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Femtosecond transient absorption study of oriented pol§9,9-dioctylfluorene) film:
Hot carriers, excitons, and charged polarons
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We present a transient absorption spectroscopy study of oriente@® @tioctylfluorengfilm. By compar-
ing the spectral features and dynamics at different wavelengths using different probe polarizations, we con-
clude that three species are generated after the photoexcitation: hot carriers, excitons, and charged polarons.
The charged polaron spectrum is measured with the probe beam polarized perpendicular to the polymer chains,
and two bands are recognized. In addition, a new band in mid-IR regime is observed that decays faster than
excitons, and whose peak shifts in time. This feature is assigned to hot carriers.
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Conjugated polymers have emerged as a promising class The femtosecondfs) transient absorptiofTA) experi-
of optoelectronic materials, due to their low manufacturingmental setup has been described in detail in an earlier
costs and the wide range over which their optical and elecpublication!’ Briefly, we used an amplified Ti:sapphire laser
tronic properties may be chemically tuned by altering the(Clark-MXR) with an optical parametric amplifi§OPA) to
side-groups on the polymers. Conjugated polymers havgenerate tunable visible to mid-IR pulses. The samples are
been used in devices such as light-emitting diodeight-  photoexcited at 400 nm. A half-wave plate and polarizer are
emitting electrochemical celfs photodiode$, and lasers. used in both pump and probe beams to change the polariza-
Hovyever, the quantum efficiency of the devices made fro_rqion of pump beam and probe beam separately. Chirp-
conjugated polymers is generally low, and the photophysicg rection is performéd to ensure that the transient absorp-
of these mgtenals is still not W?” u_nde_rsto‘_?)HA deeper_ tion signals at different wavelengths correspond to the same
understandmg of the photophysics is vital in order to M- time delay. The oriented PFO film is seated in a cryostat at
proXEhgi\élﬁerr?:;?r;gzgg have been studying the photo_quuid nitrogen temperature and kept under vacuum (5

76 . - -
physics of conjugated polymers over the past two decades>< 10" Torr) to reduce photodegradation. By analyzing lin-

many questions remafhFor example, it is still subject to g’ar absor_ption spectra .measured unde'r different polariza-
debate whether the initial photoexcitation is band-ifree  ti0ns, we find that the anisotropy of our oriented PFO sample
carrierg as in semiconductoteor excitonic in nature as in IS Petween 0.5 and 0.6. The TA signals of four polarization
molecular solids? It is generally accepted that photolumi- combinations are measured) both pump polarization and
nescence is generated by intrachain excitons and that tHgobe polarization parallel to the sample orientati@;both
formation of secondary interchain speci@®nradiative ex- Perpendicular to the sample orientatid8) pump polariza-
citationg occurs in varying degree depending on the molecution parallel but probe polarization perpendicular to the
lar morphology of the polymer chains within the fifi:1*12  sample orientation; an@) pump polarization perpendicular
The interchain species have been studied in detail in a nunbut probe polarization parallel to the sample orientation. The
ber of PPV derivative&31° but there is still no consensus results with the pump beam polarized perpendicularly to the
regarding its fundamental description. Understanding its nasample orientatioricombinations 2 and)4are the same as
ture and formation mechanism is important for improvingthose with the pump polarization parallel to the sample ori-
the quantum efficiency of conjugated polymers. entation(combinations 1 and)3except that the signals were

