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The interplay of migration, recombination, and dissociation of excitons in disordered media is studied
theoretically in the low temperature regime. An exact expression for the photoluminescence spectrum
is obtained. The theory is applied to describe the electric field-induced photoluminescence-quenchin
experiments by Kerstinget al. [Phys. Rev. Lett.73, 1440 (1994)] and Deussenet al. [Synth. Met.73,
123 (1995)] on conjugated polymer systems. Good agreement with experiment is obtained using a
on-chaindissociation mechanism, which implies a separation of the electron-hole pair along the poly-
mer chain. [S0031-9007(96)01818-2]
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Conjugated polymers (CPs) have been the subject
intensive research during the last decade due to their
tential application in optoelectronic devices [1] and th
unique properties expected for one-dimensional (1D) sy
tems [2]. Although both electroluminescence (EL) an
photoluminescence (PL) are thought to be due to e
citonic emission [1], the exact nature and kinetics
excitons in these systems are still under debate. T
results of site selective fluorescence (SSF) experime
[3] and of time and spectrally resolved PL spectrosco
[4,5] have been interpreted by Bässler and co-worke
in terms of a molecular model, where the polymer
treated as an array of sites that are subject to both
ergetic and positional disorder. Photoabsorption crea
excitons that are localized on a site. These Frenkel e
citons can either migrate towards sites of lower energ
recombine radiatively, or decay nonradiatively. It is be
lieved that the observed redshift between absorption a
emission spectra is—at least for a large part—due
the incoherent migration of excitons before recombin
tion. Of specific interest regarding the EL efficiency o
polymer light-emitting diodes are the nonradiative de
cay mechanisms, such as the dissociation of excito
into free charge carriers in the presence of an elect
field. The latter process has been studied through fie
induced PL-quenching experiments on CP blends by K
sting et al. [6] and Deussenet al. [7]. Their results have
been interpreted in terms of the molecular model, whe
exciton dissociation requires the intermediate formatio
of an indirect exciton (charge-transfer state, intercha
exciton), i.e., a Coulombically bound electron-hole pa
on two neighboring sites. However, there is an ongoin
controversy about indirect excitons in CPs, the existen
of which seems to depend heavily on the type of mater
and sample preparation (see, e.g., Refs. [8–10]). Furth
more the 1D character of the CP chains [2] plays no ro
within the molecular model. This 1D character can giv
rise to excitons that are of the Frenkel type perpendic
lar to the chain direction, but of the Mott-Wannier typ
along the chain direction [11], thus allowing for adirect
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1D Onsager-like dissociation process [12] that does
require the formation of an indirect exciton.

In this paper, we demonstrate that acombinationof
the molecular migration model and the on-chain dissoc
tion process satisfactorily accounts for the field-induced
quenching experiments of Kerstinget al. [6] and Deussen
et al. [7]. Within our analytic theory, we derive an ex
act expression for the PL spectrum at zero temperat
Previously, time-dependent PL quenching [6] has been
scribed theoretically by Arkhipovet al. [13]. Our theory
is different in two respects that are essential for und
standing the experimental results [6,7]: Firstly, unlike
Ref. [13], we take into account recombination of excito
after the first migration step. Secondly, and most imp
tantly, Arkhipovet al. [13] assume that the formation of a
indirect exciton is the primary step of exciton dissociatio
Our assumption of on-chain dissociation is supported
the experimental observation that the PL quenching in
blends is in factindependentof the concentration of active
material, except for very dilute blends [7]. From compa
son with recent PL-quenching experiments on molecula
doped polymer systems [14], whichdo show an increase
of quenching efficiency over the whole range of conce
trations studied, it was concluded thatintramolecular dis-
sociation processes indeed play an important role in
CP blends, in contrast with the molecularly doped po
mer systems.

