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Spontaneous and stimulated emission from a ladder-type conjugated polymer
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Fluorescence from films as well as from a solid solution of a ladder-type(anig-phenylenehas been
studied as a function of pump energy upon excitation at variable spectral positions within the inhomogeneously
broadened absorption band. Photoinduced transmission changes following excitation with 200 fs laser pulses at
25000 cm! have been recorded at variable delay time. The latter testify on the occurrence of optical gain in
the spectral range of spontaneous emission and of absorption bleaching. The initial decay time of the gain is on
the order of 1 ps. Above a certain pump power a 180 trbroad emission feature emerges from the
inhomogeneously broadened fluorescence spectrum of the film. Upon exciting within the low energy tail of the
S,—S, 0—0 absorption band sharp (7—-9 ch) emission features show up, off-set from the laser line by
the energies of the dominant vibrational modes of the polymer. The phenomenon is identified as amplified
spontaneous emission induced by spontaneous emission from polymer segments prior to the depopulation by
energy transfer towards lower energy site30163-182@9)12805-4

I. INTRODUCTION employing a spectrally narrow, tunable light source is a way
to overcome inhomogeneous broadening in emission spectra
The conjecture that conjugated polymers differ from theirprovided that the chromophore density is low enough to
low molecular weight analogs as far as the strength ofwvoid energy transfer. Since energy transfer can occur among
electron-electron and electron-phonon interaction is condifferent segments of both different chains and of the same
cerned had a great impact on the research into their optoelechain this phenomenon erodes site selectivity in polymer
tronic properties. Meanwhile there is abundant evidence thapectra even in a matrix isolated system. Site selectivity is
no such fundamental difference exists. Conjugated polymenetained only if excitation occurs into the tail of the absorp-
can be considered as arrays of the respective oligomeripn band from where energy transfer towards sites of lower
separated by topological faults of the polymer chaifheir  energy is negligible. It leads to spontaneous fluorescence fea-
uniqueness as far as electro-optical properties are concernagtes devoid of inhomogeneous broadening.
relate to(i) the extendedr-electron system(ji) the possibil- Yan et al2 were the first to report on stimulated emission
ity to tune absorption and fluorescence spectra across tHeom the conjugated polymer polyphenylenevinylene. Occur-
entire visible spectral range by chemical modificatiGii)  rence of that effect has later been confirmed for a blend of a
their high fluorescence quantum efficiencies, and, notablyladder-type polgparaphenylenewith polycarbonatéand for
(iv) their mechanical as well as film forming properties. Af- a soluble derivative of PPV.Subsequent work established
ter their successful use as active elements in light emittingain at high irradiation dose. Its most obvious signature is
diode$ it was straightforward to search for their potential the narrowing of the emission spectra of thin films of conju-
application as substitutes for inorganic semiconductors igated polymers. The importance of the enhancement of the
electrically pumped diode lasers or as optically pumpedptical path that spontaneously emitted fluorescence samples
polymer lasers that would be easier to handle than converbefore leaving the film has been recognized. Ways to achieve
tional liquid dye lasers. this are by dispersing scattering Ti(articles inside the
The statistical variation of the effective conjugation film® and/or by making use of total internal reflectfoal-
length of conjugated polymers as well as random chain packthough superradiance has initially proposed as an explana-
ing gives rise to a distribution of optical transition energies,tion for spectral narrowing,there is growing consenstis
manifested in inhomogeneous band broadening both in alihat this phenomenon, which has meanwhile been estab-
sorption and emission. A specific feature of bulk systems idished to be a quite common one for conjugated
the occurrence of energy transfer among the chromophorepplymerst=° is related to stimulated emission. Major
which leads to spectral relaxation. Site selective excitatiorprogress in this field has been the demonstration of laser
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emission in a microcavity structuf®!’ and upon placing the 7 20
sample into an external resonatdr® Dilution of the active Me R T Ve £ 1
material turned out to be of advantage because of reduction ol ©‘|©'©‘|©
of excited state quenching due to both energy migration to-2 RMe R \
wards inadvertent impurities and charge carrier formatfon. g i
In this work we report on site-selective fluorescence from
a ladder-type pol§paraphenyleneas a function of the pump 5
intensity combined with transient absorption. It will be 8
shown that at high excitation dose resonant emission from &
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site selectively excited chain segments can be used as 3

