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Exciton Dynamics in soluble Polyp-phenylene-vinylene):
Towards an Ultrafast Excitonic Switch
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We have applied a variety of ps transient and cw optical techniques to elucidate the dynamics,
absorption, and emission properties of excitons in soluble derivatives of pplgénylene vinylene)
neat films and dilute solutions. We found that the photogenerated singlet excitons in both films and
solutions are characterized by strong stimulated emissiortvamghotoinduced absorption bands. We
demonstrate that these bands can be used to form an ultrafast optical switch in the near IR spectral
range with variable switching times. [S0031-9007(97)03244-4]

PACS numbers: 78.45.+h, 71.35.Cc, 76.70.Hb, 78.47.+p

The most striking optical property of manyr-  of the dye lasers. We measured the chany&sin the
conjugated conducting polymers is a bright photolumi-probe transmissiofi using a fast acousto-optic modulation
nescence (PL) band with high quantum efficiency, whichscheme, Si and Ge detectors, and a fast lock-in amplifier.
can be chemically tuned to cover the complete visibleThe time resolution of the transient PM apparatus was
spectral range [1]. Their application in optical emission5-10 ps, as determined by a measurement of pump-probe
devices such as light emitting diodes and, more recentlyGross correlation. The transient PL decays were measured
laser-active media has led to intensive investigations ofvith a streak camera having 10 ps time resolution in
conducting polymers, such as poprohenylene-vinylene) a synchroscan mode. The PM and PL measurements
(PPV) and its derivatives [2]. Attention has been focusedvere conducted at low exciton densiti®s,< 107 cm3,
on the properties of photogenerated excitons in neat filmg avoid significant exciton-exciton interactions; this low
of these materials [3,4]. However, the exact spectral sigintensity also resulted in pump photobleaching efficiency
natures of photoexcitations in PPV, i.e., singlet excitonspf less than 0.1%.
triplet excitons, and polaron pairs, have remained unclear A standard steady-state PM setup was used for the cw
so far because of their strong overlapping spectral featuresptical measurements [6]. The pump was a modulated
in the visible to near IR (NIR) spectral range [3]. beam from an At laser and the probe was an incandescent

In this Letter we have elucidated the dynamics, absorplamp. For the PADMR spectra we measured the changes
tion, and emission properties of excitons in neat films andn PA induced by a modulategl-wave field (at 3 GHz)
dilute solutions of PPV derivatives, using transient andn resonance with the Zeeman split spin triplet sublevels in
cw photomodulation (PM) and PL measurements, phomagnetic fieldd [6]. A similar setup was also used for the
toinduced absorption (PA) detected magnetic resonandeA measurements [7], wheteT is caused by a modulated
(PADMR) and electroabsorption (EA) spectroscopies. Weelectric field in the polymer film, of ordei0’ V /cm.
show that the photogenerated singlet excitons are the pri- We measured a variety of PPV soluble derivatives with
mary excitations in both neat films and solutions. Byvery similar results. In this paper we concentrate on 2,5-
applying a novel transient experimental technique involv-dioctyloxy PPV (DOO-PPV) films and dilute solutions;
ing three ps pulsed beams, we prove that the singlet excBOO-PPV backbone structure is given in Fig. 1(b), inset.
tons are characterized by a stimulated emission (SE) barferesh DOO-PPV thin films were cast from chloroform
at 2.2 eV accompanied by phonon replicas, and two PAolutions of 5% molar concentration onto quartz substrates;
bands at 0.9 and 1.5 eV, respectively. Making use of thé¢he films were constantly kept in vacuum.
fact that both the SE and PA bands are related to the The transient PM spectra of DOO-PPV films at room
same excitons, we demonstrate an ultrafast optical exctemperature, plotted as-AT/T from 0.75 to 2.2 eV,
tonic switch in the NIR spectral range. are shown in Fig. 1(a) for time delays= 0 ps and

