
VOLUME 82, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 8 FEBRUARY 1999

ften,

tions
the

d for
ctric
but

e.
Hot Exciton Dissociation in a Conjugated Polymer

V. I. Arkhipov,1,2 E. V. Emelianova,1,2 and H. Bässler1

1Institut für Physikalische-, Kern- und Makromoleculare Chemie und Zentrum für Materialwissenscha
Philipps-Universität Marburg, Hans-Meerwein-Strasse, D-35032 Marburg, Germany

2Laboratorium voor Halfgeleiderfysica, K. U. Leuven, Celestijnenlaan 200D,
B-3001 Heverlee-Leuven, Belgium

(Received 31 August 1998)

A model has been developed to treat field-assisted ultrafast on-chain dissociation of optical excita
in a conjugated polymer. Conversion of the excess photon energy above the singlet exciton into
vibrational heat bath of a polymer segment is considered as a main source of the energy require
charges to escape from a potential well formed by a superposition of the Coulomb and external ele
fields. The calculated yield of carrier photogeneration increases strongly with increasing field
is independent of the temperature in good quantitative agreement with data obtained by Barthet al.
[Chem. Phys. Lett.288, 147 (1998)] on weakly disordered conjugated ladder-type poly-phenylen
[S0031-9007(98)08372-0]
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The strong dependence of the yield of optical char
carrier generation upon external electric fieldsFd and tem-
peraturesT d is a common feature of low-mobility materials
such as amorphous semiconductors, molecular cryst
and photosensitive polymers [1–3]. Traditionally, it is in
terpreted in terms of the classic Onsager theory of gemin
recombination [2–5]. It invokes the formation of a gem
nate e-h pair either after thermalization of photoexcite
hot carriers (amorphous semiconductors) or after break
of neutral optical excitation in molecular crystals an
photosensitive polymers. While remaining coulombical
bound, carriers execute a Brownian random walk with
the potential well formed by a superposition of th
Coulomb potential and the external electric fieldF:

Usrd  2se2y4p´0´rd 2 eF ? r , (1)

wherer is the coordinate,e is the elementary charge,´0
is the dielectric permittivity, and́ is the electric constant.
To overcome the potential barrier described by Eq. (1)
carrier has to acquire a sufficient energy from the phon
bath via a temperature driven activated process. Therefo
the Onsager theory predicts strong dependencies of
dissociation probability upon both the external field an
the temperature, with both dependencies being inevita
coupled to each other.

However, applicability of the traditional 3D Onsage
theory to the analysis of charge carrier photogeneration
conjugated polymers is doubtful for several reasons. T
theory rests on the notion that the medium is homogeneo
and isotropic. In low-molecular solids, this condition is ap
proximately realized because the intermolecular distance
much shorter than the radiusrc of the Coulombic capture
sphere. In that case, a geminatee-h pair can escape in the
course of a multistep random walk. The situation is di
ferent in a conjugated polymer whose electronic buildin
blocks are conjugated, i.e., covalently bonded, segme
typically 10 nm long and comprising several repeat uni
0031-9007y99y82(6)y1321(4)$15.00
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This implies that (i) the length of the segment may exce
rc [6], (ii) motion of charges forming ane-h pair is highly
anisotropic, and (iii) the concept of diffusive escape on
chain [7] becomes inapplicable. As far as off-chaine-h
pairs are concerned, their binding energy is supposed
be typically 0.7 eV premised upon an average dielect
constant of 3.5 and a mean interchain distance of 0.6 n
Their dissociation should, therefore, be highly inefficien

Meanwhile, it has been firmly established that intrin
sic photogeneration in conjugated polymers commen
around 1 eV above the absorption edge identified as
S1 √ S0 0-0 (excitonic) transition [8–10]. Photogenera
tion below that intrinsic threshold is believed to origina
from localized states of either extrinsic or intrinsic or
gin [9,10]. The yieldh increases strongly at higher elec
tric fields while the temperature dependence is weak
not negligible [9–12]. The prototypical example of tha
phenomenon appears to be a ladder-type poly-phenyl
(MeLPPP) in which covalent binding leads to exceptio
ally weak structural disorder [13]. The yield ranges fro
1025 to 1022 depending onF and photon energy while
virtually no temperature dependence is observed [1
This is in disagreement with Onsager’s theory, both
1D and 3D versions, predicting that limF!` hsF, T d 
limT!` hsF, T d  h0, whereh0 is the yield of the pre-
cursore-h pairs prior to diffusive escape [5,7].