source of seeded, spectrally narrow, amplified stlmulatedg AN

emission from films of a ladder-type pdparaphenylene g 10 - ; ‘\‘ ' dos
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Il. EXPERIMENT 2 |
=8 o
Most of the experiments were done on typically 300 nm | e e e e EPE Y SRR RT3
thick spin-coated films of a methyl-substituted ladder-type 1516 17 18 19 20 21 22 23 24 25 26 27 28
poly(paraphenyleneMeLPPP?! The advantage of this ma- wavenumber (10°cm’")

terial as compared to unsubstituted LPPP is the reduced ten-
dency to form aggregates that can act as traps for singlet FIG. 1. Absorption and photoluminescence spectra of a
excitations® The films were deposited onto quartz substrateMeLPPP film at 295 K. The chemical structure of MeLPPP is
and handled under air. The emission properties of isolateghown in  the inset. R —1.4-GHy-n-CygHy; R’
MeLPPP chains were studied on a vitrified #8 (by = =—n-CsHia)
weight solution of MeLPPP in MTHF. The samples were
excited by a tunable dye laser pumped by an excimer lasehe S;«+S, 0—0 band can be fitted by a Gaussian envelope
delivering 20 ns pulses of spectral widthull width at half  with (Gaussiah width c~270 cm*. This is about one-
maximum(FWHM)] 0.5 cni . The excitation dose within third of the inhomogeneous band width of PP\gnd testi-
a circular spot of 0.15-0.5 mm diameter could be variedies to the high degree of structural order of the film. The
between 107 J and 10* J per pulse. Fluorescence was S;—S, 0—0 emission feature is even narrower, the full
detected either by an optical multichannel analy@®@MA)  width at half maximum(FWHM) being 560 cm® at 295 K
with 80 cm* or 8 cm ' resolution or by a double and 360 cm' at 6 K. The latter value corresponds to a
monochromator-photomultiplier-boxcar system providing aGaussian width of 153 cat.
spectral resolution of 0.2 cnt. All measurements were The fluorescence of MeLPPP dispersed in MTHF glass
done in a cryostat at a pressure of 20mbar and a tempera- recorded at 10 K are very similar to those of the fim if
ture of either 6, 77, or 295 K. Pump and probe experimentgxcited above th&,«S, 0—0 origin band(Fig. 2). There
were performed with a regenerative amplified Ti:sapphire lais an inhomogeneously broadened origin band centered at
ser system delivering 200 fs pulses of 1.55 dMe., 21500 cm ! with a FWHM of ~300 cm ? followed by the
12500 cm') photons at a repetition rate of 1 kHz. The vibronic features. Except for weak vibronic satellitesee
output beam was split into two parts. One of them passed mset in Fig. 2 that appear at the high energy side of the
frequency doubler and was used for sample excitation whilgnain vibrational features and shift witk,, while growing in
the second part was focused onto a sapphire crystal to geimtensity asv,, decreases, the emission remains spectrally
erate a white light continuum for probing the transmissioninvariant upon excitation aty=21700 cm®. For v
change of the sample as a function of the delay time. Differ<21700 cm! the dominant vibrational band splits into two
ential transmission spectra were corrected for group velocityeatures and shifts with., (Fig. 3. This is accompanied
dispersion. with some spectral narrowing. For=21277 cm®, which
is the lowest energy chosen for reasons of an acceptable
Ill. RESULTS signal to nois_e ratio, the lower energy feature splits into a
doublet(inset in the top spectrum of Fig).2ZThe onset of the
Figure 1 shows absorption and fluorescence spectra of ébronic bands occurs at energies 1326, 1575, and
MeLPPP film at 295 K. Both reveal a vibronic progression1607 cm —identified as the dominant vibrational
built upon an inhomogeneously broadened origin featurenergies—below the laser line while emission band maxima
with maximum at 22100 cm" (absorption and are further displaced by about 30 ¢
21600 cm! (emission. By extrapolating theS;—S, 0 Site-selectively recorded fluorescence spectra of a
— 0 transition energies of LPPP oligom&&*plotted versus MeLPPP film turn out to be dependent on the excitation
reciprocal chain length one arrives at 1#£.5.5 phenylene intensity. Consider the case of excitation well above the lo-
units, equivalent to an effective conjugation length;  calization energy, first. It is the energy that, on average,
=6.5-0.6 nm for the average absorbing chromophore.  separates which chromophores participate in energy transfer
The apparent energy of the vibrational feature, which isand which do not. As the intensity increases from 1 to/10
in fact, the superposition of two strong and one weak vibraper a sample area of 210" cn? the width of theS;
tional bands, is 1400 cnt. Except for the tail region where —S, 0—1 transition decreases and saturates at 180 'cm
scattering effects become important, the low energy wing ofi.e., 4.4 nm (Fig. 4). Scanningv,, to the low energy tail of
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\ FIG. 4. Evolution of theS;—S; 0—1 emission band in a