Let us start with an outline of the theory of excito
migration in disordered media. Consider a system withN
localized statesi, with positionRi and exciton energýi .
For low excitation densities, the occupational probabil
fistd of the sitei at time t is described by a linearized
master equation

≠

≠t
fistd  2

X
jfii

Wjifistd 1
X
jfii

Wijfjstd 2 lfistd , (1)

whereWij is the transition rate from sitej to site i, and
l is the loss rate due to both radiative recombinati
and nonradiative decay processes, which for the mom
is assumed to be constant for all sites. The transiti
© 1996 The American Physical Society
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of neutral optical excitations are described by Förs
rates [15], which, at zero temperature, have the fo
Wij  wijus´j 2 ´id, with

wij  n0

µ
R0

Rij

∂6

(2)

and usxd  1 if x . 0, usxd  0 otherwise. Heren0 is
the nearest neighbor jump frequency,R0 is the nearest
neighbor distance, andRij ;

£
Ri 2 Rj

§
.

Equation (1) can be solved using a Green function f
malism [16]. The Green functionGijstd is the probability
to find a particle at sitei at a timet, given that it was at
site j at t  0, and is a function of allN positions and
energies of a given configurationhRk , ´kj. Assuming un-
correlated positions and energies, the configurational
erages of the local Green functionGjjstd and the nonlocal
Green functionGijstd (with i fi j) are given by

G1s´j , td ;
Z ∑Y

kfij

dRkd´k
rs´kd

N

∏
Gjjstd , (3a)

G2s´i , ´j , Rij, td ;
Z ∑ Y

kfii,j

dRkd´k
rs´kd

N

∏
Gijstd ,

(3b)

where rs´kd denotes the density of localized states
energy´k.
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The average local Green function has been evalua
exactly for largeN by Förster [15],

G1s´j , td  exp
h
2lt 2 ns´jd 4

3 pR3
0

p
pn0t

i
, (4)

with ns´jd ;
R´j

2` d´rs´d the density of sites with ener
gies beloẃ j .

Following Movaghar et al. [16], we find for the
Fourier-Laplace transform ofG2s´i , ´j , Rij , td,eG2s´i , ´j , k, pd  us´j 2 ´ideG1s´i , pd egs´j , k, pd

3 exp

"Z ´j

´i

d´lrs´ldegs´l , k, pd

#
,

(5)

where eG1s´i , pd is the Laplace transform ofG1s´i , td andegs´j , k, pd is the Fourier-Laplace transform of the avera
probability to jump at timet from site j to site i (given
that´i , ´j). For k  0, one has [16]

egs´j , 0, pd 
1

ns´jd
f1 2 sp 1 ld eG1s´j , pdg . (6)

We note that an expansion of our result (5) correspond
the multistep approach of Movagharet al. [16].

The PL intensity at timet after photoabsorption can b
written as
Lstd 
Z

d´jL1s´j , td 1
Z

d´id´jL2s´i , ´j , td , (7a)

L1s´j , td ; hlVrs´jdfjs0dG1s´j , td , (7b)

L2s´i , ´j , td ; hlVrs´idrs´jdfjs0d
Z

dRijG2s´i , ´j , Rij , td , (7c)
e
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PL
,

with h the efficiency of radiative recombination andV

the system volume. The PL intensityL1s´j , td is due to
excitons that recombine at their initial site with energy´j

andL2s´i, ´j , td is from excitons that recombine on a s
with energy´i after migration from the initial site with
energy´j. Note that the latter contribution has not be
taken into account in Ref. [13].

Equations (4)–(7) allow us to study PL spectra
arbitrary initial conditionfjs0d and density of localized
statesrs´d. In most cases, the system is excited eit
by a broadband lightsourcefjs0d  f0, or by a narrow-
width laser pulse with energý0, fjs0d  f0ds´j 2 ´0d.
For example, SSF experiments [3] can be described
varying the excitation energý 0. Time-integrated PL
spectra can be evaluated directly by substitutingp 
0 in the Laplace transforms of Eqs. (7), whereas ti
resolution can be obtained using a numerical Lap
inversion routine.

