene-based oligomers are quite interesting, because ES€r exhibits - single-mode  transverse electromagnetic
their wide color tunabilit}*!® good chemical stabilit}? (TEMgo) emission, tunable from the yellow to the red, on a
high solubility in common organic solvents, and very good3’ NM wide wavelength range centered at 594 nm, with a

film-forming capability. In addition, the two main drawbacks PUMP threshold as low as 8) cm ?, and efficiency up to

of unsubstituted oligothiophenes, namely their low PL effi-l'g%' ' . . .

ciency in the solid phasepp,, and low electron affinityy, T50Cx films were cast by spin cgatmg on Cornlng glass
have been completely overcome by the dioxide functionaI-SUbStrates’ from chloroform solutions (concentratah

_2 . . _
ization of the thiophene heteroatom, which allowed us 0" 10_ M), stirred fa 2 h at room temperatl_Jre. A spin
achieve values ofjp, Up to 70% and ofy of about 3 VA4 coating speed of 1600 rpm was used to obtain neat films of

These features have been exploited to fabricate muIticolotrh'Ckm?SS about 440 nm, measured by a profilometer. The

organic light-emitting diodes, with low turn-on voltage and second harmoni¢390 nm of a Kerr lens mode-locked Ti-
high electroluminescence efficienty. Moreover, optical
gain with a cross section of>410~ 8 cn? and lasing with
a threshold of 5 mJchf have been recently demonstrated
in the substituted quinque-thiophene, 3,&",3"'-
Tetramethyl-3, 4’-dihexyl-2,2:5",2":5",2":5",2"" . quin-
quethiophene-1,1"-dioxide 1”18

In this letter, we demonstrate that a proper molecular
engineering allows one to strongly improve the gain and las-

dAlso at: Dipartimento di Fisica, Universitali Lecce, via Arnesano,
I-73100 Lecce, Italy; electronic mail: dario.pisignano@unile.it FIG. 1. Molecular structure of T50Cx.
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:Sapphire laser with chirped-pulse amplification, delivering Absorbed pulse fluence (mJ cm )

150 fs, 650uJ pulses at 780 nm with a repetition rate of 1 FiG. 3. Dependence of the total integrated emitted intensity (ABE) and
kHz was used as the excitation source. The PL dependeneoéthe PL on the pump energy density. The dotted line is the best fit of the

on the pump excitation intensity w i f in h‘%ata betyveen 0.22 and_ 095 mJ&no the square-root behavior predicted
P P ty was studied by ocusing t. y the bimolecular annihilation model. Inset: emission linewitRkVHM,

pump beam on the sample by a cyllndr!cal |er!S, thus obtaing circles) and peak energyopen circles as a function of pump pulse
ing a rectangular 10@mX7 mm excitation stripe. The Iu- fluence. The continuous lines are guides for the eye.

minescence emitted by the film was collected from the

sample edge in a direction parallel to the film slab. Laser

action was obtained by a plane-concave external resonatd<Citation densityinset of Fig. 3. The redshift can be attrib-
consisting of a high reflectivityR) dielectric planar mirror uted to the rise of ASEwith a peak 2.013 e)/on the spon-

