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Energetic study of polarons and bipolarons in polythiophene:
Importance of Coulomb efFects
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We study the effect of Coulomb interactions on the formation of polarons and bipolarons in po-
lythiophene. First, the interaction of an ionized dopant is considered and these defects are found to
be always energetically favored upon doping, bipolarons being the lowest-lying charged excitations.
The influence of the Coulomb repulsion associated with the double occupation of the gap levels that
occurs in bipolarons is then investigated within a phenomenological model. This interaction leads

to a modification of the different equilibrium parameters and reduces appreciably the difference be-

tween the creation energy of a pair of polarons and that of a bipolaron. However, this contribution
is not strong enough to destabilize bipolarons that remain the most stable excitation. Implications
of these results for the existence of polarons are discussed depending on whether the excitations are

photogenerated or created by doping.

I. INTRODUCTION

The organic conducting polymers have attracted con-
siderable attention and many studies' ' have demon-
strated that kinks such as solitons, polarons, and bi-
polarons play a fundamental role in determining their
electronic properties. Recently, polythiophene (PT) has
been the focus of considerable research interest because
of its chemical stability. PT consists of chains of succes-
sive heterocycles formed by a sulfur atom covalently
bound to carbon atoms [Fig. 1(a)]. This structure appears
to be rather similar to a polyacetylene chain weakly in-
teracting with the sulfur atoms. As shown in Fig. 1(b), a
resonance structure can be derived for PT by permuta-
tion of single and donable bonds between the carbon
atoms, and the configuration 1(a) is energetically more
stable than the configuration 1(b). Unlike transpolyace
tylene, PT does not have a degenerate ground state, and
elementary excitations as topological solitons cannot ex-
ist. Thus the large coupling between the lattice deforma-
tion and the elementary excitations will lead to the for-
mation of defects like polarons and bipolarons [Fig. 1(c)],
which are the dominant charged species. The existence
of localized lattice deformation affects markedly the elec-
tronic structure of the polymer chain. For polymers with
nondegenerate ground state, the main effect lies in the ap-
pearance of two localized electronic states associated
with kinks. As the total number of electronic states in ~
bands is conserved, each one of the conduction and the
valence bands have a deficit of a state for each spin.
Since the valence band is always fully occupied both with
and without kink, it follows that in a neutral polaron, two
electrons are missed by the valence band and are going to
occupy the lowest state in the gap, the highest one being
empty. However, such a neutral defect cannot be stable
apart from particular circumstances as, for instance,
chemical impurities or structural imperfections. In the
case of p-type doping (similar arguments can also be held
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FIG. 1. Schematic diagram of chain structure (a) for perfect
polythiophene, (b) for the resonance form of higher energy, and
(c) for a chain with a defect as polaron or bipolaron. In the last
case, the alternated orientation of two adjacent rings is not
shown.

for n-type doping), an acceptor impurity removes one
electron from the chain and the presence of the hole
created in this way stabilize the lattice deformation giv-
ing a hole polaron P+. The lost electron comes from the
highest occupied energy level. Therefore the lower gap
level has only one electron, as shown in Fig. 2(a). As the
valence band remains spin paired, while this electron is
unpaired, the polaron has a spin of one-half. When this
electron is removed in turn from the chain, a hole bipola-
ron that is a doubly charged defect is formed and the
lowest level is then empty [Fig. 2(b)]. The bipolaron has
zero spin and no resonance can be associated with this
excitation. Also, magnetic experiments may be used to
obtain direct evidence for the existence of polarons on
polymer chains. Bipolarons can be also accomplished by
recombination of two polarons according to the reaction
P++P+:(BP) +. The hole polaron states in the
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FIG. 2. Energy level diagram showing allowed optical transi-
tions and occupation of localized energy levels for po-

lythiophene chain with a (a) hole polaron and (b) a hole bi-

polaron.

gap may be at the origin of four transitions in the optical
spectra from the valence band and the lower gap level to
the conduction band and the upper level. For a chain
with bipolarons, transitions from the lowest level cannot
exist because it is empty and only the two transitions
originating from the valence band remain possible. Thus
polarons and bipolarons are excitations which differ in
their optical and magnetic properties because the ex-
istence of the unpaired electron of the polaron gives rise
at the same time to two additional transitions in the gap
and to a spin resonance.

