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Spatially Indirect Excitons as Primary Photoexcitations in Conjugated Polymers
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We observe competition between picosecond photoinduced absorption and stimulated emission in

poly(paraphenylenevinylene} which demonstrates that they derive from two different pathways. We
conclude that the photoinduced absorption originates from nonemissive "spatially indirect singlet exci-
tons which are formed with quantum yield as high as 0.9. Previous arguments about maximum possible
electroluminescence device efficiencies and about lasers in conjugated polymer films are reexamined in

light of the prevalence of this species.

PACS numbers: 78.47.+p, 71.35.+z, 78.45.+h

Conjugated polymeric semiconductors are model sys-
tems to gain fundamental understanding of quasi-one-
dimensional electronic properties [1,2]. The strong
electron-phonon coupling characteristic of the conjugated
polymers has led to a description of the excitations as lat-
tice stabilized quasiparticles such as polarons and bipola-
rons. Recently, considerable attention has been focused
on excitons ("neutral polaron excitons" [3]) in nondegen-
erate ground state polymers. This is particularly impor-
tant in luminescent polymers like poly(phenylene-
vinylene)s (PPV) which have been used to fabricate light
emitting diodes (LEDs) [4]. Still, a general picture of
what quasiparticles are formed upon photoexcitation and
in what yields remains a subject of intense debate [5].

Experimental data which bear upon the resolution of
this debate also have consequences for the development of
conjugated polymer optoelectronic devices. The photo-
luminescence (PL) in PPV has been assigned to the radi-
ative decay of one-dimensional excitons which are delo-
calized over about six unit cells [6]. The electrolumines-
cence (EL) is thought to result from the same species [4],
and optical studies of the exciton decay pathways and dy-
namics are therefore important to understand and optim-
ize the function of polymer LEDs. In fact, arguments
about the maximum efficiency obtainable from PPV
LEDs are based on studies of PPV photoexcitation [7].

In this Letter, we report time-resolved gain and absorp-
tion measurements in PPV films with various excitation
wavelengths to study exciton formation and decay. The
photoinduced gain (stimulated emission) is unambiguous-

ly assigned to the singlet excitons responsible for PL and
EL in PPV [4]. We also measure the action spectrum of
the concomitantly generated photoinduced absorption
(PA) and show unambiguously that it is not due to the
same species, nor is it due to triplet states [8,9], polarons,
or bipolarons. %'e assign the PA to spatially indirect ex-
citons which are analogous to what is observed in coupled
quantum well semiconductor heterostructures [10,11] and

might be referred to as bound polaron pairs in the par-
lance of conjugated polymers [12]. These are photogen-
erated in high quantum yield and lead to negligible
amounts of luminescence, thus invalidating the conven-

tional argument that the maximum efficiency of EL de-
vices is 25/0 of the PL quantum yield [71. The PA dom-

inates the gain, leading us to conclude that PPV film

lasers are not viable.
The experiments are performed at 295 K on 1000 to

2000 A films of PPV prepared via the sulphonium poly-
electrolyte precursor route [13] on glass substrates. The
sample is placed in a cell under fiowing nitrogen and is

stable during the experiments. The picosecond transient
measurements use an amplified synchronously pumped
dye laser system described elsewhere [141. Subpi-
cosecond pulses at 2. 1 eV with 500 p J energy are used to
generate white light continuum spanning the wavelength

range from 400 to 900 nm. A small part of the continu-
um light is used as a probe pulse and the remainder is

spectrally filtered with an interference filter and amplified

by the third harmonic of a Nd: YAG regenerative
amplifier to generate about 0.5 pJ of tunable subpi-
cosecond pulses (460-530 nm) suitable for photoexciting
PPV. The delay between pump and probe is varied

mechanically. Transient spectra and dynamics could be
recorded with —1 ps resolution and sensitivities to frac-
tional probe transmission changes BT/T of 1 part in 10 .

Figure 1 shows the photoinduced change in transmis-
sion at "zero" ((1 ps) delay time between pump and

probe and the static PL spectrum for reference. The
probe transmission is observed to increase. Since the
probe wavelength is below the absorption edge, the
transmission increase can be ascribed to stimulated emis-
sion by the probe (i.e., gain). We believe this to be the
first observation of stimulated emission in luminescent
conjugated polymer films [15] and point out that this is a
valuable tool to look at subpicosecond dynamics where
PL measurements are difficult. The static PL spectra are
consistent with emission from long conjugation segments() 6 unit cells). The agreement of the photoinduced

gain and the static PL spectra indicates that diAusion to
emitting segments (if any} and relaxation of the excitons
are extremely rapid, consistent with the recent results of
fast PL experiments [16].

