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Theory of Exciton Migration and Field-Induced Dissociation in Conjugated Polymers
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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-quenching
experiments by Kerstingt al. [Phys. Rev. Lett73, 1440 (1994)] and Deussest al. [Synth. Met.73,

123 (1995)] on conjugated polymer systems. Good agreement with experiment is obtained using an
on-chaindissociation mechanism, which implies a separation of the electron-hole pair along the poly-
mer chain. [S0031-9007(96)01818-2]

PACS numbers: 78.66.Qn, 33.50.Hv, 71.35.Cc, 78.47.+p

Conjugated polymers (CPs) have been the subject dID Onsager-like dissociation process [12] that does not
intensive research during the last decade due to their poequire the formation of an indirect exciton.
tential application in optoelectronic devices [1] and the In this paper, we demonstrate thatcambinationof
unique properties expected for one-dimensional (1D) systhe molecular migration model and the on-chain dissocia-
tems [2]. Although both electroluminescence (EL) andtion process satisfactorily accounts for the field-induced PL
photoluminescence (PL) are thought to be due to exguenching experiments of Kerstirg al. [6] and Deussen
citonic emission [1], the exact nature and kinetics ofet al.[7]. Within our analytic theory, we derive an ex-
excitons in these systems are still under debate. Thact expression for the PL spectrum at zero temperature.
results of site selective fluorescence (SSF) experimenreviously, time-dependent PL quenching [6] has been de-
[3] and of time and spectrally resolved PL spectroscopyscribed theoretically by Arkhipoet al. [13]. Our theory
[4,5] have been interpreted by Bassler and co-workerss different in two respects that are essential for under-
in terms of a molecular model, where the polymer isstanding the experimental results [6,7]: Firstly, unlike in
treated as an array of sites that are subject to both erRef. [13], we take into account recombination of excitons
ergetic and positional disorder. Photoabsorption createafter the first migration step. Secondly, and most impor-
excitons that are localized on a site. These Frenkel extantly, Arkhipovet al. [13] assume that the formation of an
citons can either migrate towards sites of lower energyindirect exciton is the primary step of exciton dissociation.
recombine radiatively, or decay nonradiatively. It is be-Our assumption of on-chain dissociation is supported by
lieved that the observed redshift between absorption anthe experimental observation that the PL quenching in CP
emission spectra is—at least for a large part—due tdlends is in factndependentf the concentration of active
the incoherent migration of excitons before recombinamaterial, except for very dilute blends [7]. From compari-
tion. Of specific interest regarding the EL efficiency of son with recent PL-quenching experiments on molecularly
polymer light-emitting diodes are the nonradiative de-doped polymer systems [14], whico show an increase
cay mechanisms, such as the dissociation of excitonsf quenching efficiency over the whole range of concen-
into free charge carriers in the presence of an electritrations studied, it was concluded thatramolecular dis-
field. The latter process has been studied through fieldsociation processes indeed play an important role in the
induced PL-quenching experiments on CP blends by Ker€P blends, in contrast with the molecularly doped poly-
sting et al. [6] and Deussert al. [7]. Their results have mer systems.
been interpreted in terms of the molecular model, where Let us start with an outline of the theory of exciton
exciton dissociation requires the intermediate formatiormigration in disordered media. Consider a system Wwith
of an indirect exciton (charge-transfer state, interchairdocalized states, with positionR; and exciton energy;.
exciton), i.e., a Coulombically bound electron-hole pairFor low excitation densities, the occupational probability
on two neighboring sites. However, there is an ongoingf;(¢) of the sitei at timer is described by a linearized
controversy about indirect excitons in CPs, the existencenaster equation
of which seems to depend heavily on the type of material ,
and sample preparation (see, e.g., Refs. [8-10]). Further-~ fit) = =D Wifie) + D> Wiifi(0) = Afi(1), (1)
more the 1D character of the CP chains [2] plays no role J# J#i
within the molecular model. This 1D character can givewhere W;; is the transition rate from sitg to sitei, and
rise to excitons that are of the Frenkel type perpendicuA is the loss rate due to both radiative recombination
lar to the chain direction, but of the Mott-Wannier type and nonradiative decay processes, which for the moment
along the chain direction [11], thus allowing fordirect is assumed to be constant for all sites. The transitions
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of neutral optical excitations are described by Forster The average local Green function has been evaluated
rates [15], which, at zero temperature, have the formexactly for largeN by Foérster [15],