In this paper, we present a femtosecond transient absorgbout four times smaller. This matches the linear absorption
tion study of oriented Pol®,9-dioctylfluorengPFO film, anisotropy, indicating that the decrease of the signal is sim-
from 400 to 2700 nm, and with the probe polarized bothply due to decreased absorption. Therefore, the results pre-
parallel and perpendicular to the polymer chain. For the firssented in this paper are only those with the pump polariza-
time, we observe two bands in mid-IR regime. In addition totion parallel to the sample orientatiqmombinations 1 and
fully resolving the exciton band previously reported as an3). In addition, we measured TA spectra and dynamics under
incomplete band due to the limited spectral range of priodifferent pump intensities and found that the results, espe-
measurement®, we observed a new band that decays fastecially the dynamics at most of the wavelengths, are strongly
than the exciton and whose peak shifts in time towards thelependent on the excitation density. The results and discus-
exciton peak. Furthermore, by probing with the polarizationsions were published in our previous paffefhe data pre-
perpendicular to the polymer chains, we separate the spesented in the current paper are measured in the same day and
trum of nonradiative excitons from that of radiative intrac- under the same pump fluence, 0.38 mJ/cfar below the
hain excitons, and observe two photoinduced absorptiophotochemical damage threshotd160 mJ/crA.
bands in visible spectral regime. The dichroic ratio of these As a measure of TA, we use<AT/T), which is defined
two photoinduced absorption bands rules out the assignmeas— (T—Tg)/T,, whereT andT, are the transmission of the
of these two bands to the interchain exciton. probe beam in the presence and absence of the pump beam,
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FIG. 1. Transient absorption spectrum of PFO measured with FIG. 2. Decay dynamics of transient absorption signafser
probe beam parallel to the sample orientatipalymer chain direc- normalization under the same pump fluen6@38 mJ/cri) but at
tion). SE stands for stimulated emission; PA for photoinduced abdifferent wavelengths(O) 2500 nm;(A) 2300 nm;(C]) 750 nm;
sorption. The inset shows the chemical structure of PFO. (@) 600 nm; andA) 475 nm[X(—1)]. Both the pump and probe

. ” . L polarization are parallel to the sample orientatigolymer chain
respectively. A positive TA signal{ AT/T>0) implies the gjrection.

absorption increases following photoexcitation, and is
termed photoinduced absorpti@RA). A negative TA signal  Since the electron and hole of intrachain excitons are situated
(—AT/T<0) may be caused by either bleaching or stimu-on the same polymer chain, the dipole moment of intrachain
lated emission. The absorption decrease due to either irexcitons is along the chain, and therefore has a negligible
creasing the population of the upper state or decreasing thiateraction with probe light polarized perpendicular to the
population of the lower statgor a given electron transition  chain. The photoinduced absorption bands at 600 nm, PA
or both, is called bleachin@L). An increase in transmission and 450 nm (P4, observed with the probe light polarized
caused by the amplification of the probe light due to popuperpendicular to the chain, indicate the presence of species
lation inversion of an emissive state is called stimulatedchaving a dipole moment at least partially perpendicular to the
emission(SE). chain. However, the magnitude of the Pgignal along the
The TA spectrum at zero time-delay with the probe po-chain is still ten times greater than that perpendicular to the
larization parallel to the sample orientation is shown in Fig.chain. This rules out an assignment of this feature to an
1. Four PA peaks and one SE peak can be distinguished. Thieterchain exciton, i.e., an electron and hole separated onto
four PA peaks are centered at 600 nm (PA’80 nm (PA), neighboring chains, with dipole moment across the chains.
2300 nm (PA), and 2500 nm (P#; and the SE peak is Both charged polarons and excimers might be expected to
centered at 475 nitSE). The dynamics of each feature mea- have wave functions polarized primarily along the chain, but
sured under the same pump flueri@e38 mJ/crf) are shown  with an off-axis component greater than that of the intrachain
in Fig. 2. The similar dynamics of SE, BAand PA imply  exciton. The single polaron is a localized state with an ellip-
that they originate from the same species. Since only intracsoidal wave function slightly extended along the polymer
hain excitons can generate stimulated emission, it is conehain!® and consequently can have transition dipole mo-
cluded that these three features are from excited state transiients both parallel and perpendicular to the chain. The ex-
tions of excitons. Comparing the dynamics in Fig. 2, we infercimer is a superposition of the wave functions of excited
that two other species are present, in addition to excitonsstates of individual chains, and is expected to have a transi-
One is longer lived than the excitons and has an absorptiotion dipole moment primarily along the chains, but with an
band around 600 nm (RA The other decays more quickly off-axis component depending on the degree of charge sepa-
than excitons and is responsible for the spectral featureation across the chains. Both polarons and excimers are ex-
around 2300 nm (P4). pected to be longer-lived than excitons, as observed fqr PA
When the probe polarization is perpendicular to theHowever, transient absorption studies on DP6-PPV show
sample orientation, the transient absorption spectrum in ththat the PA signal increases upon doping withg32 which
visible regime changes dramaticallyee Figure @&)]. Only  cannot be explained by the excimer model. Since the TA
two photoinduced absorption bands are observed. One features for PFO and DP6-PPV are simifame assign the
centered at 600 nm and matches the spectral position of PAPA; band observed in PFO to polaron absorption.
The second PA ban@dabeled PA) is below 500 nm in the It is apparent from Fig. 2 that the peak of the TA time
spectral region where the stimulated emission bedif) is  scan at 600 nm is shifted to a longer delay time, while its
observed under the parallel probing conditions. The absenamherent spike is at the same time delay as other decay
of stimulated emission under perpendicular probing condicurves. This implies that charged polarons are not the pri-
tions can be explained by the dipole orientation of excitonsmary excitations. Upon subtraction of the coherent spike
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FIG. 4. Transient absorption spectra between 2000 and 2650 nm
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Fo-002 1 L L I ! ! spaced spectral features: a peak at 2300 nm with a shoulder
1.6 18 20 22 2.4 26