In the following, our theory of exciton migration is use
to interpret field-induced PL-quenching experiments
Deussenet al. [7] and Kerstinget al. [6]. Both study the
optical response of thin-film light-emitting diode stru
n
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tures made from blends of poly(phenyl-p-phenylene viny-
lene) (PPPV) and polycarbonate (PC), initially excited
a laser pulse with energý0. We assume—as they did—
that the polymers are perfectly mixed. We further exp
the zero-temperature approach to be valid as the ex
ments are performed at 70–80 K, whereas typical ene
differences are of the order of 0.1 eV.

In the presence of an applied electric field, the
intensity of these systems,Lqstd, is reduced. In Ref. [7]
the relative decrease of thetime-integratedPL intensity,

Q 
eLsp  0d 2 eLqsp  0deLsp  0d

, (8)

is studied as a function of the excitation energy´0,
the relative concentrationc [ f0, 1g of active material
(PPPV), and the strength of the electric fieldE. In Fig. 1,
the concentration dependence ofQ is given for various
field strengths. In Ref. [6], thetransientPL quenching,

Qstd 
Lstd 2 Lqstd

Lstd
, (9)

is studied for a system with fixed́0, c, and E. Their
results are given in Fig. 2.
4821
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In the absence of an electric field, the PL intensity is described by

eLspd  hlVf0rs´0d
ΩeG1s´0, pd 1 egs´0, 0, pd

Z ´0

2`
d´irs´id eG1s´i , pd exp

∑Z ´0

´i

d´lrs´ldegs´l , 0, pd
∏æ

. (10)
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The energy integration can be evaluated exactly
arbitrary rs´d, resulting in an exponential time decay a
found in PL experiments on CP blends and solutions (s
e.g., Refs. [8,10]). From time-resolved PL experimen
[4,8–10], we estimatel ø s300 psd21 and n0 ø 1013

Hz. We taken
4
3 pR3

0  c, with n ; ns´ ! `d  NyV.
To describe the quenched PL intensity in the prese

of an electric field, our key assumption is an on-chain d
sociation of excitons. One may expect that the dissoc
tion of an exciton on a given site depends on the stren
of the electric field, the orientation of the CP chain se
ment with respect to the electric field, and the excit
binding energy. We model this as follows: Dissoci
tion can occur only on a fractiona of the sites with a
loss rateld , so that the total loss rate isl 1 ld; on the
other sites the total loss rate is justl. The specific on-
chain character of the dissociation process is reflecte
the concentration independence of the parametersld and
a. In the following, we will just fit these parameters t
the experiments, leaving a detailed physical interpretat
to future work. We do not take into account the secon
order Stark effect, which leads to an additional redshift
the PL spectrum and a reduction ofh.

When dissociation sites are present, the average l
Green function readseGq

1 s´j , pd  s1 2 adeG1s´j , pd 1 a eGd
1 s´j , pd , (11)

FIG. 1. Photoluminescence quenchingQ as a function of
concentration c for an electric field E  0.5, 1.0, 1.5, 2.0,
and 2.5 MVycm (bottom to top). The parameters used a
ns´0dyn  0.9, l0  1024yc2, and l

0
d  0.1yc2. The values

of a are given in the inset (dots), together withQ for c  0.01
(circles). Experimental data are taken from Ref. [7].
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where eGd
1 s´j , pd is the Laplace transform of Eq. (4) with

l replaced byl 1 ld. For the average probability to
jump from sitej one has

egqs´j , 0, pd 
1

ns´jd
f1 2 s1 2 ad sp 1 ld eG1s´j , pd

2 asp 1 l 1 ldd eGd
1 s´j , pdg . (12)

The quenched PL intensityeLqspd follows from substitu-
tion of Eqs. (11) and (12) into Eq. (10).