(R=99.5% in the gain spectral region of T50Cyand a (@N€ous emission backgrourtdeaked at 2.039 V! The _
dielectric concave mirror, wita 8 mradius of curvature and blueshift indicates the competition between stimulated emis-
R=98%, acting as the output coupler. The active materigfion and energy relaxation: Higher excit_ation density irr_1p|_ies
was directly spin coated onto the high reflectivity mirror. faster depletion by ASE, before relaxation occurs. A similar
Fine control of the cavity length was achieved by mountingblueSh'ﬂ at a higher excitation density has been previously
the mirrors on high-precision translation stages. The lasepbserved in polymers and attributed to the competition be-
was optically pumped longitudinally through the high reflec-tween gain and the excitation diffusion on the longer
tor: 68% of the transmitted beam was absorbed by the film¢chains®? In this case, relaxation might be due to both inter-
The input and output energies of the laser were measured Khain migration within a distribution of site energiéson-
a silicon optometer, and the emission spectra were recordd@'mers, local arrangements, X traps, ptmd intrachain re-
by an optical multichannel analyzer, with a resolution of 1.2laxation (IC). We point out that, as the relaxation by IC in
nm. All measurements were carried out at room temperaturéligothiophenes usually takes place in the first few hundreds
and in air. of femtosecond after the excitatiéhthe observed blueshift
The PL spectra as a function of the excitation density ar@f the gain is a signature of a very high gain rate. Indeed, a
displayed in Fig. 2. At low absorbed excitation fluences, onlydain cross sectiom, of 6x 107 *° cn? has been estimated
a broad and featureless PL spectrum is visible, whereas fdfom a pump—probe measurements at 610 nm. This result
pump energies above 2@ cm 2, a narrow peak appears at underestimates the actual gain cross section, as a unit quan-
615 nm. We note that this value is more than one order ofum efficiency for the emitting species is assumed in the
magnitude lower than that reported for sexithiophene singl€alculation. Yet, this value is two orders of magnitude larger
crystald® and almost 50 times lower than that of other func-than in PPV oligomefd and methyl-substituted PP\one
tionalized oligothiophene¥. The broad PL band and the nar- order of magnitude larger thamg in methyl-substituted
row peak exhibit a different dependence on the excitatiodadder-type polymefs and comparable to that of poly-
energy, as shown in Fig. 3. The broad PL background signahiophenes films>
weakly grows in the investigated excitation rangenpty From these results, it is clear that T50Cx is an appealing
dots in Fig. 3, whereas the total intensitl, (squares in Fig. candidate for organic laser devices. Actually, laser emission
3) due to the narrow band, shows an approximately exponerwas obtained by optical pumping of a neat film of T50Cx,
tial increase without a distinct threshold for pump densitiesusing the plane-concave resonator previously descriimed
up to about 0.2 mJ cnf, and then saturaté8 This behavior ~ set in Fig. 4. We chose this resonator because of its stability
agrees with ASE assisted by the asymmetric planagnd of the better mode matching between the excitation
waveguiding due to the different refractive index of sub-mode and the cavity mode, as compared to a plane-parallel
strate, gain medium, and air. resonator. The input—output characteristic of the device,
In addition, we found that by increasing the excitationshown in Fig. 4, shows a clear threshold corresponding to an
density, a redshift26 me\) of the peak energy occurs up to excitation density as low as 18J/cnt, followed by a linear
0.02 mJ cm?, followed by a blueshift of 34 meV for higher increase, as expected for laser action. The efficiency of the
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1 RIS ' ' ' In conclusion, the very low threshold for line narrowing
P ] (20 wJcm ?), the large value of the cross sectiory (6
S - X 10716 cn?), together with the excellent processability and
c purmp g p y
~ 0.16] 1 film-forming capability, suggest that thienyl-S,S-dioxide oli-
S gomers can compete with conjugated polymers in the real-
o 012 1 ization of organic-based semiconductor lasers. In the present
q’:, work, we have indeed realized a single-mode laser exhibiting
g 0.08F . figures of merit(threshold, efficiency, tunability, and beam
£ quality) which are among the best so far reported for organic
€ o.04- i lasers.
w
1D. Moses, Appl. Phys. LetB0, 3215(1992.
0.00L®® - . L L °N. Tessler, G. J. Denton, and R. H. Friend, Natdrendon 382 695
2 4 6 8 10 12 (1996.
Absorbed pulse energy (nJ) SW. Graupner, G. Leising, G. Lanzani, M. Nisoli, S. De Silvestri, and U.

Scherf, Phys. Rev. Let6, 847 (1996.
FIG. 4. Laser emission energy vs pump energy. The solid line is the best'S. V. Frolov, W. Gellerman, M. Ozaki, K. Yoshino, and Z. V. Vardeny,
linear fit to the experimental data. Inset: geometry of the laser cavity. Phys. Rev. Lett78, 729(1997).
5G. J. Denton, N. Tessler, M. A. Stevens, and R. H. Friend, Adv. Mater.
547 (1997.
. . . . 6S. Stagira, M. Nisoli, G. Cerullo, M. Zavelani-Rossi, S. De Silvestri, G.
laser was estimated by a numerical linear fit of the charac- Lanzani, W. Graupner, and G. Leising, Chem. Phys. [288, 205(1998.

teristic above threshold to be 1.9%, which is among the high_7B. Schweitzer, G. Wengmann, H. Giessen, D. Hertel, H. Bassler, and R. F.

. Mahrt, Appl. Phys. Lett72, 2933(1998.
est so far reported for organic lasers. The laser mode has 8. v/, Frolov, M. Shkunov, Z. V. Vardeny, and K. Yoshino, Phys. ReG6B

TEMgg beam quality with an almost diffraction-limited di-  4363(1997.

vergence, with a full width at half maximu(FWHM) of the °V. G. Kozlov, V. Bulovig, P. E. Burrows, and S. R. Forrest, Natgten-
laser line limited by the resolution of the spectromdtkeR dor) 388, 362(1997.
y p 10M. Bergreen, A. Dodabalapur, R. E. Slusher, and Z. Bao, Ndturedon

nm). We emphasize that this laser produces a single longitu- 389, 466 (1997).
dinal mode emission with a stable transverse cavity mode. M. Bergreen, A. Dodabalapur, and R. E. Slusher, Appl. Phys. Faft.