In the Letter, we develop a theory to account for phot
generation in a conjugated polymer as a function of ele
tric field, temperature, and photon energy. It rests
the idea that photon absorption creates a Franck-Con
state above theS1 √ S0 0-0 transition. Within 100 fs, the
chain skeleton relaxes into its new configuration asso
ated with either the electronicS1 state or, possibly, a higher
electronic state. The excess energy,h̄v 2 EsS1d, is dis-
tributed among vibrations of the chain segment thus ge
erating a vibrational heat bath whose actual temperat
is above ambient temperature. The bound parente-h pair
© 1999 The American Physical Society 1321
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can subsequently escape from the Coulombic well in ter
of a Boltzmann process in whichkT is replaced by the mo-
mentary average energykEl of the vibrational heat bath of
the chain. Pair escape must compete with the dissipat
of the excess energy into intermolecular vibrational an
phonon modes. Conceptually, thee-h yield must increase
with field because it lowers the Coulombic barrier and wi
the excess photon energy because it raises the local ch
temperature. Since dissipation of the vibronic energy is
fast process, only few excitations can dissociate before
segment is cooled down to the ambient temperature and
occurrence of two or more sequential jumps of carriers
almost impossible. Being once separated, carriers have
time to cross the barrier again and to recombine while s
hot. After cooling the segment, the probability to cros
the barrier again and to recombine is much lower such th
separated charges will mostly make jumps onto other s
ments and contribute to photoconductivity. Therefore, t
quantum yield of ultrafast on-chain dissociation,h, can be
evaluated as the probability for carriers to cross the pote
tial barrier and to form an on-chain geminate pair neglec
ing the possibility of geminate recombination.

For times shorter than both the decay time of neutr
optical excitations and the time of intersegmental carri
jumps, a pair of charge carriers within an excited segme
may be considered as a system having two metasta
states separated by a potential barrier. The first state
a neutral optical excitation identified as the exciton of th
binding energyEb. This energy is practically independen
of the external electric field. The second state is formed
a dissociated geminate pair of carriers localized at oppos
ends of the segment. The energy of this state,Es, depends
upon the external field as determined by Eq. (1):

Es  2se2y4p´0´ld 2 elFz , (2)

wherel is the length of the segment, andz  cosw, where
w is the angle between the direction of a segment and
external electric field. In a segment of the lengthl oriented
along the anglew, the state of separated twins is metastab
(i.e., it is separated by a potential barrier from the sta
of a neutral excitation) if the external field is sufficiently
strong:

F . ey4p´0´l2z . (3)

The height of the potential barrier,Emax, separating the two
metastable states is also field dependent as described
Eq. (1):

Emax  2e
q

eFzyp´0´ . (4)

We assume that the excess photon energy,h̄v 2 EsS1d,
establishes an average excess energy of the vibratio
“bath” of kE0l. Since the time dependence of the coolin
process is not known exactly, we further assume a const
1322
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energy-dissipation rateb:

kEl  kE0l 2 bt , (5)

We also presume that the probability for a charge ca
rier to get energy sufficient to cross the potential ba
rier, wskEl, Emaxd, can be described by the Boltzmann
distribution,

wskEl, Emaxd  Bol

√
Eb 2 jEmaxj

kEl

!
, (6)

with the temperature replaced by the average vibron
energy. The function Bolsxd is introduced as

Bolsxd 

Ω
exps2xd, x . 0 ,
1, x , 0 .

(7)

Under these conditions, the rate of over-barrier dissoci
tion jumps of carriers is determined by the following
equation:

dfsstd
dt

 n0f1 2 fsstdg Bol

√
Eb 2 jEmaxj

kEstdl

!
,

fss0d  0 ,
(8)

where fs is the probability for carriers to be separate
at the timet; n0 is the constant describing the electron
phonon coupling within a segment similar to the “attemp
to-jump frequency” which normally accounts for the
electron-phonon coupling in solids. Since the time an
the average excess energy are related to each other
Eq. (5), one can also consider the separation probabil
fs as a function of the excess energy,wsskEld. By the
use of Eq. (5), one may then rewrite Eq. (8) usingkEl as
an independent variable:

dwsskEld
dkEl

 2
n0

b
f1 2 wsskEldg Bol

√
Eb 2 jEmaxj

kEl

!
,

wsskE0ld  0 .
(9)

