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Photoinduced absorption spectra and their temporal profiles ofpaoly-phenylenevinylendhin

film exhibit a strong correlation with an appearance of spectrally narrowed emission bands. The
dependence of transient absorption signals on excitation and probe power denotes much lower
saturation intensity in photoinduced absorption than that in stimulated emission arising from the
identical photoexcitations, singlet excitons. We interpreted the peculiar emission bands in terms of
superradiance or superfluorescence with a time constant of around 1 ps rather than amplification of
spontaneous emission from uncorrelated emitters.1999 American Institute of Physics.
[S0003-695(199)03802-4

The efforts to develop lasing materials with conjugateda deeper understanding on the primary photoexcitations and
polymeric systems have been focused on the investigation ahe nature of SNE.
lasing phenomena in solution and in dilute blends of polymer  The detailed description of the experimental setup for
films.! The polymer in pure thin film was found to be diffi- femtosecond transient absorption was given in Ref. 6. Probe
cult to be used as a lasing medium due to the internal loss dfeam with a diameter of 0.7 mm was spatially overlapped
stimulated emissiofSE) induced by the spectral coincidence with pump beam §=1.5mm) on the thin film. The thick-
between SE and photoinduced absorptiBi).? As for SE  ness and optical densities of PPV thin films were maintained
from poly(para-phenylenevinylene(PPV) thin films, Yan around 70 nm and 1.5, respectivélfhe samples were kept
et al. reported that the spectral feature of SE is strongly dein vacuum in order to avoid any photodegradation due to the
pendent upon the excitation wavelengtand proposed that presence of oxygeh.
spatially indirect excitons rather than singlet excitons are pri-  Figure 1 shows the time-integrated emission spectra with
mary photoexcitations. On the other hand, Frietdl.re-  a change of excitation power density of the femtosecond la-
cently reported that the major primary photoexcitationsser pulses at 400 nm. With lower than 0.4 mW excitation, the
might be singlet excitons rather than the proposed spatiallgmission spectral feature is almost identical to that observed
indirect excitons by measuring emission quantumupon photoexcitation at 442 nm from a cw HeCd laser. An
efficiency” increase in the excitation power density of the pulsed laser,

The observation of the spectrally narrowed emissiorhowever, changes the emission spectral feature abruptly to
(SNE) bands fromar-conjugated polymers has also attractedSNE peaking at 555 nm. We found that the observed emis-
much attention because of the possibility that the narrowegjon spectra in the range of excitation power density inves-
emission bands may result from the lasing action in microtigated in this work are well separated into two parts; one is
cavity and/or SE. Frolov et al. recently interpreted SNE normal emission spectrum, which is defined as the spectral
from PPV derivatives in terms of excitonic cooperative su-feature measured with lower than 0.2 mW excitation and the
perradiation rather than amplified spontaneous emissioBther one is SNE with the full width at half maximum
(ASE) or lasing by measuring the dependence of the threshqr\wHM) of 10 nm. The total emission intensity monotoni-
old intensity for various film thicknessUp to date, how- cally increases with an excitation power density less than 0.9
ever, no systematic investigation has been reported to give @, while both SNE and normal emission intensity exhibit
clear answer to the origin of SNE as well as the nature of thg nonlinear behavior above 0.4 mW. From the slope of log—
primary photoexcitations in detail. log plot, SNE intensity exhibits roughly sixth-order depen-

In this work, we report the femtosecond pump-probe eXence on the excitation power density. Furthermore, it is also
perimental results and emission spectral changes varying thﬁteresting to note that FWHM of SNE is nearly constant to
excitation as well as the probe power density in order to havge 10 nm within the pump power intensity range employed
in this work.
3Electronic mail: dongho@krissol.kriss.re.kr Figures Za), 2(b), and Zc) show the transient absorption
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Excitation Power (mW) probe intensities maintaining the same time delay of 0.5l ps,e» (open

circles is five times greater thah, e 1 (SOlid circleg. Inset: Transient ab-
FIG. 1. (a) Time-integrated emission spectra of PPV film upon photoexci- sorption spectra under pump power density of 0.1 mW. The probe power
tation at 400 nm with a pulse width and repetition rate~af50 fs and 1 density was increased about five times as that in Hig. Zhe other con-
kHz, respectively. The pump powers are listed in the figure. The emissiorlitions are the same as those in Fig)2
spectra upon cw 442 nm photoexcitation is also shown for a compatitson.
Total (cross, normal (open circlg, and spectrally narrowetsolid squarg
emission intensities a function of the pump power density. SNE is absent, SE becomes manifest to the red side of PA.