Transient PM measurements were performed using th&.2 ns, respectively. AbovBw = 1.7 eV we measured
pump-and-probe correlation technique employing threéd7T > 0; and since the ground state absorption onset is at
lasers synchronously pumped by a mode-locked Nd:YAR.2 eV, this band is due to SE rather than photobleaching
laser: two dye lasers and a color center laser [5]. The pumepf the absorption [3,8]. This can be also inferred from
photon energy was fixed at 2.2 eV, whereas the probthe similarity of the SE and the PL spectra, both of
photon energy was varied between 0.76 and 0.86 eV, usinghich contain several phonon replicas-at.8, 1.98, and
the color center laser, and from 1.25 to 2.2 eV, using on2.15 eV, respectively [Fig. 1(a)]. Belowiw = 1.7 eV
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1o films are also singlet excitons [4,10]. The long excitonic
g(a) 2N lifetime and a corresponding high PL quantum efficiency
0.5r g’PA1 \\ [11] indicates that DOO-PPV is a high quality polymer
T . material, which is very suitable for electro-optics and laser
£ OF - PRy - S action applications [12].
gi, - R %o SE The PM spectrum of excitons in DOO-PPV is schemati-
3'0-5:.:10_4 N LEVeR) 3 1 cally explained in Fig. 2(a), which shows the ground
5: '\.{\Qasevww ‘1 %; and excited electronic levels and their associated optical
Ar PO iy o) ad %] transitions in a configuration coordingi@) diagram [13].
F 1080 e ae 1200 The pump beam induces transitions from the ground state
Sl AR AARARRAa AR SRR SRSy (1A,) to the first allowed excitonic staté¢B,,). Following
O @é N PA2 1s a relatively small relaxation~0.1 eV), SE (and PL)
E o PAq h T s occurs between the relaxdd®, and 14,. In addition to
_ 2 o o 1 SE, PA froml B, to higher energy levels is induced for two
E 0 }--jo-o S even-parity states, namely,A, andkA, [Fig. 2(a)]. Ina
+ of ¢ ] related study in our group, these twQ states have been
2 | il % SE ] directly measured by two-photon absorption spectroscopy
4L 3 % ] [14]. We note that recent elegant theoretical calculations
rys : % o] have identifiednA, andkA, as charge transfer exciton and
5. 9 |1. 0 e °§ biexciton (bound state of two excitons), respectively [15],
'%.6 08 1 12 14 16 18 2 22 but their exact character cannot be inferred from our PM

Photon Energy(eV)

FIG. 1. Transient photomodulation spectra of DOO-PPV:
(a) solid film at s = 0 ps (circles) andr = 1.2 ns (X10),

measurements.

The energy level diagram in Fig. 2(a) is substanti-
ated by the EA spectrum measured on the same DOO-
PPV films, as shown in Fig. 2(b). The EA spectrum

(b) dilute solutions att = 0 ps and ¢ = 2 ns (X20).
dashed lines are to guide the eye. Various PA and SE bands composed of a derivativelike feature with zero cross-

e B . b e v, P gl & 225 8V, uhich s due 1o the quadratc Strk shit
dynamics. The backborFl)e structure of DOO-PPV is given inéSf the 1B, exciton at this energy.[7], and wo positive
inset (b). bands at 3.0 and 3.5 eV, respectively. These bands are

due to even parity states:fd, andkA,), which become
we observed two PA bands witAT < 0, peaking at
hw = 09 eV (PA)) [9] and 1.5 eV (PA,), respectively.
The decay dynamics of the SE, PAand PA bands are
compared to that of the PL band in the inset of Fig. 1(a).
Except for PA, all show a single exponential decay
dynamics with lifetimer; = 240 ps, which is equivalent
to the decay of the photogenerated excitons density, PA
initially follows the same exponential decay dynamics up
to ~300 ps, then it deviates and becomes much slower,
dominating the PM spectrum at longer times. As seen in
Fig. 1(a), the PM spectrum at= 1.2 ns contains only a
single asymmetric PA band, which is slightly blueshifted
from PA,, while PA, and SE are barely detectable
at1.2 ns.