Although many microscopic parameters have be
introduced, we find from Eq. (8) thatQ is a function
of only four independent parameters: the fraction of si
with energies below the excitation energyns´0dyn; the
fraction of dissociation sitesa; the relative recombination
and dissociation ratesl0 andl

0
d, given by

l

l0


ld

l
0
d

 pn0sn 4
3 pR3

0d2. (13)

As an important consequence, our expression for the
quenching isindependentof the form of the density of
statesrs´d. Taking experimental parameters, we estima
l0  1024yc2.

Conforming to the results of Ref. [7], we find thatQ is
approximately constant as a function of excitation ene
[or ns´0dyn] except for very low energies. Consequentl
the PL quenching is only weakly dependent on the init
conditionfjs0d.

The concentration dependence ofQ, as given in Fig. 1,
can be understood as follows: At very lowc, the excitons

FIG. 2. Transient photoluminescence quenchingQstd as a
function of timet (solid line). The same parameters are used
in Fig. 1, withc  0.2 anda  0.04. The dashed line denote
the quenching when the luminescence of migrated excito
L2s´i , ´0, td, is neglected. Experimental data are taken fro
Ref. [6]. An indication of the experimental error is given i
the upper left corner.
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are immobile (l0 ! `) andQ is given by the quenching
efficiency of an isolated site

lim
c!0

Q  a
ld

l 1 ld
. (14)

With increasingc, the excitons visit more sites durin
their lifetime yielding a higher probability of an encount
with a dissociation site, so thatQ increases. Asc
further increases, migration from dissociation sites bef
dissociation takes place results in a saturation ofQ. This
competition between dissociation and migration depe
on l

0
d .

In Fig. 1, the experimental values ofQ as a function
of c for variousE are compared with our theory. Give
the minimal assumptions put in our model, the agreem
is quite good. The values ofl0

d and a are determined
from the onset of saturation atc ø 0.3 and the saturation
values of Q for different E. We find good agreemen
usingl

0
d  0.1yc2 for all values ofE, which corresponds

to ld ø s300 fsd21. The values ofa for each E are
depicted in the inset of Fig. 1. According to Eq. (14
these values should match the experimental values oQ
at c  0.01 (see the inset of Fig. 1). We note that furth
improvement may be achieved taking into account, e
anE dependence ofh or a sample-dependent trap densi
We stress that recombination of migrating excitons, i
L2s´i , ´0, td, is required to describe the increase ofQ
at low c and that the concentration independence of
dissociation process is essential to obtain the saturatio
Q at highc.

Let us make the comparison with the experimen
results of Kerstinget al. [6] on a PPPVyPC sample
with c  0.2. We simply use the same set o
parameters as above. The time-integrated PL quenc
Q  0.135 yieldsa  0.04. The transient PL quenchin
Qstd [Eq. (9)] is compared with experiment in Fig. 2
Given the fact that we have not used any fitting p
rameters, the agreement is remarkable. For compari
we have also plotted the quenching when recombina
after migration, i.e.,L2s´i , ´0, td, is not taken into ac-
count. We see that, after the first picosecond, the incre
of Qstd is entirely due to the migration of excitons, whic
for long times, leads toQst ! `d  1 [17]. This is in
stark contrast with the model proposed in Ref. [13], wh
Qstd saturates towards the value ofQ, but it is in agree-
ment with the experimental findings of Kerstinget al. [6],
who report a further PL quenching on a time scale of se
ral hundred picoseconds.

In summary, we have presented an analytic ze
temperature theory of exciton migration and PL in a d
ordered medium which can be used to interpret a var
of spectroscopic experiments. The theory has been
plied to describe field-induced PL-quenching experime
in PPPV blends. We find that the effect is governed b
r
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subtle balance of recombination, migration, andon-chain
dissociation, and that close agreement with experimen
obtained for realistic values of the parameters involved
would be interesting to ascertain to which extent the
chain dissociation occurs in other CPs.
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