However, a slight increase in the excitation power density

spectra at 0.5, 1.5, and 10 ps delay times for the three dif0-4 MW results in a profound decrease in the relative SE
ferent excitation power densities under the same probe bealfjt€nsity compared with PA. When the excitation power den-

intensity. With excitation power density of 0.2 mW where SIY iS further increased to 1.2 mW, which gives rise to
prominent SNE, PA rather than SE prevails longer than 500

nm. Especially, band-structured PA signal peaking at 510 nm
(@) 0.2mwW (d)0.2mwW at short delay times in addition to the PA tail around 650 nm

S . becomes pronounced. After the ultrafast disappearance of
that band in PA, the resultant PA spectrum exhibits a broad
and structureless band and a much slower decay without any
apparent spectral changes.

Figures 2d), 2(e), and Zf) show the temporal decay
profiles measured at three different wavelengths correspond-
ing to the ground state bleaching at 460 nm, PA at 520 nm,
and SE at 550 nm. Photoexcitation with low power density
induces a fast relaxation of which time constant is several
picoseconds. This fast relaxation signal is superimposed
upon a slowly decaying signal. The ultrafast relaxation time
constani{~1 p9, which was observed in the previous pump-
probe experiment, was not observed at low pump power
density>* However, an increase in excitation power density
H1.2mw results in an appearance of ultrafast decay component corre-
lated with SNE shown in Fig. 1. With further increase in
excitation power density, the overall temporal profiles re-
main almost unchanged. Meanwhile, it is interesting to note
that the two temporal profiles corresponding to SE and PA
upon photoexcitation with the pump power density less than
0.4 mW exhibit almost the same time constants as well as

-2250 550 550 600 650 -20 55 4 6 81092 their relative amplitude_s. Thesg observatio.ns led us to sup-
Wavelength (nm) Time (ps) pose that the two transient species responsible for PA and SE
are the same each other.
FIG. 2. (8—(c) Transient absorption spectra measured at various time delays Figure 3 shows the pump power dependence of optical

between pump and probe pulses ddg-(f) their temporal profiles at three density changes at 560 nm under the two different probe
different probe wavelengths. The pump power is represented in each figure.

The conditions of marks and lines (h) and(c) and(e) and(f) are the same  POWEr intensi'Fies. In the Case Of_ lower prqbe intensity
as those ina) and(d), respectively. The solid line is used just for a guide. (I rope,), SE signals monotonically increase with the pump
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A the same(see the inset in Fig.)3 For pump-power depen-
4.0 1 k'Ag dence at constant probe power, it could be understood as
PA followings; the net absorption coefficient from singlet exci-
— 30} mlA, ton !B, to kA, is increased with the initial population of
> Singlet PA f ] singlet excitons under constant probe power density. As a
> 2.0 | Exciton B. result, the used probe intensity is not strong enough to satu-
g’ rate the optical transition of PA from the singlet excitons to
S 10l SE the proposed even parity excited states.
Finally, let us consider the origin of SNE based on our
0.0 | Ground y 1 experimental observations. Previous reports on this peculiar
. State Ag - : :
phenomena proposed the two plausible mechanisms: one is

- . Lo . the amplification of uncorrelated emitters, i.e., ASE, and the
FIG. 4. Simplified energy levels and optical transitions in PPV thin film. . e . L .
The optical transitions related to the singlet excitdB ) are only shown. other is the ampllflcauon of correlated emission, i.e., super-
The excited states are located in energy according to Ref. 8. fluorescence or superradiance. The experimental observa-
tions that(1) the FWHM of SNE is independent of excitation
o . power density(2) the PA spectral feature and its decay time
power density in the range of 0.006-0.2 mW. Further in-cqqiant which were found to be strongly correlated with the
crease of the pump power density, however, results in thg,nearance of SNE, are quite different from those for(SE,
decrease of SE signal and finally alters the sign of opticale gpsence of any spectral feature of SE in the wavelength
density change from SE to PA at the pump power density Ofggion of the peculiar strong emission under any experimen-
~0.85 mW. If the probe intensity is further increased (5| conditions employed in this work, led us to conclude that
(Irove 3, the SE signal is more pronounced under the pUMBSE s an improper candidate to describe SNE. From our
power density lower than 0.85 mW. For pump power density,esent understanding, we propose that SNE is most likely to
higher than 0.85 mW, it is interesting to note that the in-gccyr from superfluorescence or superradiance. If our inter-
crease in the probe intensity froMgope,10 I prove 2lt€rs the  pretation on SNE is correct, the duration of SNE should be
sign of optical density changes from PA to SE. We have als¢mited by the dephasing time of materialk,. In fact, T,
investigated the changes in the transient absorption spectr@he constant for polymeric materials in thin films was re-
feature with changing the probe power density and show th%orted to be around 1 ps, of which the value is surprisingly