The creation of charged defects upon doping is experi-
mentally attested by some recent studies of the optical
and magnetic properties. The evolution of the optical ab-
sorption spectra of PT during electrochemical doping
process has been studied for a large range of doping con-
centrations and for two sorts of dopant molecules.
All the spectra show important modification of absorp-
tion features which are interpreted as a charge storage by
formation of kinks. Except at dilute concentrations
where changes in optical spectra might be attributed to
polarons, the absorption data are consistent with the con-
cept of charge storage in bipolarons. On the other
hand, several electron-spin resonance (ESR) studies '

have been performed on PT in order to identify the na-
ture of the charge states induced by the doping. Howev-
er, the experimental situation is somewhat complex and
the results differ about the presence of mobile spins at di-
lute regimes. Recent photogenerated ESR data reported
by Vardeny et al. ' indicate no spin in the low concentra-
tion regime and the authors conclude that the dominant
photocarriers in PT are bipolarons. From the detailed
study of the spectra, they show the influence of the
Coulomb contributions on the creation energy of the de-
fects according to whether these are induced by doping
or by photogeneration. In the first case, for doping-
induced polarons and bipolarons, the attraction of the
dopant ion as well as the Coulomb repulsion associated
with the double occupancy of the gap states must be tak-
en into account. The impurity potential lowers creation
energy of the defects by an amount which is denoted Vz
for a pinned polaron and V& for a pinned bipolaron. On
the other hand, Coulomb repulsion between the two holes
of a bipolaron (BP) + increases the creation energy of the
defect by Uz. In the second case, for photogenerated de-

fects, there is no impurity potential and only the
Coulomb interaction due to the double charge of the de-
fect exists. This repulsion favors a configuration with
two separated polarons and modifies the thermal equilib-
rium because the ratio of the polaron and bipolaron pop-
ulations depends on the difference between the creation
energy of a polaron Ep and that of a bipolaron E&
through the factor exp[(E+ 2F—P)lkT] F.orm analysis
of optical absorption spectra, Ez —2F& has been evalu-
ated about 0.17 eV (Refs. 13 and 15) while a theoretical
energetic study which does not take into account any ex-
plicit Coulomb interaction gives 0.43 eV. ' In view of
the importance of this variation, it would be interesting
to evaluate more precisely the influence of Coulomb in-
teractions which have not been explicitly considered and
which can affect markedly the characteristics of polaron
and bipolaron excitations.

We present in this paper a theoretical study of
Coulomb effects on the polaron and bipolaron in PT in
the framework of the Huckel theory. Calculations are
carried out for the PT case; however, results for the other
nondegenerate-ground-state polymers would be rather
similar. We describe in Sec. II our Hamiltonian model
and the parametrization used for PT. Results of the ener-
getic study and the properties of polaron and bipolaron
excitations in presence of interaction with dopant mole-
cules are presented in Sec. III. Section IV contains a dis-
cussion of the implications of these results and proposes a
coherent picture of polaron and bipolaron energetics in
the presence of an impurity. The influence of Coulomb
repulsion associated with double occupancy of gap states
is then considered. This paper is concluded in Sec. V.

II. THEORETICAL MODEL

Our study of electronic excitations in PT has been per-
formed in the framework of a generalized version of the
Su-Schrieffer-Heeger (SSH) Hamiltonian' for
nondegenerate-ground-state polymers. We will summa-
rize the assumptions made in this one-electron theory.
First, we consider PT as a linear arrangement of
thiophene monomers. Interchain interactions are then
neglected; however, as in (CH)„, their influence should
not alter strongly our results. Within the Huckel approx-
imation, the vr and cr electrons are not treated in the same
manner. We consider only the n electrons explicitly be-
cause they are responsible for the electronic properties of
PT in the neighborhood of the fundamental gap, the
effect of cr electrons being taken into account in terms of
bonding forces. This approximation is analogous to those
used for other conjugated polymers as (CH)„, polypara-
phenylene (PPP), ' and polypyrrole (PPy). ' Moreover, a
recent ab initio crystal orbital calculation' as well as a
valence effective Hamiltonian (VEH) calculation have
shown that o bands lie lower in energy than the ~ bands,
which confirms our assumption for PT. The m. electron
Hamiltonian is

H =gE„C„C„+g g t„(C„C +C C„),
n, m( &n)

where C„and C„are the creation and annihilation opera-
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tors. c„ is the one-site Coulomb integral which is chosen
equal for all the carbon atoms. The variation of the
Coulomb integral 2ha=cc —cz with the chemical na-
ture of the atom is treated as an adjustable parameter.
The hopping integrals t„between atoms located on n

and m sites are given by a Coulson-type relation '