Wij = wij(sj = &), with oo Gi(gj,t) = exp{—)\t — n(gj) % 7RI T Vot } 4)
— 20
Wij = VO(R,-,-) @ with n(e;) = [9,dep(e) the density of sites with ener-

. _ . : gies belowe;.
andf(x) = 1if x >0, f(x) = 0 otherwise. Herev is Following Movaghar et al.[16], we find for the
the nearest neighbor jump frequena% is the nearest Fourier-Laplace transform @ (e;. £, R;;, 1)
neighbor distance, ank;; = [R; — R;]. i»€j, Rij, 1),

Equation (1) can be solved using a Green function for- Gz(sl,sj, ,p)=0(g; — si)él(ai,p)g(sj,k,p)

malism [16]. The Green functioG;;(z) is the probability g

to find a particle at sité at a timer, given that it was at X exp|:] deip(e;)g(er, k p)i|

site j at+ = 0, and is a function of allV positions and

energies of a given configuratigR , e,}. Assuming un- (5)

correlated positions and energies, the configurational av-

erages of the local Green functichy; (1) and the nonlocal whereGl(s,, ) is the Laplace transform ¥ (s;, 1) and

Green functionG;;(z) (with i # ;) are given by g(e;,k, p) is the Fourier-Laplace transform of the average
‘ probability to jump at timer from site j to sitei (given

Gi(ej,1) = [[ndedakp(l\s,k)}ij(t)’ (3a) thate; < ;). Fork =0, one has [16]

k#j N
g(;,0,p) = [1 = (p + VGisj, p)].  (6)

1
Gz(si,Sj,Rij,t) Ef|: l_[ dedSkp(Aglk):|Gij(t), ( j)
kij (3b) We note that an expansion of our result (5) corresponds to
the multistep approach of Movaghetr al. [16].
where p(g;) denotes the density of localized states at The PL intensity at time after photoabsorption can be

energysy. | written as
L(1) =[dajL1(sj,t) + [daidstz(si,sj,t), (7a)
Li(ej, 1) = nAQp(e))f;(0)Gi(g), 1), (7b)
La(erse1o1) = mAQp(e)p(e)f(0) [ dRyGaler, e Rip 1), (70

with 7 the efficiency of radiative recombination aml | tures made from blends of poly(phenyphenylene viny-
the system volume. The PL intensify(g;, ) is due to  lene) (PPPV) and polycarbonate (PC), initially excited by
excitons that recombine at their initial site with eneegy  a laser pulse with energy,. We assume—as they did—
andL;(e;, €;,1) is from excitons that recombine on a site that the polymers are perfectly mixed. We further expect
with energye; after migration from the initial site with the zero-temperature approach to be valid as the experi-
energye;. Note that the latter contribution has not beenments are performed at 70—-80 K, whereas typical energy
taken into account in Ref. [13]. differences are of the order of 0.1 eV.

Equations (4)—(7) allow us to study PL spectra for In the presence of an applied electric field, the PL
arbitrary initial conditionf;(0) and density of localized intensity of these systems/(z), is reduced. In Ref. [7],
statesp(e). In most cases, the system is excited eithetthe relative decrease of thiene-integratedPL intensity,

by a broadband lightsourcg;(0) = f°, or by a narrow- Lp = 0) —L4(p = 0)
width laser pulse with energyo, f;(0) = f°8(e; — &) Q= 3 0 ) (8)
For example, SSF experiments [3] can be described b (p =0)

varying the excitation energy,. Time-integrated PL )5 studied as a function of the excitation energy,

spectra can be evaluated directly by substituting= the relative concentratiom € [0, 1] of a_ctlve mgterlal
0 in the Laplace transforms of Egs. (7), whereas timdPPPV), and the strength of the electric fiéld In Fig. 1,

resolution can be obtained using a numerical Laplac«%!”Ie concentration dependence @fis given for various
inversion routine. ield strengths. In Ref. [6], theransientPL quenching,

In the following, our theory of exciton migration is used 0(1) = L(1) — L(1) (9)
to interpret field-induced PL-quenching experiments by L(z) '
Deusseret al. [7] and Kerstinget al. [6]. Both study the is studied for a system with fixedy, ¢, and E. Their
optical response of thin-film light-emitting diode struc- results are given in Fig. 2.
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In the absence of an electric field, the PL intensity is described by
L) = A0 0o Giteo. p) + Fleo.0.p) [ deip(eiGiten pexq [ dep(enienop || a0

