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Stimulated emission in high-gain organic media
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Stimulated emission was studied in various scattering gain media, includingrthomjugated polymer
films, organic dyes-doped gel films, and opal crystals saturated with polymer and laser dye solutions. We found
that at high excitation intensities a featureless amplified spontaneous emission band transforms into a finely
structured spectrum having features as narrow as 0.1 nm. Stimulated emission in this regime is directional and
characterized by a linear laserlike intensity dependence. We speculate that this phenomenon is due to optical
feedback caused by light scattering inside the inhomogeneous gain f&@l#3-1829)50508-7

Organic materials continue to attract researchers as pronalong the excitation stripe. Emission spectra were recorded
ising semiconducting media for future electronics. After ausing a 0.6 meter triple spectrometer and a charge-coupled-
recent demonstration of high optical gain and stimulatecievice(CCD) array with spectral resolution of about 1 A.
emission(SE) in films of severalr-conjugated polymers;® Various mr-conjugated polymers and oligomers produce
these materials have been intensively studied worldwide as 8E when excited with short, high-energy laser pulses, as evi-
possible gain medium for laser applicatichd? Consider- denced by dramatic spectral narrowing and substantial exci-
able attention has been drawn to lasing in various opticaion lifetime shortening=® It has been demonstrated that
cavities containingm-conjugated polymer3;* as well as these effects can be described using a simplified ASE model,
smaller organic moleculés:*® In our previous studies of where spontaneously emitted light is amplified by the same
the 2,5-dioctyloxy polyp-phenylene-vinylene[DOO-PPV medium as it propagates along the path of the maximum
polymer we have reported the occurrence of regular SE resptical gain®~® Particularly, in the case of a thin stripe exci-
gimes, such as amplified spontaneous emi$si8SE) and  tation, we found that SE occurred only in the direction along
Iasing.g In this work we demonstrate a regime of SE with the stripe, whereas regular photoluminescence was
characteristics that cannot be adequately explained within thi%otropic? Upon increasing the spectral resolution of our ap-
simple pictures of neither ASE nor lasing models. We ob-paratus, however, we discovered new characteristics of SE,
serve this SE regime not only in luminescentonjugated \yhich do not agree with the ASE picture. Figur@1lshows
polymer films, but also in other media containing laser dyespa emission spectra measured in a DOO-PPV film at exci-

(including liquid solutions We argue that the newly found 44, inensities), greater than the SE threshold intensity,
SE regime appears because of light scattering inside these

; . ; : ?A. In this excitation intensity range the initial spectral nar-
ma}iﬁflf’é_g_qﬁm%r%/gg?g\e/ iﬁrids f\c/)vre?eptijcrﬁ:‘;fri?ybzgﬁ- rowing results in a smooth SE band centered at 630 nm. At
coated on flat quartz substrates as described elseWwiGek. _higher_l (I=1g, where I.B is a second threshold excit_ation
films were prepared using Rhodamine 6R6G) laser dye Ntensity, however, this smooth peak transforms into a
dissolved in ethylene glycol; this solution was then solidified SPIky” band having features with a linewidth as narrow as
by mixing it with clear household gelatin. In order to provide 0-1 NM. As shown in Fig. (b), the emission spectra &t
light scattering in the R6G solution, we mixed it with mono- > g are dominated by several narrow peaks. We found that
disperse silica balls of 300 nm in diameter. Both the polymetthe peaks wavelengths and heights changed whenever the
films and R6G samples were photoexcited by 100 ps pulse@xcitation area was changed; this is illustrated in Figp) 1
produced by a frequency-doublé€s32 nm Nd:YAG regen-  showing the SE spectra measured under identical experimen-
erative laser amplifier with a repetition rate of 100 Hz. Thetal conditions from two different illuminated areas of the
excitation beam was focused onto a sample with a cylindricakame DOO-PPV filn{lines 1 and 2 It is important to note,
lens, forming a stripelike excitation area with variable lengthhowever, that the fine spectrum remained unaltered over an
L and widtha. Optical emission from the side of the sample extended period of time, whenever the experimental condi-
was collected using a round lens positioned in the directiortions andsample positiorwere kept constarffines 2 and 3
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FIG. 1. Stimulated emission spectra of a DOO-PPV film ob- | (MW/cm?)

tained using a stripelike excitation area with lengts 1 mm and

width a=30um: (a) SE at different excitation intensities |, _1F|G' 2.d5a) 185 spsctéa _at_dlfferent_va(ljues (g where L .
—lI,=1MW/Ccn?, 1,=128,, 1;=14,, 1,=1.6,,: the inset mm an .B . (b) Emission intensity dependence on exci-

tation intensityl in a DOO-PPV film(L=2 mm, a=80um) for
different wavelengthg1, 2, and 3, which are indicated by the
arrows in the SE spectrum shown in the inset. The solid and dashed
lines are guides to the eye.