at 2500 nm. Interestingly, the decay dynamics at 2300 nm
are quite different from that at 2500 nieee Fig. 2a)]. The

) i ) .. _decay of the photoinduced absorption at 2500 nm matches
FIG. 3. (&) Transient absorption spectra with probe polarlzatlon,[hat of the stimulated emission at 475 nm and the photoin-

perpendicular to polymer chairid) and parallel to polymer chains : - : [
(@). SE stands for the stimulated emission and PA for photoin-duced absorption at 750 nm, implying that it is another

duced absorption(b) The differential spectrum, which is the result eXCItted-iLate trart1$|tflon S;\g;eHlntraChamtheXC(IjtonS’ mf at%ree'
of scaling the 2 ps spectrum so that it matches the 1 ps spectrum ent with reports for - mowever, the decay o €
750 nm(the photoinduced absorption given by excitprand then P otomduced ?bsorF_’“O” "’_lt 2300 nm 'S, much fast_er than that
subtracting it from the 1 ps spectrum. Both the 1 and 2 ps spectr@! the intrachain exciton€Fig. 2). The mid-IR photoinduced

are taken with probe polarization parallel to polymer chains. absorption spectra at different time delagee Fig. 4 also
indicate that there are two species contributing to the tran-

(which is due to an instrument artifa®t using the laser au- sient absorption spectrum in this regime. At zero time delay,
tocorrelation curve, the growth rate of time scan at 600 nnthere is a strong peak at 2300 nm and a shoulder at 2500 nm.
can be fit to a time constant of 35®0 fs. After 4 ps, the peak at 2300 nm dramatically decreases and
If we scale the parallel-probe transient absorption specthe peak position shifts towards 2500 nm, while the signal at
trum at the delay time of 2 ps so that the intensity of,PA 2500 nm decreases less and the peak position does not
(due to the excitonic transitionsnatches the spectrum at 1 change(Fig. 4). This suggests that there is a nascent species
ps, then subtract it from the spectrum at 1 ps, we obtain at early time immediately after the photoexcitation, and the
differential spectruniFig. 3(b)]. In this differential TA spec- shift of the peak position of its spectrum suggests a transient
trum, the positive peaks are caused by excitations that decanergy relaxation of this state. The linear intensity depen-
slower than excitons, while the negative peaks are from exdence of the peak intensity at 2300 ninset of Fig. 4
citations decaying faster than the excitons. There are twndicates that the generation of this species is a single-photon
positive bands in Fig. ®): one at 600 nm, the other below process. In order to subtract the overlapped signal generated
500 nm. They match the two bands in the spectrum probeftfom the exciton and get the dynamics of this nascent spe-
with polarization perpendicular to the chdiRig. 3(@)]. The cies, the time-scan at 2500 nm was scaled at longer time
equivalent amplitude of these two bands in differential TAdelay so as to match that at 2300 nm and then subtracted
spectrum Fig. 3(b)] demonstrates that they have similar de-from the time-scan at 2300 nm. Single exponential fitting of
cay dynamics, and suggests they are due to the same specidgs differential time-scan shows that the lifetime of the na-