The magnitude of the gain at "zero" delay can be ana-

lyzed to estimate the quantum yield of photogenerated
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FIG. 1. Spectrum of photoinduced transmission changes 1 ps
after photoexcitation at 510 nm. Solid line is to guide the eye.
The bottom trace is the steady state photoluminescence spec-
trum for comparison.
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singlet excitons. The radiative lifetime r„d of substituted
analogs to PPV in solution is approximately 1.5 ns (1 ns

decay time and 0.6 quantum yield) [17],corresponding to
an emission cross section a,xc=4x10 ' cm as deter-
mined via the Einstein relation [181
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where n is the index of refraction, c is the speed of light, v

is the photon frequency, and vo is the central emission
frequency. The number density of excitons N,„, is then
given by

N,„,= ln 1+1 h, T
0'excL T

(2)

with L as the sample thickness and hT/T the fractional
increase in probe transmission. The quantum yield for
singlet exciton formation 4,„, is then given by N,„,L/F
where F is the absorbed laser Auence in photons/cm, and
we estimate it to be 4,„,-12%. This value calls into
question the premise that singlet excitons are photogen-
erated with unit quantum yield which underlies the argu-
ment that the maximum yield for EL is only 25% of the
PL yield. Thus, depending on the details of the recom-
bination process for electrically injected electrons and
holes in EL devices, the EL efficiency could be higher
than this limit by up to 1/A, „, (almost 10 times).

Figure 2(a) presents the transient dynamics as probed
at the spectral peak of the PL (560 nm) for several exci-
tation wavelengths. It is immediately clear that there is
transient absorption as well as stimulated emission caused
by photoexcitation, the combination resulting in complex
excitation wavelength dependent dynamics. The absorp-
tion affects the gain dynamics the least for the reddest ex-
citation wavelengths and the 510 nm excited gain decay

F16. 2. (a) Time-resolved photoinduced transmission change
probed at 560 nm for photoexcitation at 510 nm (solid squares),
500 nm (open squares), 480 nm (solid circles), and 460 nm

(open circles). The inset is an expanded view at short delay
time. (b) Photoinduced absorption probed at 750 nm for the

same photoexcitation wavelengths as in (a).

has very rapid ((1 ps) and slower (-10 ps) com-
ponents. These rates are consistent with previous streak
camera measurements of PL in PPV [19,20]. The pho-
toinduced transient absorption (PA) is longer lived than
the PL and gain. It becomes relatively more prominent
for bluer excitation and therefore overwhelms the rapidly
decaying gain at shorter times with bluer pump as shown

in the inset to Fig. 2(a). This explains why gain was not

observed in previous transient studies of PPV where 300
nm excitation was used [8].

The competition between stimulated emission and PA
makes it apparent that the PA and PL have different ori-
gins and the PA is therefore not due to singlet excitons as
has been suggested [8]. Moreover, the presence of the
PA explains the low quantum yield of singlet exciton for-
mation estimated above. The PA observed at 560 nm is

the blue edge of the broad PA centered at 840 nm report-
ed previously [5,8,20]. When probed at 750 nm where
there is no stimulated emission, the decay of the PA is as
shown in Fig. 2(b) for several excitation wavelengths.
There is essentially no change in dynamics with pump
photon energy even though the density of excitation
varies by nearly a factor of 10 between 460 and 510 nm.
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Also, the photoinduced absorption is linearly dependent
on excitation intensity, and the decay dynamics do not
depend on intensity either. As observed previously, the
PA dynamics are essentially independent of where they
are probed over a broad range outside the PPV emission
band.

Figure 3 plots the experimentally observed zero delay
net gain at 560 nm, the PA at 750 nm as a function of ex-
citation wavelength, and the quasistatic photolumines-
cence excitation (PLE) spectra for our PPV sample. We
also plot the action spectrum of the "pure gain" which is
determined by subtracting out the effects of PA at 560
nm on the observed gain. This is done simply by using
the observed ratio of long lived (100-500 ps) PA to zero
delay PA at 750 nm and assuming that the same ratio
holds for the PA at 560 nm. It is then possible to deduce
the zero delay contribution of PA to the net photoinduced
change in transmission and extract the contribution of
gain in the absence of PA ("pure gain").

The action spectrum of the pure gain closely tracks the
PLE spectrum. This shows that the branching between
singlet excitons and the species responsible for PA is al-
ready determined on a subpicosecond time scale. The
generation of the species yielding PA slightly increases
with excitation photon energy while the production of
emitting singlet excitons decreases slightly as evidenced
by the PLE and pure gain. These small variations with
wavelength, however, lead to large differences in net gain.
Evidently, the absorption dominates the stimulated emis-
sion. Because the latter is fully allowed, the reason for
this must be that the quantum yield of absorbing species
is significantly higher than that of emitting singlet exci
tons The da. ta of Fig. 2 give us directly the relative
strength of the stimulated emission and absorption at
zero delay, (@«J@pA)[a',„(560 nm)lapA(750 nm)]-0. 1.
This small value supports our independent estimate of
4«, -0.1. Much larger branching ratios (4«J@pA)
would require an unphysically large cross section for the
PA.

