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Charge carrier generation through reexcitations of an exciton in poly(p-phenylene vinylene)
molecules
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Charge carrier generation due to reexcitations of an exciton in poly(p-phenylene vinylene) (PPV) molecules
is studied theoretically in the framework of the tight-binding approach. Two different kinds of optical transi-
tions for an exciton are suggested. It is found that the high-energy transition will dissociate the exciton into free
charges, which is responsible for the photocurrent. The state from the low-energy transition is strongly field
dependent. Only at a strong electric field does the exciton dissociate into free charges. The different quantum
efficiency of charge carrier photogeneration in a solid-state PPV from that in a solution one is studied by
including the effect of interchain couplings on the exciton dissociation.
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I. INTRODUCTION

Organic semiconductors, including high conjugated poly-
mers such as poly(p-phenylene vinylene)s (PPVs), have be-
come very promising functional materials in optoelectronic
devices—e.g., light-emitting diodes,"? plastic lasers,> and
photovoltaic cells,* as well as organic spin valves.’ Extensive
research has been carried out with the goal of understanding
the photophysics and carrier characteristic of this class of
materials. Compared to inorganic materials, the strong
electron-lattice interaction of organic materials means the
electronic and optical properties of these materials can be
tailored over a wide range by relatively simple chemical
modifications of the molecular structure. Despite many ad-
vances, a deeper understanding of the photoexcited species
and the charge carrier photogeneration is still necessary in
order to further improve the performance of these optoelec-
tronic devices.

It has been predicted that polarons or bipolarons are the
main charge carriers in organic polymers.®’ The photoge-
neration mechanism of these carriers and their yields have
previously been the main focus of study.32' As early as the
1960s, investigations were made of charge carrier photoge-
neration in some molecular crystals, such as anthracene
crystals,®? which were explained in terms of the Onsager
theory of geminate recombination. In recent years, different
experimental data have been interpreted to support two very
different concepts concerning the charge carrier photoge-
neration in polymers. Miranda, Moses, and Heeger indicated
that both charge carriers (polarons) and neutral excitons are
independently generated via optical interband transitions'%!!
and the process is independent of the electric field. On the
other hand, a number of experiments carried out on deriva-
tives of poly(p-phenylene vinylene) (Refs. 16-18) and
methyl-substituted ladder-type poly(p-phenylene) (m-LPPP)
(Refs. 19-21) considered charge carrier generation as a two-
step process, in which neutral excitons are first created due to
photoexcitation and then dissociate into charge carriers
through reexcitation with electric field or are temperature
assisted. Although most of the experimental data favor
the latter method, the mechanism of exciton dissociation is
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still a heavily disputed question. By means of electric-
field-modulated  femtosecond pump-probe absorption
spectroscopy,'® Gulbinas et al. showed that two different ex-
citon dissociation mechanisms take place depending on the
excitation photon energy. When the excitation energy is rela-
tively low, excitons slowly dissociate into charge pairs dur-
ing the entire exciton lifetime and the process is strongly
electric field dependent. When the excitation energy is high,
charge pairs appear fast and require less assistance of an
electric field for the exciton dissociation. Unfortunately, it is
impossible to distinguish the ‘“charge pairs” between free
charge carriers participating in photocurrent and Coulomb-
ically bound charge pairs not participating in photocurrent.

In this paper, two kinds of optical transitions for an exci-
ton in PPV molecules are suggested that are external electric
field assisted, by which we theoretically explore the mecha-
nism of charge carrier photogeneration due to exciton disso-
ciation. Contribution of the “charge carriers” to the photocur-
rent is investigated. In addition, effects of the external
electric field and interchain couplings on the exciton disso-
ciation are also included to explain the different quantum
efficiency of charge carrier photogeneration in a solid-state
PPV from that in a solution. The presentation is organized as
follows. The model Hamiltonian is established, and the
scheme of a self-consistent calculation is outlined in Sec. II.
In Sec. III we describe and discuss the results of our numeri-
cal computation. Finally, in Sec. IV our conclusions are sum-
marized.