We observed similar PM spectra in DOO-PPV dilute
solutions, shown in Fig. 1(b). PA PA,, and SE can
be again identified at the same probe photon energies
as those in films. 7, in solutions, however, is longer
[~440 ps, Fig. 1(b), inset], and PAdeviates from a
single exponential dynamics at much longer tirie$ ns).

The primary excitations in DOO-PPV dilute solutions
must be singlet excitons, since the polymer chains are
isolated and hence, the possibility of exciton dissociation P 25 3 35 4

into polaron pairs is greatly reduced. Then from the Photon Energy(eV)

S'm”a_”ty of the_ PM spegtra and thelr .decays n DOO'FIG. 2. (a) Configuration coordinate diagram of the exciton
PPV films and dilute solutions seen in Figs. 1(a) and 1(b)model and optical transitions in DOO-PPV. (b) The EA
we conclude that the primary excitations in DOO-PPVspectrum (solid line) and its fit (broken line).
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partially allowed in EA due to symmetry breaking caused1068 G [6], in contrast to our observations. We there-
by the strong applied electric fiel#. We successfully fore conclude that the slower RAlynamics are due to
simulated the EA spectrum [Fig. 2(b)] by calculating theintersystem crossing (ISC) from singlet to triplet excitons
imaginary part of the third order optical nonlinear sus-having a much longer lifetime.

ceptibility [13], IM y®(w; —w,0,0)], whereAa(EA) ~ The ISC rate inw-conjugated polymers has been
Im(y®)F2. Calculations were done using summationgenerally assumed to be low [3]. However, it can
over the states shown in Fig. 2(a), and their stronglypbe enhanced in polymer films due to the presence of
coupled vibrations using appropriate Frank-Condon overparamagnetic (spin 1) Omolecules [18]. Assuming that
lap integrals [13]. The fitting parameters wdm,, mA,,  PA, is composed of contributions from both singlet and
andkA, energy levels, their dipole couplings and relativetriplet excitons, we calculate fak7 at/iw = 1.45 eV,
configuration coordinate displacemenig) [16]; whereas T ey Iy

the frequency of the strongest coupled=CC stretching AT = cfe™™ +a(l = em], ()
mode (1600 cm™') was directly determined by Raman where ¢ and ¢ are constants. In Eq. (1 is given
scattering. Using the fitting parameters of the EA specby o,7,/0715c, Whereo, and o, are the optical cross
trum, we were also able to calculate the PA spectrum fronsections of PA at 1.45 eV for singlet and triplet excitons,
the relaxedl B, exciton to themA, andkA, levels using respectively, andrisc is the ISC time. From the PA

the Huang-Rhys approximation [Fig. 2(a)]. The calculateddynamics [Fig. 1(a), inset] we found = 0.06. Then
spectrum [16] agrees very well with the experimental PAfrom 7, = 240 ps we calculater;sc ~ 4 ns, assuming
bands at = 0 ps (Fig. 1) and thus validates our model. o; ~ o,. The same analysis for BAdecay in DOO-