MeLPPP film as a function on the energy of the pump pulBe (
=77 K). The sample was excited a§,=22222 cm . The inset
' L L shows the linewidth as a function of pump-pulse energy.

wavenumber (10° cm™)

8.8 cm ! (77 K), and 9.0 cm? (295 K). Figure 8 illus-

FIG. 2. Site-selective fluorescence spectra of MeLPPP embedrates how theS,—S, 0—1 emission feature evolves as
ded in a MTHF matrix at 10 K. The arrows indicate the excitation function of the pump intensity on a semilogarithmic scale.
energy. The inset shows the weak quasiresonant features on dhe above experiments were all done under front detection.
enlarged scale. The two narrow spectral features are identified #Side face detection demonstrates, however, that waveguiding
quasiresonant vibrational emissions. effects are important.

Basically, the same phenomena are observed with 2,7-
the S;—S, 0—0 band sharp features appear superimposegoly-(trans-4,9-dioctyl-4,5,9,10-tetrahydropyrgne (trans-
onto the nonresonant firgcumulative vibronic band(Fig. PTHP. Due to steric repulsion between adjacent biphenyl-
5). They are shifted from the laser line by 1326 andunits the polymer is not planar. Quantitatively, disorder
1575 cm!, respectively. Their relative intensities changebroadening overrides the vibronic splitting and the entire
with v, obviously mapping their spectral overlap with the spectrum is blue-shifted as compared to MeLRFHR. 9).
underlying nonresonant vibronic emission feat(fay. 6).

The line shape of the sharp features can best be described
by a Gaussian profiléFig. 7). The linewidth is almost tem-
perature independent, FWHM values being 7.1 ¢r(6 K),
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v_ (10’ cm™) FIG. 5. Photoluminescence spectra of a MeLPPP filmTat

exc

=6 K for various excitation energies. For lower excitation ener-
FIG. 3. A plot of the energy of the dominant vibrational features gies sharp features appear superimposed onto the I®ead, 0
in the fluorescence spectra of MeLPPP in MTHF as a function of—0 emission band. Because of the big differences in signal ratio the
the excitation energy. maxima of the sharp features are cut off.
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FIG. 6. A series of fluorescence spectra of a MeLPPP film re- FIG. 8. TheS;—S; 0—1-band of a MeLPPP film for various
stricted to the spectral region of ti®—S, 0—1 band for high  energies of the pump pulse/g=21928 cm!, T=77 K). Note
excitation intensities =295 K). the logarithmic ordinate scale. The inset shows the dependence of

the intensity of the superimposed sharp emission feature recorded at
h.23350 cm on the energy of the pump puls@he ordinate scale