II. MODEL

Recently, theoretical investigations concerning the charge
carrier photogeneration in polymers have been performed us-
ing the Pariser-Parr-Pople model.?> However, the model does
not include the effect of the lattices and it is actually a rigid-
band correlated electron model. Here we suggest a tight-
binding electron-lattice interacting model, which is originally
proposed to describe a long trans-polyacetylene chain by the
well-known Su-Schrieffer-Heeger (SSH) model.?* By a
renormalization treatment, the PPV molecule can be re-
garded as a one-dimensional chain and each repeat unit con-
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FIG. 1. Schematic diagram of a PPV molecule with m repeat
units.

tains six sites along the chain direction. The structure sketch
of a PPV molecule with m repeat units is shown in Fig. 1. In
the framework of the tight-binding approach, there are six
electron transfer integrals 1, ,, for each repeat unit, of which
only four transfer integrals are independent due to the mo-
lecular spatial symmetry—i.e.,

fhs=tg1=1;, lsc=1}.

! !
ho=lu=1, h3=1,

The above four parameters are simplified with two param-
eters ¢, and t, by writing the transfer integrals in the form

alu,, —u,) —t, cos nm

n+1 ) <n+1, )
T | O ,int |,
3 3

where 5('1;—1,int) , if ——mt and 5(— 1nt) 0, if %
#int. £, is the electron hopplng integral for a uniform bond
structure, « is the electron-lattice interaction constant, and u,,
is the displacement of a unit at site n. “int” indicates an
integer.

If we include the effect of the external electric field £ and
the internal electron-electron (e-e) interaction, the Hamil-
tonian of a single PPV molecule chain is written as

tn,n+1 =t—

+1 cos(

H=H,+H;+H,,, (1)
E tn n+l(Cn+1 scn Y+ C Cn+l s) + ZKE (un+1 )2
+ K,E (un+l - un)’ (2)
Hg= 2, eE(na+u,)(C} C,— 1), 3)
; t
H,,= UE Ch1CoiCh G+ VD ChCClLy Cr s
I‘IS.S
(4)

where ij (C,.) is the creation (annihilation) operator of an
electron at site n with spin s (s=1,|). K is the elastic con-
stant. The third term is to stabilize a PPV molecule with open
ends, and K’ is given by

2 ,uns Mn+l,s’ (5)

/,LnY

where N is the total site number of a PPV molecule. X’
means sum over the occupied states.
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Hp is the interaction of electrons with the applied electric
field £ and a the lattice constant. H,_, is the e-e interaction,
which is treated with the Hartree-Fock approximation for
simplicity. The electronic eigenstate wﬂ,‘yzznzﬂmm is ob-
tained by solving the Schrodinger equation of the electronic
Hamiltonian, which is dependent upon the bond displace-
ment u,,,—u, On the other hand, by minimizing the total
energy, the displacement u,,,; —u,, is determined by the eigen-
states

!

Upp1 — E ,uns ,u,n+l,s__

K

K .8, m=1

ZW,” ) (6)

It is obvious that the displacement u,,;—u, and eigenstate
Z,,.m,s depend upon each other, which can be calculated itera-
tively. Then we can obtain the charge density distribution

Pn= EI|Z,U.,n,S|2 -1. (7)
S

III. RESULTS AND DISCUSSION

For a PPV molecule, we set the parameters as «
=102.9 eV/nm, =2.66¢eV, a=0.122nm, and K
=9900.0 eV/nm?, referring to Refs. 24 and 25 and e-e inter-
action U=2.0 eV and V=U/3. By adjusting the magnitudes
of 7; and 1,, we get an energy gap of E,=2.8 eV, which is
consistent with other works on pristine PPV, 2426