In addition, we observed a negative band around 700 nrscent species is 13060 fs*! This matches typical hot car-
(PAg) in the differential spectruniFig. 3(b)]. The negative rier relaxation time$? The spectral shift is also an expected
sign means the species responsible for this band decaysature of hot carrier relaxation. Thus we propose that the
faster than excitons. This band cannot be seen in the TAascent excitations responsible for the photoinduced absorp-

Energy (eV)
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tion at 2300 nm are hot carriers. also like Wannier excitons due to finite conjugation length.
The physical picture of the initial photoexcitation processHence, the term “hot carriers” we employ here has the same
can be described using the Born—Oppenheimer principleconnotation as the term *“hot excitons” used in other
The ground state of conjugated polymers is like a onepapers?® Here, we observe it experimentally for the first
dimensional semiconductor. Theelectrons are delocalized tjme.
and thew wave function is Uniformly distributed within the In Summary, our results provide a detailed picture Of the
conjugation length. When & electron is excited to the™  gspectral dynamics in an oriented PFO film. The TA spectra
state, this configuration is no longer the most stable oneéyng gynamics obtained with different probe polarizations
According to the SSH modéf, the equilibrium positions of g ow there are three species generated after photoexcitation:
certain atoms shift, which changes the configuration of thg, s .o riers, excitons, and charged polarons. The initial pho-
gggggre?:gtliggnseigdmg;e?rfs aéo_cailﬁ_edl ph(inoi? fmld‘f.T ngexcitation is the hot carrier. It gives rise to the photoin-
pped in this focal phonon Teld .o 4 absorption at 2300 and 700 nm. The exciton gives the
and forms the polaron. However, the formation of the po-_. L . )
stimulated emission at 475 nm and photoinduced absorption

laron involves nuclear movement, which is much slower than . . . )
the electronic transition according to the Born—Oppenheime?lt 750 and 2500 nm. The third species, which we attribute to

principle?* Hence the initial excitation should have the same(:harged polarons, has two photoinduced absorption bands

configuration as the ground state. As a result, the excite§00 and 450 nin
state is initially delocalized and the electron and hole are

loosely bound. If the polymer chain does not distort, thePFO sample and Dr. Lewis Rothberg and Dr. Robert Dono-

gxqtaﬂong are one-d|men3|onal free carriers, just I|I§e thOSﬁoe for helpful discussions. This work was supported by Los
N Inorganic semlconductqrs. We caII_ them hot carriers be'Alamos National Laboratory Directed Research and Devel-
cause they resemble carriers in semiconductors and the lat-

tice (the polymer backbonehas not reached its stable equi- opment funds under the auspices of the U.S. Department of

librium configuration. However, in some respect, they areENeray.

We thank Dr. Donal Bradley for providing the oriented

13, H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, 13y, I. Klimov, D. W. McBranch, N. Barashkov, and J. P. Ferraris,
K. Mackay, R. H. Friend, P. L. Burns, and A. B. Holmes, Nature ~ Chem. Phys. Lett277, 109 (1997%; V. I. Klimov, D. W.