Solving Eq. (9) yields

wsskEld  1 2 exp

"
2

n0

b

Z kE0l

kEl
dkE0l

3 Bol

√
Eb 2 jEmaxj

kE0l

!#
, (10)

Since the rate of dissociation jumps sharply decreas
with decreasing average vibronic energy, most dissoc
tion jumps occur while the excess vibronic energy is sti
close to its initial value as shown in Fig. 1, and a sep
ratede-h pair will find itself occupying a segment which
is already cooled down. This allows neglecting backwar
recombination jumps of carriers and evaluating the prob
bility of the on-chain charge separation within a give
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FIG. 1. Time dependencies of the dissociation probability a
of the average vibrational energy parametric in the energ
dissipation rate.

segment,wdsF, kE0l, zd, as the occupational probability
for the dissociation state after complete relaxation of t
excess energy:

wdsF, kE0l, zd  wsskEl  0d

 1 2 exp

"
2

n0

b

Z kE0l

0
dkEl

3 Bol

√
Eb

kEl
2

e
kEl

s
eFz

p´0´

!#
.

(11)

The total quantum yield of the on-chain charge carri
photogeneration,hsF, kE0ld, can be calculated by aver-
aging Eq. (11) over different possible segment orient
tions as

hsF, kE0ld 
Z 1

0
dz wdsF, kE0l, zd . (12)

Since, within the framework of the present model, diss
ciation jumps are due to the photon excess energy the r
of such jumps and the dissociation probability does n
depend upon the sample temperature. Field dependen
of the quantum yield are illustrated in Fig. 2 parametr
in the initial energykE0l together with experimental data
obtained on MeLPPP [13]. At weak fields, no segme
may have a metastable dissociation state—see Eq.
Concomitantly, the yield remains zero at such fields a
sharply increases when the field reaches the value s
ficient to form dissociation states in segments orient
along the field. This increase is mostly due to the increa
ing number of segments available for dissociation. A
moderate and strong fields practically all segments ha
dissociation states, and further increase of the yield occ
mainly due to decreasing height of the barrier separati
the metastable states.

Theoretical curves are in good quantitative agreeme
with experimental data. Guided by an experimental es
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FIG. 2. Field dependence of the carrier photogeneration qu
tum yield. Experimental data are taken from [13]. Theore
cal curves are parametric in the initial excess energy wh
experimental data are obtained for different photon energ
The following set of material parameters was used in calc
lations:Eb  0.35 eV, n0yb  0.9 eV21, l  6.5 nm, ´  7,
d  2 3 1024.

mate [14] of the on-chain high frequency dielectric co
stant in polydiacetyleneś  7 has been used for the
electric constant along the chain direction to fit experime
tal data instead of the bulk electric constant´  3.5 typi-
cal for conjugated polymers. Experimental data shown
Fig. 2 are obtained for different photon energies, where
theoretical curves are parametric in the initial value of t
vibrational energy implying correlation between these tw
parameters with the rate of energy dissipation,b, being in-
dependent of the excess photon energy. This correla
is illustrated in Fig. 3. The set of thinner curves in Fig.
is calculated from Eqs. (11) and (12). These curves fit
perimental data quite well at strong fields. However, n
ticeable deviations from experimental data occur at wea
electric fields and lower photon energies of the exciti
light. These deviations can be explained by the con
bution of theextrinsicbulk photogeneration. Occurrenc
of this effect in MeLPPP is revealed by a steep increa
of the bulk photocurrent at the optical absorption ed
[13]. Some photoexcited segments may have deep tr
for charge carriers as near neighbors and serve as cha
transfer centers. If one of the carriers is captured by su
a deep trap, the released energy may facilitate crossing
potential barrier within the segment by the other carrier
the geminate pair. The density of deep traps is norma
1323
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FIG. 3. Correlation between the photon energies and t
excess thermal energies used to fit experimental data in Fig.

much less than the concentration of segments, and their
fect on the yield can be accounted for by adding the rel
tive density of such specific charge transfer centers,d, to
the right-hand side of Eq. (11). The results are illustrate
in Fig. 2 by thicker curves which do provide a much bette
fit of the experimental data at weak fields and low exce
photon energies.