Generally, in a photoexcitation process the photon energy
is transferred to electrons and phonons, both of which are
excited to higher-energy states. In organic materials the situ-
ation becomes more complex than in normal inorganic ma-
terials due to the much stronger electron-lattice interactions.
As is well known, in the usual inorganic materials an exciton
is an excited electron-hole pair confined by the Coulomb
interaction. In polymers, the electron-lattice interaction,
which is much stronger than the electron-hole Coulomb in-
teraction, makes the exciton localized or self-strapped. It is
well known that the band-edge transition in PPVs leads to
the formation of an exciton, which is responsible for the PPV
photoluminescence and electroluminescence. The schematic
diagram for the energy levels of a PPV molecule and pos-
sible optical transitions are shown in Fig. 2, where we denote
e! (i=1,2,...) to be the ith energy level in the valence band
counted from the top and &; (j=1,2,...) to be the jth energy
level in the conduction band counted from the bottom. The
band-edge transition Py(e] — €9) is indicated in Fig. 2(a). In
this case, €} and €] go into the gap as discrete levels (g, and
g,) and their electronic states become localized due to strong
electron-lattice interactions. An exciton can be reexcited by a
second photoabsorption, which may result in three optical
transitions as shown in Fig. 2(b): transition P, from g, to &5,
P, from g, to &5, and P; from g, to g,. It is known that
transition P; will lead to the formation of a biexciton,?’
which has been widely studied.?® Here we will give a de-
tailed investigation of transitions P; and P,.
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FIG. 2. Schematic diagrams for the energy levels of a PPV
molecule with a ground state (a) and an exciton state (b). P indi-
cates the band-edge transition between &} and &{, which will result
in an exciton; P (g, — &5), Py(e;— €5), and P3(e,—¢,) separately
indicates the optical transition of an exciton to a high-lying excited
state.

Quantum mechanics tells us that, for a symmetrical sys-
tem, each electronic state has a certain parity, either odd
parity or even parity. Optical transitions are dipole allowed
only between electronic states with opposite parities. In ac-
tual materials, the parity of the electronic states can be easily
destroyed, such as by the effect of disorder or the assistance
of an external electric field E. Figure 3 shows the depen-
dence of the transition dipole moments for P, (solid line) and
P, (dashed line) on the external electric field. It is found that
both transitions P, and P, are electric field dependent. Tran-
sition P, will become permitted when an external electric
field is included.

The lattice distortion and the charge density distribution
after transition P, (denoted state Spl) are shown in Fig. 4,
where we choose the conjugation length of the molecular
chain as L=124a. Apparently, it is no longer an exciton as
there appears a charge distribution confined to two local lat-
tice defects. Through decomposing the intragap states [i.e.,
four discrete levels formed by transition P, with the upper
two (&f,&5) and the lower two (g,&3) being degenerate
separately] into four different cases,”® An et al. predicted that
Sp, is a mixed state consisting of an exciton and a polaron
pair.

Now let us focus on the dissociation of state Sp, by ap-
plying an external electric field E. Since state S P, consists of
an exciton and a polaron pair, the dissociation process should
include two steps if the exciton and the polaron pair are
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FIG. 3. Dependence of the transition dipole moments for P;
(solid line) and P, (dashed line) on the external electric field.
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FIG. 4. High-lying excited state resulting from transition P; in
the PPV molecule without electric field. The solid line shows the
lattice distortion and the dashed line charge density distribution.
The conjugation length of the molecular chain is L=124a.