(London 347, 539(1990. McBranch, N. Barashkov, and J. Ferraris, Phys. Re58B7654
2D, Braun and A. J. Heeger, Appl. Phys. Lei8, 1982(1991). i (1998. _
3Q. Pei, G. Yu, C. Zhang, Y. Yang, and A. J. Heeger, Scie6® D. W. McBranch, B. Kraabel, S. Xu, R. S. Kohlman, V. I. Kli-

1086(1995. mov, D. D. C. Bradley, B. R. Hsieh, and M. Rubner, Synth. Met.
4G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger, 101, 291 (1999. ) )

Science270, 1789(1995. 15|, D. W. Samuel, G. Rumbles, C. J. Collison, R. H. Friend, S. C.
5N. Tessler, G. J. Denton, and R. H. Friend, Nat{irendon) 382, Moratti, and A. B. Holmes, Synth. Me84, 497 (1997.

163, W. P. Hsu, M. Yan, T. M. Jedju, L. J. Rothberg, and B. Hsieh,
Phys. Rev. B49, 712(1994; G. Lanzani, S. Frolov, M. Nisoli,
P. A. Lane, S. De Silvestri, R. Tubino, F. Abbate, and Z. V.
Vardeny, Synth. Met84, 517 (1997).

17v. 1. Klimov and D. W. McBranch, Opt. Lett23, 277 (1998.

18D, S. Boudreaux, R. R. Chance, J. L. Bredas, and R. Silbey, Phys.

695 (1996; F. Hide, M. A. Diaz-Garcia, B. J. Schwartz, M. R.
Anderson, Q. Pei, and A. J. Heeger, Scie@8 1833(1996);
S. V. Frolov, W. Gellermann, M. Ozaki, K. Yoshino, and Z. V.
Vardeny, Phys. Rev. Let#8, 729(1997).

6D. W. McBranch and M. B. Sinclair, iThe Nature of the Pho-

toexcitations in Conjugated Polymeiedited by N. S. Sariciftci Rev. B28, 6927(1983.
(World Scientific, Singapore, 1997 19z vardeny and J. Tauc, Opt. Commu8®, 396 (1981).
’L. J. Rothberg, M. Yan, F. Papadimitrakopoulos, M. E. Galvin, E.20g kraabe and D. W. McBranclito be publishel
W. Kwock, and T. M. Miller, Synth. Met80, 41 (1996. 213, Xu, V. Klimov, B. Kraabel, H. Wang, and D. McBran¢to be

8N. S. Sariciftci, Primary Photoexcitations in Conjugated Poly- published.
mers: Molecular Exciton Versus Semiconductor Band ModeP?J. Roux, J. Coutaz, and A. Krotkus, Appl. Phys. L&, 2462

(World Scientific, New Jersey, 1987 (1999, A. Krotkus, R. Viselga, K. Bertulis, V. Jasutis, S.
9K. Pakbaz, C. H. Lee, A. J. Heeger, T. W. Hagler, and D. Marcinkevicius, and U. Olinibid. 66, 1939(1995.

McBranch, Synth. Met64, 295 (1994). 2W. P. Su, J. R. Schrieffer, and A. J. Heeger, Phys. Rev. Uait.
10y, Rauschler, H. Bassler, D. D. C. Bradley, and M. Hennecke, 1698(1979.

Phys. Rev. B42, 9830(1990. 24, N. Levine, Quantum Chemistry(Allyn and Bacon, Boston,
117 Q. Nguyen, I. B. Martini, J. Liu, and B. J. Schwartz, J. Phys.  1983.

Chem.104, 237 (2000. 254, Antoniadis, L. J. Rothberg, F. Papadimitrakopoulos, M. Yan,
128 Kraabel, V. Klimov, R. Kohlman, S. Xu, H. Wang, and D. M. E. Galvin, and M. A. Abkowitz, Phys. Rev. BO, 14911

McBranch, Phys. Rev. B1, 8501(2000. (1994.

193201-4