schematically shows the excitation geometh). SE spectrdoffset
for clarity) measured sequentially &2l from the same DOO-
PPV film: line 2 was obtained from a different excited area verti-
cally shifted by 0.3 mm from that of line 1, line 3 was obtained after
3 min delay from the same area as line 2.

and loss coefficients, respectively. Such variations can be

in Fig. 1(b)]. This eliminates the possibility that the observeddue to either inhomogeneous broadenii@, e.g., caused by
“super-narrowing” is due to noise or artifacts related to thea chain length distribution in ther-conjugated polymer
experimental apparatus. films, or homogeneous broadenir(th) originating from
Although such spectrally narrow features have never beesatrong electron-phonon coupling known to exist in polymers.
reported so far, their observation does not contradict previNarrow bands in the subgap absorption spectrum associated
ous reports of SE in various polymer films. We emphasizewith defects(lc) can also lead to similar variations i
here the importance of the excitation geometry in SE meathrough variations inx. (Il) Second, waveguide formation in
surements. First, the most commonly used experimentahe filn?® may directly modulate the optical gain spectrum,
setup employs a round excitation area of 0.5-1 mm irpossibly leading to mode selectiofll) Third, structural
diametert Using such an excitation geometry, we did not cavitylike resonances in the gain medium may significantly
observe any pronounced super-narrowing. Therefore, waffect the SE spectrum and produce laser-like lines. Such
conclude that the effect requires a stripelike excitation. Secresonances could, for example, be due to reflections from the
ond, the exact dimensions of the excitation stripe are alsfilm’s facets(llla), which requires good quality film edges;
important, as illustrated in Fig.(8), which shows three spec- these, however cannot be formed by spin coating and evapo-
tra collected from the same DOO-PPYV film at approximatelyration. Alternatively, for cases with no obvious optical cavi-
equal | for different values ofa. It is clear that the fine ties the laser-like modes may arise from multiple, loop-like
spectral structure observed at sneatjradually washes out at scattering(lllb), in accordance with the scenario originally
larger a. This may be attributed to the spectral overlap ofproposed for photonic paint§=22 Even in pristine polymer
numerous narrow peaks originating from different parts offilms there might be substantial scattering due to impurities
the film's excited area. Then a smooth band appears due ®@nd fluctuations in the film's density and thickness, which
area averaging at largeand in fact becomes similar to the may produce weak backscattering resonances that conse-
SE bands in previous studies that employed round excitatioguently can lead to “random lasing.” In order to verify these
areas:® different explanations of the spiky SE spectrum, we per-
We may suggest a number of mechanisms, which caformed further measurements as follows.
conceivably lead to the super-narrowing of the SE band into Figure Zb) shows the emission intensitl,., dependence
a finely structured spectruni.) First, the “spiky” SE spec- on| for a second DOO-PPV film. Herg, was measured at
tra may be the result of spectral variations in the effectivethree wavelengths corresponding to the spectral positions of
optical gain,y.¢=y—a, wherey and « are the optical gain two different peaks and one dip, respectively, as indicated
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FIG. 3. Stimulated emission spectra of a Rhodamine 6G doped Wavelength(nm)

gel-film mixed with SiQ balls at differentl (L=3 mm, a=30

um): (@ ASE regime, wherd,=1 MW/cn?, 1,=1.5 MWi/cn?,

andl ;=2 MW/cn?; (b) “lasing” regime, wherel ,=2.5 MW/cnf,

Is=3.5 MW/cn?, andlg=4 MW/cn?.

FIG. 4. (a) SE spectra of a microcrystalline opal slab saturated
with DOO-PPV solution, wherd=3 mm, a=30 um, 1,=0.6
MW/cm?, 1,=1 MW/cn?, andl;=2 MW/cn?. (b) SE spectra of
an opal saturated with R6G solution at varidusind constant
by the arrows in Fig. @) inset. The intensity dependence =40 um andl=1.5 MW/cnt.

Is{l) can be divided into two regions: regioh with |

cexp{a(l—1,)}, where o is a constant, and regioB with  this band was overridden by the narrow laser-like emission
I (I—1g). RegionA may be associated with the ASE re- lines[Fig. 3(b)]. In addition,l ;{1) of the R6G gel films was
gime; regionB corresponds to the gain saturation regfime, similar to those given in Fig. (®).