independent: the dissociation of a polaron pair at a weak
electric field and the dissociation of an exciton at a stronger
electric field. However, the calculation only accounts for one
electronic charge after the dissociation, which means that the
exciton and the polaron pair in state S p, are not independent
but coupled with each other. Figure 5 presents the depen-
dence of induced charges on the electric field. As can be
seen, the induced charges increase with the increase of the
electric field and finally reach one electronic charge when
E=0.3X10° V/cm. When E<0.3X 10° V/cm, the energy
resulting from the external electric field is not strong enough
to dissociate state Spl. A result at E=0.15X10° V/cm is
shown in Fig. 6(a), where the direction of the electric field is
from left to right along the molecular chain. The induced
negative charges are confined on the left side and the positive
ones on the right side of the chain, each with a localized
lattice defect. As they are bound together, the induced
charges (pair) have no contribution to the photocurrent.
When E=0.3X10° V/cm, state Sp, is dissociated into a
negative polaron (P7) and a positive polaron (P*), as shown
in Fig. 6(b), which contribute to the photocurrent. In short,
free charge carriers can result from the exciton dissociation
by transition P; and the process is strongly field dependent.

For transition P, (denoted state Sp ), &5 and & also go
into the gap as discrete levels and become localized states
due to the strong electron-lattice interactions. Through de-
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FIG. 5. Dependence of the induced charges in the PPV molecule
after transition P, on the external electric field E.
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FIG. 6. High-lying excited states resulting from transition P; in
the PPV molecule with an electric field E=0.15X 10° V/cm (a) and
E=0.3X10° V/cm (b). The direction of the applied electric field E

is from left to right along the molecular chain. The solid line shows
the lattice distortion and the dashed line charge density distribution.

composing the four intragap states of § p,» We find that the
singly occupied state €5 and the doubly occupied state &5
constitute a negative polaron, while the singly occupied state
€| and the unoccupied state &} constitute an excited positive
polaron, which was found to have a reverse polarization
character in our previous work.*® Unlike transition P, the
negative polaron and the excited positive polaron in § p, are
found to be independent and the induced charge keeps one
electronic charge unchanged with the variation of the electric
field. Figure 7 shows the lattice distortion and the charge
density distribution after transition P, with an electric field
E=0.1X10° V/cm. Apparently, transition P, dissociates the
exciton into a negative polaron (P~) and an excited positive

polaron (P*) contributing to the photocurrent.

Here it should be stressed that, although the exciton dis-
sociations by transitions P; and P, are both electric field
dependent, the two processes are very different. For transi-
tion P;, the absorbed photon energy is not strong enough to
dissociate the exciton into free charge carriers. That is, there
exists a “potential barrier” between the § p, state and the free
charge carriers, which can be reduced by an external electric
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FIG. 7. High-lying excited state resulting from transition P, in
the PPV molecule with an electric field £=0.1X10° V/cm. The
direction of the applied electric field E is from left to right along the
molecular chain. The solid line shows the lattice distortion and the
dashed line charge density distribution.
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field. For transition P,, the absorbed photon energy directly
dissociates the exciton, which does not need the assistance of
an electric field. The applied electric field only ensures tran-
sition P, to be dipole allowed.

In actual organic materials such as solid films of polymers
or oligomers used in organic light-emitting diodes (OLEDs),
the molecules are not isolated and there are interchain inter-
actions between the molecular chains. By recording the sub-
picosecond transient complex conductivity using THz time-
domain spectroscopy,'’ Hendry et al. showed that the
quantum efficiency of charge photogeneration is two orders
of magnitude smaller in a solution (~107°) than in a solid
film (~107%) of MEH-PPV. Miranda et al. also indicated that
polaron pairs can be photogenerated in a dilute solution of
derivative PPVs with quantum efficiency ~3%, about one-
third of that for a solid film of the same polymer.!" Appar-
ently, interchain interactions can remarkably improve the
quantum efficiency of charge carrier photogeneration.