results in the inset of Fig. 3. In most of probe wavelengthsimilar to that of the ultrafast decay component measured in
region, SE prevails PA spectral feature with increasing thgnis work1°
probe intensity under the same pump power density.
As stated above, the observation that the signals due to This work has been financially supported by Star Project
SE and PA under low pump as well as probe power densitySCJ, Creative Research Initiatives of the Ministry of Sci-
exhibit the same temporal profilsee Fig. 2d)] led us to  ence and Technolog{pK) of Korea, and partially by Center
propose that these two optical transitions are from the sami@r Advanced Functional Polyme(siKS).
transient species, singlet excitons. Furthermore, the recent
theoretical and experimental works have also proposed that
the presence of the two even parity statesmf; andk
above the singlet exciton$B,, results in PA bands in near D MOSGSI, Appl. PhﬁS- LetB0, 3215(1932- ¢ and )
; ‘i : : S. V. Frolov, W. Gellermann, Z. V. Vardeny, M. Ozaki, and K. Yoshino,
Infrar_ed and visible region, re_spe(_:t_lvé’lyBased on th_ese Synth. Met.84, 471(1997); , 493(1997; N. Tessler, G. J. Denton, and R.
C0n3|d€‘_rat|(_)nsv we propose a smphﬂed energy level diagram . rriend, ibid. 84, 475(1997; S. V. Frolov, M. Ozaki, W. Gellermann,
shown in Fig. 4. According to this scheme, the PA and SE z. v. vardeny, and K. Yoshino, Jpn. J. Appl. Phys., Par83, 1371
observed in the current work could be explained in terms of3(1996- " v and er. Ph
optical transitions froniLBu to k lAg and fromlBu to lAgv gﬂz Y]_ig;llzl-glggot erg, E. W. Kwock, and T. M. Miller, Phys. Rev. Lett.
respectively. If one concentrates on the transient absorptionr . Friend, G. J. Denton, J. J. M. Halls, N. T. Harrison, A. B. Holmes,
longer than 510 nm which is the absorption band edge of A. Kohler, A. Lux, S. C. Moratti, K. Pichler, N. Tessler, K. Towns, and H.
. . Harrison, N. Tessler, and R. H. Friend, Phys. Rev. L#8.733(1997.
because of th? Iac_k of grplfmd State_ ab_sorptlon. Assumlng‘N. Tessler, G. J. Denton, and R. H. Friend, Natdrendon 382 695
that both the Einstein coefficient and lifetime of the resultant (1996: F. Hide, M. A. Diaz-Garcia, B. J. Schwartz, M. R. Andersson, Q.
state responsible for PA are larger than those for SE processpei, and A. J. Hegger, Scien@é, 1833(1996. _
the saturation intensity of probe beam for PA is lower than H-S: Eom, S. C. Jeoung, D. Kim, J-H. Ha, and Y-R. Kim, J. Phys. Chem.
that for SE. It is straightforward to explain the fact that a -1, = 3661(1997.
c. g _ pla 7H. S. Eom, S. C. Jeoung, D. Kim, J. I. Lee, H. K. Shim, C. M. Kim, C. S.
decrease in the probe intensity at a certain pump power den-yoon, and K. S. Lim, Appl. Phys. Letf1, 563 (1997.
sity alters the sign of transient absorption signals from SE to°S. V. Frolov, M. Liess, P. A. Lane, W. Gellermann, and Z. V. Vardeny,
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smaller than that for PA. Furthermore, all the transient ab- emission is lower than that for photoinduced absorption. See the following
sorption spectra at longer than the band edge Wavelengthrz%fgrggie(-lgg‘su‘jav M. Yoshizawa, and T. Kobayashi, Chem. Phys. Lett.
exhibit a Sp?Ctrm feature of SE with an increase in the_ prOb_@F. Dong, E. Koudoumas, S. Couris, Yuguan Shen, Ling Qiu, and Xingfa
power density even though PA spectral feature remains still Fu, J. Appl. Phys81, 7073(1997.
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