An important parameter of the model is the binding en
ergy of neutral optical excitations. The value of this pa
rameter must be different for different electronic states
an excited molecule. Recent quantum chemical calcu
tions prove that both electrons and holes are localized
the lowestS1 excited state while higher excited states a
low for carrier delocalization within an excited segmen
[15]. Within the framework of the present model, both
S1 and higher excited states can dissociate into on-cha
geminate pairs if the vibrational relaxation is not yet com
pleted. However, the present consideration is restricted
the assumption that the binding energy remains consta
during the vibrational relaxation. This assumption can b
justified by the notion that the biggest contribution to th
on-chain dissociation probability is realized at short time
when the excess energy is still close to its maximum valu
However, after relaxation of the excess energy therma
assisted dissociation ofS1 excitations should become im-
portant. Since the lifetime of aS1 state is much longer than
the time scale of the vibrational relaxation, the contributio
of conventional thermally assisted 1D Onsager dissoc
tion can be dominant at higher temperatures as norma
observed in conjugated polymers [9–12]. A remarkab
experimental correlation should be mentioned between t
excess energy required for the onset of charge photog
eration and the temperature dependence of the quant
yield. For instance, MeLPPP reveals the excess energy
1.6 eV, and noT dependence of the intrinsic quantum yield
is observed in this material up to the room temperatu
[13]. For phenylene-vinylene derivatives (PPV-ether an
1324
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PPV-amine) the intrinsic photoconductivity commences
the excess energy of 0.8 eV, and the yield weakly depen
upon the temperature only below 220 K while an Arrhe
niusT dependence is observed at higher temperatures [1
Within the framework of the present model, this corre
lation is quite natural. The probability of the ultrafas
T -independent dissociation is not affected by the samp
temperature while the probability of the slow thermally as
sisted dissociation increases with increasing temperatu
Therefore, the latter must exceed the former at some te
peratureT0, and the value ofT0 must increase with increas-
ing excess energy. The interplay between the ultrafa
temperature-independent dissociation and the thermally
sisted separation of carriers will be considered in the futu
work of the authors.

In summary, a model of temperature-independent ph
togeneration of charge carriers in conjugation polymers
suggested. The model is based on the concept of the
chain dissociation of unrelaxed higher optical excitation
The dissociation probability is determined by the interpla
of the rate of carrier dissociation jumps and the rate of th
excess energy relaxation and is virtually independent of t
sample temperature. Calculated dependencies of the qu
tum yield of carrier photogeneration upon the field and th
photon energy are in good quantitative agreement with e
perimental data obtained on weakly disordered conjugat
polymers.

This work was supported by the Deutsche Forschung
gemeinschaft (Sonderforschungsbereich 383 and Gr
No. 436 Rus 113/9314).

[1] N. F. Mott and E. A. Davis,Electronic Processes in Non-
Crystalline Materials(Clarendon, Oxford, 1979), 2nd ed.

[2] M. Pope and C. E. Swenberg,Electronic Processes in
Organic Crystals(Clarendon, Oxford, 1982).

[3] H. Bässler, in Primary Photoexcitations in Conjugated
Polymers: Molecular Exciton versus Semiconductor Ban
Model, edited by N. S. Sariciftci (World Scientific, Singa-
pore, 1997).

[4] L. Onsager, Phys. Rev.54, 554 (1938).
[5] D. M. Pai and R. Enck, Phys. Rev. B11, 5163 (1975).
[6] M. C. J. M. Vissenberg and M. J. M. de Jong, Phys. Rev

Lett. 77, 4820 (1996).
[7] K. J. Donovan and E. G. Wilson, Philos. Mag. B44, 31

(1981).
[8] M. Chandrosset al., Phys. Rev. B50, 14 702 (1994).
[9] S. Barthet al., Phys. Rev. B56, 3844 (1997).

[10] S. Barth and H. Bässler, Phys. Rev. Lett.79, 4445 (1997).
[11] C. H. Leeet al., Phys. Rev. B49, 2396 (1994).
[12] D. Moseset al., Phys. Rev. Lett.80, 2685 (1998).
[13] S. Barthet al., Chem. Phys. Lett.288, 147 (1998).
[14] R. Nowaket al., Chem. Phys.104, 467 (1986).
[15] A. Köhler et al., Nature (London)392, 903 (1998).