This translates into a smaller effective conjugation length ™ . i .
Ixin au, the abscissa scale isgd units)

Fluorescence is emitted from the higher ordered segments
evidenced by the appearance of vibronic structure. With in-
creasing pump energy per pulse spectral narrowing is obenergies>18300 cm* and a negative signal for lower en-
served irrespective of.,. If excitation occurs at a spectral ergies. The high energy feature with maximum near
position such as to guarantee that the accompanying resona#?000 cm* correlates with theS;—S, 0—0 absorption
vibronic line overlap with the inhomogeneously broadenedeature(Fig. 1) and is obviously related to bleaching of that
S,—S, 0—0 band sharp features evolve. transition at high pump intensities. The lower energy features
Finally the transient differential absorptigBA) spectra  with maxima near 20400 and 19000 choverlap with the
recorded on MeLPPP films employing the pump and probe
technique shall be reported. The DA spectrum shown in Fig.
10 bears out a positive change of the sample transmission for H \

fwhm=8.8cm”
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wavenumber (10° cm’') FIG. 9. Photoluminescence spectra of a trans-PTHP filri at
=295 K. Bottom: Recorded upon nonresonant excitatiorvgt
FIG. 7. Line shape of the sharp emission feature of a MeLPPP=25640 cm'. Middle and top: Excitation at the low energy tail
film related to the 1575 cnt vibrational mode. The spectrum was of absorption with high intensity. The dominant sharp feature shifts
recorded alf =77 K upon exciting av.,=21895 cm ! with high with excitation energy and is shifted from the laser line by
intensity. ~1600 cm!. Inset: chemical structure of trans-PTHP.
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while the dominant emission comes from chromophores that
were populated via energy transfer. The center of the inho-
mogeneously broadenes,—S, 0—0 emission marks the
threshold energy,,; below which, on average, energy trans-
fer is no longer competitive with spontaneous emission. For
Vex< V|oc the emission spectrum becomes narrower and shifts
linearly with ve,. However, in no case were zero phonon
features observed as they were with matrix-isolated oligo-
-0.05 - mers of LPPP2 Their high energy tail is off-set from the
T T laser line by the vibrational frequencies 1326 and
15 16 17 18 19 20 21 22 1575 cm't, known from the stimulated emission feature di-
wavenumber (10° cm™) cussed below as well as from Raman spettrabsence of
zero phonon features might be an indication of sufficiently
FIG. 10. Differential transmission spectrum of MeLPPP at 5 psstrong coupling to lattice phonons. We consider this possi-
after the excitation recorded at 295 K. Optical gain occurs withinpijlity unlikely, since zero phonon lines do show up in the
the spectral region between 18600 and 21200 tnfThe pump  sjte-selective fluorescence spectrum of LPPP oligomers. This
intensity was 100uW at a repetition rate of 1 kHz. suggests that residual line broadening is a polymer related

) o . phenomenon. A segment of a polymer chain that acts as a
(cumulativg S;—Sp 0—1 and 0-2 emission bands. In this chromophore is unlikely to be a perfect ordered entity of

spectral region the temporal decay of the positive transmisayactly the length indicated by effective conjugation length.
sion change is nonexponential, the initial decay to one-half; js more realistic to envisage it as a group of monomers
of the peak value occurring within 0.5-1 fsottom spec-  geparated from the neighboring segment by topological faults
trum in F'g;llj)- The negative transmission change #r i peing elastically deformed due to packing constraints.
<18500 cm* has to be attributed to photoinduced absorp-ypon optical excitation further planarization may occur,
tion. equivalent to a lowering of the transition energy. Support for
this notion comes from the observation that in polyphenyl-
IV. DISCUSSION enevinylene related systems the residBtikes shifof site
. . ) selectively recorded fluorescence spectra increases with the
The series of s!te—selectl\_/ely recorded fluorescence SPeGyerall inhomogeneous band broadeng.
tra qf MeLPPP dlspersfed in a MTHF. glass coneurs with The emission spectra of a MeLPPP film differ from those
previous re.sults on conjugated polymétss the gxmtaﬂon of matrix-isolated chains in several important aspects. Upon
energy vey is scanned across S, absorption band, oy citing well above the anticipated localization energy,

knqvvn from film absorption spectra, towards lower ENETYIeSHe first vibronic feature of the inhomogeneously broadened
an inhomogeneously broadened fluorescence spectrum wi ission narrows and becomesat80 cni? (i.e., 4.4 nm