The central mystery raised by our data is the assign-
ment of the PA. As shown above, singlet exciton absorp-
tion associated with the emitting species is ruled out by
the complex dynamics and different action spectra for PA
and PL. Triplet excitons as suggested by others in relat-
ed polymers are also unlikely for two reasons. One is the
subpicosecond appearance of the PA which would require
intersystem crossing rates much too rapid for organic sys-
tems [18]. The second is the presence of a concomitant
rnid-infrared band with dynamics identical to the PA and
reported elsewhere [21]. Millisecond absorption detected
magnetic resonance experiments show that the triplet has
only a single band in the near infrared [22]. Bipolarons,
which do have two midgap bands [22], cannot be the
source of the picosecond PA because it would require
generation and binding of two like-signed polarons on
subpicosecond time scales. Individual polarons are also
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ruled out on the basis of the high quantum yield which
would preclude the carriers being thermally activated as
reported in the photoconductivity experiments of Franke-
vich et ai. [12]. Furthermore, there is no intensity depen-
dence to the PA dynamics which should be present for
nongeminate polaron-polaron recombination.

%e therefore believe the most reasonable assignment
of the PA is to bound charge pairs which geminately
recombine but do not luminesce. This type of species is

analogous to spatially indirect excitons in type II semi-
conductor heterostructures where the electron and hole
remain Coulombically bound but there is little wave func-
tion overlap and therefore little emission [12,13]. A plau-
sible scenario would be one where one of the charges es-
capes to an adjacent chain. Other researchers have pos-
tulated similar species in conjugated polymers and called
them Coulombically bound electron hole pairs [23] or
bound polaron pairs [5,12]. Frankevich et ai. [12] ex-
plain magnetic field effects on photocarrier generation in

PPV by hypothesizing spin dependent dissociation of
these pairs with an activation energy hF. -0.4 eV. Using
this number and our "average" PA species lifetime T: —1

ns, we derive a quantum yield for photocarriers @pc of

@pc ='iIipA r A exp( AE/ktt T), —

~here A is an attempt frequency characteristic of lattice
vibrations and k g T is Boltzmann's constant times the
temperature. At 300 K, with A —10' jsec, we estimate a
quantum yield of photocarriers @pc-0.001, consistent
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FIG. 3. The excitation wavelength dependence of the rnagni-
tude of photoinduced gain at 560 nm (open circles), photoin-
duced absorption at 750 nm (open squares), and "pure gain"
(solid circles) as described in the text. All values are for zero
delay. The solid line is the photoluminescence excitation spec-
trum. The PA and "pure gain" are reduced by factors of 6 and
2 for comparison.
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with observed photocurrents and mobilities [24].
The large amount of PA and the fact that it is spectral-

ly overlapped with PL is an obstacle to development of
PPV lasers. We note, however, that photopumped lasing
has been observed in at least one PPV derivative in solu-
tion [25]. This probably reflects a diff'erent branching ra-
tio between ordinary excitons and spatially indirect exci-
tons (bound polaron pairs) in solution and may reinforce
our speculation that the polarons reside on separate
chains. We know that the PA and PL do not move spec-
trally the same way with substitution as evidenced by our
work on monomethoxy-PPV films [5,21], a case where we

observe no gain whatsoever. It is conceivable that ap-
propriate substitution of side groups could therefore im-

prove the gain.
The high quantum yield of spatially indirect excitons

means that measurements of PL quantum yield (correct-
ed by 0.25 for spin statistics) do not necessarily set an

upper limit on eQciency of EL devices It rem. ains to be
determined whether carrier recombination leads to the
same distribution of spatially indirect and ordinary exci-
tons as photoexcitation. We also point out as shown in

Fig. 3 that the PL yield is a function of excitation wave

length and is therefore not unambiguous At le.ast some
of the wavelength dependence to the PL yield derives
from exciton quenching by defects which occurs preferen-
tially for excitations initiated on shorter conjugation seg-
ments [26]. Further work on explaining the exciton de-
cay dynamics and formation of the triplets and bipolarons
observed on millisecond time scales is in progress.

We are grateful to J. W. P. Hsu, W. L. Wilson, E. M.
Conwell, R. R. Alfano, L. E. Brus, and T. M. Jedju for
helpful discussions and technical support.
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