Finally, we were able to tune the laser emission wavelen th22230(1997),
' glig, Stagira, M. Zavelani-Rossi, M. Nisoli, S. De Silvestri, G. Lanzani, C.

by changing the cavity length. Single-mode laser emission, zenz, P. Mataloni, and G. Leising, Appl. Phys. L&t 2860(1998.
. . . 13 : ¢ H H
with almost constant output energy, was indeed tuned in aM- D- McGehee, M. A. Diaz-Garai F. Hide, R. Gupta, E. K. Miller, D.

. Moses, and A. J. Heeger, Appl. Phys. L&t?, 1536(1998.
wavelength range as wide as 37 nm centered around 594 nmy, Anni, G. Gigli, V. Paladini, R. Cingolani, G. Barbarella, L. Favaretto,

from the yellow (575 nm) to the red (612 nm, Fig. 5. G. Sotgiu, and M. Zambianchi, Appl. Phys. Let, 2458(2000.

. . _ 2 Sl : : \ :
Though not common in organic lasers, such a wide tunability G- Gigli. O. Inganas, M. Anni, M. De Vittorio, R. Cingolani, G. Bar-
barella, and L. Favaretto, Appl. Phys. LetB, 1493(2002.

is t.ypical of our funCtiQnalized oIigothiophent}%,due 10 165G, Barbarella, L. Favaretto, M. Zambianchi, O. Pudova, C. Arbizzani, A.
their broad spectral region of gaihFor the device spectra  Bongini, and M. Mastragostino, Adv. Matet0, 551 (1998.

17 . - ; ; ' B .
of Fig. 5, the resonator length wasé um, and the cavit M. Anni, G. Gigli, R. Cingolani, M. Zavelani-Rossi, C. Gadermaier, G.
9 9 M y Lanzani, G. Barbarella, and L. Favaretto, Appl. Phys. L&8. 2679

internal losses per pass werel0%/® probably due to film 500y,

scattering or nonperfect alignment of the cavity. 8M. Zavelani-Rossi, G. Lanzani, S. De Silvestri, M. Anni, G. Gigli, R.
Cingolani, G. Barbarella, and L. Favaretto, Appl. Phys. L&f, 4082
(2002.

19F, Garnier, G. Horowitz, P. Valat, F. Kouki, and V. Wintgens, Appl. Phys.
Lett. 72, 2087(1998.
20The sublinear evolution of the integrated intensity on the pump is ob-
served for high pump powdt> 0.2 mJ cm?) indicates the presence of
nonradiative decay processes, increasing as the pump energy is increased.
The resulting gain saturation has been mainly attributed to nonlinear ef-
| fects, like bimolecular exciton annihilation, induced by the high density of
excitons formed at very intense photon fluxes. This behavior is confirmed
by a square-root dependence of the high-power emission on excitation
density, consistent with the bimolecular annihilation mogeltted fitting
curve in Fig. 3.
| 1 21The ASE peak position depends on both the maximum gain energy and on
'-| the maximum transmission energy of the waveguides, depending on the
film thickness.
22E. M. Conwell, inOrganic Electronic Materialsedited by R. Farchioni
| and G. Gross@Springer, Berlin, 2001 pp. 170-174.
_JI oy A oy 23, V. Frolov, C. Kloc, B. Batlogg, M. Wohlgenannt, X. Jiang, and Z. V.
L - = Vardeny, Phys. Rev. B3, 205203(2001.
670 580 590 600 610 620 &30 24E. S. Maniloff, V. I. Klimov, and D. W. McBranch, Phys. Rev.55, 1876
(1999).
wavEIEngth {I'IITI} 25A. Ruseckas, M. Theander, M. R. Andersson, M. Svensson, M. Prato, O.
Ingana, and V. Sundstra, Chem. Phys. Let822 136 (2000.
FIG. 5. (Color) Normalized emission spectra of the T50Cx laser obtained at?®We obtained such information from the spectral mode spacing of the
different cavity lengths, showing TEjemission from the yellow to the red modulated PL recorded when pumping below threshold and from the
(photographed laser spots in the ingets FWHM of the laser lingFig. 5), respectively.

Normalized intensity (a.u.)