where the ASE model fails to explain the finely structured Super-narrowing was also observed in liquid solutions of
emission spectra. We found that within the experimental unboth DOO-PPV and R6G infiltrated into opals. Similar ef-
certainty (<5%) the optical gain, which can be associatedfects were found using several other laser dyes, such as
with the slope of the curves in Fig.(® at smalll, is the  Rhodamine 560, Kiton Red, and Sulforhodamine 640, Po-
same for all three wavelengths. Also, the onset of gain saturous polycrystalline opals were soaked in saturated chloro-
ration occurs at the sani¢~1g) independent of the wave- form solution of DOO-PPV and ethylene glycol solution
length. This shows that the gain is homogeneously broad10 3M) of R6G, respectively. Microcrystalline opals with
ened, ruling out the previously proposdth) and (Ic)  crystallite sizes of 20-10@m were prepared from crystal-
scenarios. The “mesoscopic” behavior of the finely struc-lizing colloidal suspensions of nearly monodisperse ,SiO
tured SE, where different excited areas produce different finspheres with diameteis varying between 190 nm and 300
structures, counts oltb) scenario, since phonon sidebandsnm, as described elsewhéreA typical opal slab size was
should be the same everywhere in the sample. We note thatmmx1cmx1cm. After the complete penetration of the so-
the linearl .. intensity dependence drin regionB is typical  lution, the opals became semitransparent due to close match-
for lasing®~1® Accordingly, we may associate the multiple ing between the refractive indices of solvents and silica
spectral peaks in regioB with laser-like emission lines. (An=~0.01). As a result, light scattering from the silica

Super-narrowing of SE was not only observed in poly-nanoballs was relatively weak: from transmission measure-
mers, but also in a number of other materials, which indi-ments in the spectral range between 550 and 650 nm for
cated that it may be a widespread phenomenon. We preparegals infiltrated with ethylene glycol we estimated the mean
gel films containing R6G as an active gain medium: 1M photon diffusion length|*=0.5 mm. We found that Bragg
R6G solution was thoroughly mixed with2101°cm 3 Si0,  scattering, which is known to exist in op&fsdid not influ-
balls and added to gelatin in a 1:1 volume proportion. Afterence the SE spectra; in fact, the fine structures were not
spilling the liquid onto a clean glass substrate and coolingsensitive to the diameter of the opal’s nanoballs.
we obtained~30 um thick semitransparent films saturated The opal slabs soaked in solutions containing gain media
with R6G. Figure 8a) shows the emission spectra measuredeither R6G or DOO-PPWwere placed inside a 1 cail cm
at | ~1g with the same experimental setup used before forquartz cuvette and photoexcited using the previously de-
the DOO-PPV films. The onset of SE~£1,) is now char-  scribed experimental setup. The stripelike excitation at inten-
acterized by a smooth band peaking-&i65 nm; at highet  sities above the SE threshold resulted in the emission from
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the side of the slab of a5° divergent beam directed along extreme sensitivity of the finely structured spectra to the ex-
the stripe axis. The corresponding emission spectra aract position of the excitation area on the samey. 1(b)]
shown in Fig. 4 for both DOO-PPV and R6G. Again, the indicates that the structural resonances must come from in-
onset of SE at,~1,, as shown in Fig. é) for DOO-PPV  side of the excited region. In this case the spectral super-
solution, was followed by the development of a series ofharrowing is due to random feedback produced by light scat-
narrow spectral lines at highé(l3~15). The R6G solution  tering in the bulk. However, whereas scattering centers can
infiltrated into the opal crystals exhibited a similar effect, butpe easily identified in opals and gel-films as silica nanoballs,
in a slightly different spectral range corresponding to thej; js not clear at present what could play such a role in pris-
maximum optical gain of R6G, as shown in Figbjt Inthis  tine DOO-PPV films. Also, scenariéiib) contradicts the
case, however, instead of increasihgat constaniL, We  theoretical predictions that random lasing can occur only in

achieve super-narrowing by increasihgwhile keepingl  sirongly scattering media whet ~\,252 whereas in our
constant. Analogous measurements were done with DOQs55e \we estimated that for the opHis>0.5 mm.

PPV films and solutions; these experiments showed that the |, conclusion. we found an unusual regime of stimulated
magnitudes of both, andlg decrease alsincreases. Sucha emjssion in  various scattering media  containing

behavior has been observed be]lore in ASE propésamt m-conjugated polymers and organic laser dyes characterized
distributed _feedbaCKDFB) lasers®* We note that in these by high optical gain. We could clearly identify and separate
latter exper_lments we used bulky opal slabs,_where there Wafe regime from the more regular ASE. The emission spec-
no waveguide formation; we therefore can eliminate scenarigym in this regime contains a fine spectral structure having
(Il) from the list of possible origins for the super-narrowing features as narrow as 1 A, the intensity of which grows lin-
phenomenon. We also note that in identical experimentabaly with the excitation intensity. We investigated various
conditions, SE from free-standing pure solutions of ?'th_erpossible causes of this phenomenon and tentatively attributed
DOO-PPV or R6Gdid notproduce similar super-narrowing; it to random optical feedback caused by light scattering in-

this demonstrates the super-narrowing is indeed due to lighfjje the gain region. However, new experimental and theo-

scattering inside the opals. _ _ retical studies are needed to fully explain such an unusual
According to scenari@lll), laser action should require a penavior of stimulated emission.

resonant optical feedback mechanism, e.g., reflections from
the sample edges. However, such reflections do not exist in This work was supported in part by the NSF, Contract No.
neither the polymer films nor the opal slabs. Furthermore, th®MR 97-32820, and the NEDO Foundation.
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