The energy integration can be evaluated exactly fowherer(sj, p) is the Laplace transform of Eq. (4) with
arbitrary p(g), resulting in an exponential time decay as A replaced byA + A,. For the average probability to
found in PL experiments on CP blends and solutions (segump from sitej one has
e.g., Refs. [8,10]). From time-resolved PL experiments |
[4,8—10], we estimatex =~ (300 ps)~! and v, = 103 g%(g;,0,p) =
Hz. We taken;—‘wRS = ¢, withn = n(e — ©) = N/Q. n(e)) N

To describe the quenched PL intensity in the presence —alp + A+ )\d)Gf(sj,p)]. (12)
of an electric field, our key assumption is an on-chain dis- ] o~ ]
sociation of excitons. One may expect that the dissocial "€ quenched PL intensity?(p) follows from substitu-
tion of an exciton on a given site depends on the strengtHon of Egs. (11) and (12) into Eq. (10).
of the electric field, the orientation of the CP chain seg- Although many microscopic parameters have been
ment with respect to the electric field, and the excitonintroduced, we find from Eq. (8) thap is a function
binding energy. We model this as follows: Dissocia-©f only four independent parameters: the fraction of sites

tion can occur only on a fractiom of the sites with a With energies below the excitation energyeo)/»; the
loss rateA,, so that the total loss rate ¥ + A,: on the fraction of dissociation sites; the relative recombination

other sites the total loss rate is just The specific on- and dissociation rates' and Ay, given by
chain character of the dissociation process is reflected in A Ay 4 3o
the concentration independence of the parametgrand IV mro(nzmRy)”. (13)
a. In the following, we will just fit these parameters to

the experiments, leaving a detailed physical interpretatio IR .
to future work. We do not take into account the secongduenching isindependenof the form of the density of

order Stark effect, which leads to an additional redshift inSa!¢% (). Taking experimental parameters, we estimate
the PL spectrum and a reduction #of AT =107"/c%

When dissociation sites are present, the average local €oNforming to the results of Ref. [7], we find thatis
Green function reads approximately constant as a function of excitation energy

~ ~ ~ [or n(gg)/n] except for very low energies. Consequently,
Gi(ej,p) = (1 — @)Gi(g;, p) + aG{(ej,p), (11) the PL quenching is only weakly dependent on the initial
condition f;(0).

The concentration dependence®f as given in Fig. 1,
can be understood as follows: At very lawthe excitons

[1—(—a)(p + NGile, p)

A\s an important consequence, our expression for the PL
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¢ FIG. 2. Transient photoluminescence quenchi@¢) as a

FIG. 1. Photoluminescence quenchi® as a function of function of timer (solid line). The same parameters are used as
concentrationc for an electric field £ = 0.5,1.0,1.5,2.0, in Fig. 1, withc = 0.2 andae = 0.04. The dashed line denotes
and 2.5 MV /cm (bottom to top). The parameters used arethe quenching when the luminescence of migrated excitons,
n(gg)/n = 0.9, A’ =107%/c?, and A; = 0.1/c%. The values L,(e;, £0,1), is neglected. Experimental data are taken from
of a are given in the inset (dots), together wighfor ¢ = 0.01 Ref. [6]. An indication of the experimental error is given in
(circles). Experimental data are taken from Ref. [7]. the upper left corner.
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are immobile §’ — <) and Q is given by the quenching subtle balance of recombination, migration, amdchain

efficiency of an isolated site dissociation, and that close agreement with experiment is
] Ay obtained for realistic values of the parameters involved. It
'C'E})Q Y (14)  would be interesting to ascertain to which extent the on-

chain dissociation occurs in other CPs.
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With increasingc, the excitons visit more sites during
their lifetime yielding a higher probability of an encounter
with a dissociation site, so thaf increases. Asc
further increases, migration from dissociation sites befor(?
dissociation takes place results in a saturatio@ of This
competition between dissociation and migration depends
on Aj.

In Fig. 1, the experimental values ¢f as a function
of ¢ for variousE are compared with our theory. Given
the minimal assumptions put in our model, the agreement
is quite good. The values of; and a are determined
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