O.—O maximum at'21500 cnt followed by a poorly.resolved broad feature that grows superlinearly with pump power. It is
vibronic double is observed. No dependencevgpis noted  jyentified as amplified spontaneous emisgia8E). This as-
except for the two weak vibronic features, off-set from thegjqnment derives from the similarity of the positive DT spec-
!aser line by about 130_0 and 1600_ _ci'nthgt appear SUper- - y;m and the inhomogeneously broadened fluorescence spec-
imposed onto the dominant emissidnset in bottom Spec- - ;m a5 well as the nonlinear intensity dependence of the
trum in Fig. 2. They grow in intensity as., gets lower and  gjgna| The gain mechanism is the same as the one involved
shifts with ve,. They are assigned to the emission from thosg, "5 conventional dye las&f.The primary pump pulse popu-

chromophores from which energy transfer is unfavorablqates a vibrationally hoS! state that relaxes rapidly to &

state of a chromophore absorbing negg. Since the vibra-
10F e LA tional energy quanta aeekT inversion exists relative to any
e Albem vibrational level that couples to the electronic ground state.
—+—20410em Stimulated emission is triggered by the spontaneous inhomo-
i geneously broadened first vibronic fluorescence band involv-
] ing waveguiding. The bandwidth of the stimulated emission
band is determined by the quality of the internal resonator.
As v, approaches,. a sharp doublet appears superim-
y AR . posed onto the ASE mode and becomes the dominant feature
k“»;"ﬁt."}: \n"cw“m ] at high pump energy per pulse. Comparing the energy off-
sets of both lines from the laser line with the energies of the
. dominant skeleton vibrations of LPPP oligomers known
] from site-selective spectroscofiable ) confirms that these
vibronic satellites are associated with an emission that is
resonant with excitation. The minor decrease of the vibra-
tional energies with increasing chain length is an effect well
known for conjugated polymers, and is related to excited
FIG. 11. Decay of the transient differential transmissi@¥)  State delocalizatioff*°Recall that we attribute this phenom-
signal for different probe energies. enon to ASE induced, i.e., seeded by resonant emission of
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TABLE I. Comparison of the energie@n cm™*) of the domi-  pylse on the order dflg,= 2% 10" is obtained for excitation
nant vibrational modes coupling to the ground state of matrix-at 21770 cmil. where the absorption coefficient is
isolated LPPP oligomer¢from Ref. 23 and to theS, state of 7%10* cmt A,ssumingcr=10_16 cn? as an estimate of
MeLPPP(present work the cross section for stimulated emissfbane ends up with
a gain coefficieny= 0Ng,~20 cm 1. Being much smaller

LPPP MeLPPP . : : Seng : _
Monomer Dimer Trimer Polymer j[han t.he reuproga[ film thlgkness t.h|s implies stlmulatlon
involving waveguiding, consistent with the observation that
175 145 120 most of the emission leaves the film from the side faces.
260 Finally, the transient differential transmissiofDT)
710 change should be addressed. There(ijsa high energy
780 bleaching feature at 22000 crh followed by (ii) two
1370 1350 1320 1326 broader positive—Aal features near 20200 c¢m and
1483 1490 18800 cm® and (iii) a photoinduced absorption signal be-
1640 1620 1600 1575 low 18400 cm®. Coincidence of the former with th§;
1607 —S, 0—0 band in absorption testifies on bleaching due to