The slower component of BAdeviates from the re- PPV solutions gives sc ~ 20 ns. The slower ISC rate
spective SE and PAdecays, which correspond to singlet in solutions is consistent with the lower dissolved O
excitons dynamicsN(¢) at about 300 ps in DOO-PPV density.
films [Fig. 1(a), inset]. This slower PA component can In contrast to excitons in inorganic semiconductors with
be measured at 300 K by cw PM (Fig. 3) in more de-small binding energies, excitons in conducting polymers
tails; it shows a peak at 1.45 eV and the absence of with relatively large binding energies [19] may be used to
second correlated PA band at 0.8 eV. From its modulaform optical switches and modulators in the NIR spectral
tion frequency dependence, we estimate a correspondingnge. This is demonstrated for the excitons in DOO-
lifetime of about5 wusec. The spin signature related to PPV, where SE and two associated PA bands are used to
this slow PA can be readily measured at low temperamodulate the sample absorption in th NIR [5]. For these
tures by PADMR [17]. The H-PADMR spectrum at the measurements we used three ps pulsed laser beams, as
peak of the slow PA (1.45 eV in Fig. 3, inset) shows ashown in Fig. 4(a), inset: (i) The pump beam /) =
single asymmetric band at 390 G, which corresponds t@.2 eV is used to generate excitonstat 0 ps, where the
Am = =2 transitions between triplet sublevels at “half- excitonic switch is turned on. (ii) The dump beam, which
field.” This strongly suggests that the slow PA band isis tuned within the SE spectral range (in the polymer
due to triplet excitons. In fact, th&-PADMR spectrum transparency region), is delayed in time by= ¢;. The
at 390 G (dashed line in Fig. 3) fits very well both the radiative recombination of some of the photogenerated
transient(r = 1.2 ng) and cw PA bands [Fig. 1(a) and excitons is then stimulated by the dump pulse at 7,

Fig. 3, respectively]. Exciton dissociation into polaron thereby turning off the excitonic switch. (iii) The probe

pairs would give a strong = % H-PADMR signal at beam at = 1,, which is tuned within PAor PA, spectral
ranges, is used to measure the resulting “pump-and-dump”
transient PA.

4 3 In Figs. 4(a) and 4(b) we chose the pump at 2.2 eV,

] the dump at 2.0 eV, and the probe at 0.8 eV, respectively.

The dump beam fluence was on the orded®f cm 2.

Figure 4(a) compares the respective transient decays of

PA; with and without the dump pulse at = 150 ps;

the difference,6T, in the PA decays is also shown. It

is seen that the PA magnitude is reduced (or “switched

off”) at ¢; by about 20%. This switching effect is caused

by the decrease in the singlet exciton populati®N, due

. ] to SE induced by the dump pulse at The reduced

0 Ly, v e PA at: > t; continues to follow the same exponential

0.8 1.2 16 2.0 decay as forr < t;, since the recombination process is

Probe Energy (eV) monomolecular in origin with no correlation among the

FIG. 3. CW PA spectrum at 300 K (solid line) compared with photogenerated excitons. As seen in Fig. 4(a) this also

PADMR triplet spectrum at 10 K (broken line). The inset leads to an exponential dynamics ®7'(z). In Fig. 4(b)
shows the H-PADMR spectrum at 1.45 eV. we shows T (r) decays for different “switch-off” timeg,,
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ont. At = 0psdT(r) decays exactly adT(r), as
shown in Fig. 4(c). However, for; > 0 8T(¢) deviates
from AT(¢) and the deviation increases with the switch-
off time, #;, as seen in Fig. 4(c) fo6T at ¢ = 0 and
200 ps, respectively. The reason for this more complex
behavior of 6T at PA is the mixed contributions to PA

at r > 0 ps from both singlet and triplet excitonséT

is caused by singlet exciton alone, since triplet excitons
do not radiate and therefore cannot be influenced by the
dump pulse via SE at 2.0 eV. Then, since the contribution
of triplet excitons increases with, the deviation 065 7(¢)

from AT (t) becomes more apparent at longer

In summary, we found that photogenerated singlet exci-
tons in DOO-PPV films and dilute solutions have a strong
SE in the visible, and two associated PA bands in the
NIR spectral ranges. These bands can be used to form an
ultrafast excitonic switch with variable switching times,
providing direct evidence of the primary excitations in
DOO-PPV. In addition, we determined the ISC time
into the triplet manifold to be of order 5 ns and solved
the puzzle regarding PAat 1.5 eV [3]; we found that
both singlet and triplet excitons strongly contribute to PA
at1.5 eV.
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and L. Rothberg. The work at the University of Utah was
supported in part by the DOE, FG-03-96-ER 45490 and
ONR Grant No. N00014-94-1-0853.
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