From the work of Bounds e al. in the early 1980s,3'-32 we
know that photoexcitations will lead to the formation of
charge-transfer (CT) excitons by the interchain interactions
in solid samples. A CT exciton has a relatively large radius,
and its binding energy is roughly determined by the Coulom-
bic force even in the organic materials. As a result, the pho-
tocurrent in solid samples mainly comes from the thermal
dissociation of CT excitons into free charge carriers. The
process may be responsible for the different quantum effi-
ciency of charge carrier photogeneration in a solid-state
sample from that in a solution one. Here we try to give a
simple consideration about the effect of interchain interac-
tions on the exciton dissociation. The Coulombic correlation
between the chains is not included in the present work.
Therefore, the results are only qualitatively helpful to under-
stand the experimental observations. The interaction between
two coupled PPV molecules with a parallel alignment, in the
framework of the tight-binding approach, is described by

HL == 2 ti(c.:-,n,sCZ,n,s + C;n,scl,n,x) s (8)

n,s

where ¢ | stands for the transfer integral between sites labeled
by same index n on each molecule chain.

For a two-chain system, photoexcitation will lead to two
possibilities for the formation of exciton states. The first pos-
sibility is a strongly bound electron-hole pair forming an
intrachain exciton.’*3* The second possibility is the forma-
tion of a spatially indirect exciton,3>3® which is formed as a
result of interchain electron transfer (i.e., charge-transfer ex-
citon). As is well known, the photoluminescence (PL) in
PPVs has been attributed to the radiative decay of intrachain
excitons. For this kind of exciton, dependences of the in-
duced charges on the interchain couplings after transition P,
are shown in Fig. 8. It is found that the induced charges
increase with the interchain couplings. Therefore, an intrac-
hain exciton is more easily dissociated in a solid film than
that in a dilute solution, which is qualitatively consistent
with the experimental observations. Theoretically, when the
interchain coupling 7, =0.15 eV, the induced charges will
reach one electronic charge (at E=0.25X 10° V/cm), which
means that transition P, has dissociated the exciton into free
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FIG. 8. Dependence of the induced charges in the two PPV
molecules on the interchain couplings after transition P;. Squares
indicate an electric field E=0.15X 10° V/cm; circles and triangles
separately indicate E=0.2X 10° V/cm and E=0.25X 10° V/cm.

charge carriers. Of course, in actual materials, the interchain
coupling is usually smaller than ¢, =0.15 eV. In addition, the
Coulombic correlation between the electron and hole im-
pedes exciton dissociation. Therefore, even if the interchain
coupling is included, the intrachain exciton does not dissoci-
ate easily by transition P,. To give a more reasonable expla-
nation for some experimental observations about the exciton
dissociation, additional physical processes should be taken
into account, such as the interchain charge transfer, strong
external fields, and, especially, the thermal effect. For ex-
ample, in 1992, Frankevich ef al. demonstrated the impor-
tance of the thermal effect in considering the formation and
dissociation of a charge-transfer exciton.>> Recently, Troisi

PHYSICAL REVIEW B 75, 205412 (2007)

and Orlandi indicated that, in organic crystals, thermal mo-
lecular motions are sufficient to destroy the translational
symmetry of the electronic Hamiltonian and make the band
description inadequate for room-temperature organic
crystals.’

IV. SUMMARY

Charge carrier photogeneration is important for photovol-
taic cells or electrophotographic devices, while the opposite
process (recombination of a charge pair into an exciton) de-
termines the operation of light-emitting diodes. According to
the experimental data favoring charge carriers resulting from
exciton dissociation, we theoretically studied the process of
exciton dissociation by considering two kinds of optical tran-
sitions for an exciton. The calculation supports the conclu-
sion that photocurrent in conducting polymers may result
from a dissociation of an exciton. It was found that the two
kinds of optical transitions have a different dependence upon
the external electric field. In addition, the interchain coupling
has a certain effect on the exciton dissociation, which makes
the different quantum efficiency of charge carrier photoge-
neration in a solid-state sample from that in a solution. The
theoretical calculation is qualitatively consistent with the ex-
perimental observations. Further investigations should be
done in the future that include additional physical processes,
such as the interchain charge transfer, strong external fields,
and the thermal effect.
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