S, excitations prior to spectral relaxation towards the tail

MeLPPP chromophores before energy transfer occurs. Thetates of the distribution. In fact, time resolved quore;cence
threshold character testifies on the involvement of stimulate@Pectroscopy has been known to occur nonexponentially fea-
emission. Upon scanning the excitation energyacross the  turing a 1&-decay time of the order of 1 f8.The positive
S;—S, 0—0 absorption band the seed effect maps the inDT signal between 21000 cm and 18400 cm', i.e., be-
tensity distribution of the ASE mode. This is obvious from low the absorption edge, decays faster than the bleaching
Fig. 6. Upon shiftingv,, from the absorption maximum to- signal(i) (Fig. 11) and, thus, can neither be due to depletion
wards vy, the 1575 cm? vibronic line appears first and is of tail states of the manifold o, states nor to spontaneous
dominant as long as it overlaps with the ASE mode. Subsefluorescence from relaxe8,; excitons. Consistent with the
quently, the 1326 cm' line takes over. The effect vanishes dependence of the ASE signal it has been assigned to optical
upon scanning. significantly belowy,,c. In that case there gain associated with vibronic bands of the fluorescence spec-
is neither a sufficiently large population of spectrally relaxedtirum. At lower energies the gain spectrum merges into
S, excitations available for stimulated emission nor is thephotoinduced absorptiot.
total density of excitations sufficient to establish gain.

This concept is supported by the band shape of the sharp
emiss@on features. The bar]d profile is a Gaussian whose V. CONCLUDING REMARKS
width is almost temperature independerd,6tK value trans-

lating into a dephasing time of 750 fs, and is virtually inde- . . .
pendent on the spectral position. Not only does this tim The present work substantiates the conclusion that stimu-

correlate with the initial decay time of the optical gain, iﬁated emission 1S a common phenomer_wn for conjugated
also agrees within a factor of 2 with the hopping time of polymers as it is Wlth conventional organic dyes. Thg noyel
singlet excitation inferred from spectral relaxation studies orfff€Ct reported herein relates to the disorder that exists in a
a film of LPPP?2 For ve= v, the fastest energy transfer sqlld film of a particular conjugated pqumer and which im-
events occur among nearest neighbors, this being an exothd}ies branching between resonant emission and energy trans-
mic process irrespective of temperature. Temperature shouf§" from a chromophore that absorbs at the low energy side
therefore hardly affect the transfer rate as should variation off the inhomogeneously broadengg—S, 0—0 transition.
vey Since upon downward scanning af, only the number of At suff|C|e_ntI_y high eXC|tat|on_de_nS|t_y those excitations that
chromophores that are able to transfer their energy to afelaxed within the relevqnt distribution of states via energy
adjacent chromophore changes rather than the rate of tﬁga_nsfe( actas a reservoir that can be forced to emit by stimu-
transfer event itself. lation via either nonresonant or resonant spontaneous emis-
The observed phenomenon is reminiscent of resonant R&ion. The latter effect results in spectrally narrow stimulated
man scattering. In fact, on the time scale of the dephasin mission tha_\t is amplified via waveguiding effe_:cts inside the
time of an excited state fluorescence and resonant Ramdfim. Observing the same phenomenon also with trans-PTHP
scattering are indistinguishable. It is obvious, though, thatndicates that it is not bound to a special type of conjugated
the sharp vibronic features cannot be assigned to convefolymer but, rather, to the mode of excitation and to sample
tional Raman scattering because the intensity ratio of thos@eometry as far as waveguiding effects are concerned.
lines varies within the broad ASE feature while the intensity
pattern of a Raman spectrum would be independent of spec-

tral position. This proves that the sharp vibronic doublet ACKNOWLEDGMENTS
must gain intensity via stimulation due to nonresonant ASE.
The threshold pump power for seeded ASE (&0 Discussions with H. Giessen, S. Koch, Wi, and P.

within a spot size of~7x10 % cn?) corresponds to Thomas are gratefully acknowledged. This work was sup-
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