~n, mt„=—A exp (2)

where r„ is the bond length between n and m atoms.
Furthermore, the nearest-neighbor approximation has
been used for the hopping integrals, and the C—8
transfer integral which is rather weak is, as commonly
adopted, modeled with a scaling multiplicative constant
kc s ——0.6. o. electrons are described in the adiabatic
approximation and contribute to the total energy by an
elastic energy term,

(3)

( )
o

h
x+D/2 x —D/2—tanh

L

(4)

f(r„)=Ct„(r„r~+8—),
where r~ is the length of a pure sp bond. The value of
parameters A, 8, C, and ha are determined in order to
reproduce some experimental or theoretical results on the
PT ground state: (i) the experimental band gap of 2 eV
(ii) a 5-eV bandwidth of the two highest occupied n.

bands, (iii) the experimental bond lengths of the PT
ground state, and (iv) the distribution of the ~ charges
on the heteroatom as calculated by the Hartree-Pock
method. All these conditions give A =20. 3 eV,
8 =0.86 A, C=3.79 A ', and A&x=0. 55 eV; and for
the bond lengths, within the rings, r(C—C)=1.36 A, r
(C—C) =1.43 A, and r(S—C) =1.72 A; and between the
rings r(C—C) =1.48 A.

The electronic structure of neutral PT is obtained pro-
viding Eq. (2) with appropriate bond lengths of neutral
PT and then by diagonalizing the Hamiltonian (1). One
can easily use this Hamiltonian for the study of polaron
or bipolaron excitations. In this case, the bond lengths
r„used in Eqs. (2) and (3) must be those of a PT chain
with a localized bond deformation like in Fig. 1(c). By
analogy with the solutions of the continuum model, we
have chosen to represent the lattice deformation associat-
ed with the presence of polaron and bipolaron by hyper-
bolic functions. The length variation br(s) for the bond
of the s-type between the atom located at x and one of its
nearest neighbors is described by

length definition I =D +2L. D and L are two adjustable
parameters to be varied so as to minimize the total ener-
gy of the system. Other forms of distortion have been
used in other works with similar results for the energy of
the polaron state.

To model the perturbation introduced by an ionized
dopant molecule on the electronic spectrum, we assume
that the interaction between the impurity and the m elec-
trons is simply a long-range Coulomb potential given in
the case of a monovalent acceptor by

2

V= g V„C„C„with V„=
~(x 2+de)1(2

where x„denotes the location of the nth m orbital on the
PT chain. d is the distance between the impurity and the
chain; in the following we choose d =2 A and e the bulk
static dielectric constant equal to 10. This approximation
ignores the anisotropy of the screening and local correc-
tions for the sites near the impurity where the screening
is incomplete. Because of the complexity of more sophis-
ticated treatments which take into account these effects,
we have limited our attention to this phenomenogical
model which must provide some insight into the role of
dopants.

The total energy of the system is the sum of an elastic
and an electronic contribution. The elastic energy is a
summation on all the bonds of the energy given by Eq.
(3). The electronic energy has the form

EF
F.,i

——f zN(z)dz .

The summation extends over all occupied states. N(z) is
the total density of states which can be calculated from
the relation

N(z) = ——Im[TrG(z)],
2

where G (z) is the Green's function of the m Hamiltonian,

G(z)=(z H)—
The matrix element of the Green's function is obtained
by a recursive method and the positions of the bound
states are found as poles of the Green's function.

In order to avoid spurious divergences with the
Coulomb potential at infinity, the total energy of the
configurations will be calculated with regard to a refer-
ence state taken as that of a perfect chain in the presence
of the impurity with the same charge transfer as that of
the kink. Our calculations are performed on finite PT
chain up to 200 atoms, which is sufficient to model prop-
erties of the infinite chain.

where A~(s) is the maximum amplitude deformation of
the s-type bond with respect to the bond length in neutral
PT. The values chosen for hz(s), which correspond to
the quinoidlike structure shown in Fig. 1(b) are the fol-
lowing: within the ring, b,~(C =C) =0.13 A, h~(C-
C)= —0.13 A, and ED(S—C)=0.11 A; and between the
rings, b,~(C—C)= —0.22 A. This trial function can be
viewed as a soliton and an antisoliton with the same half-
width L and separated by D. That leads to a defect

III. POLARONS AND BIPOLARONS PINNING
BY ACCEPTOR IMPURITY

We have first considered the inhuence of the dopant
potential on the electronic structure of PT in the absence
of any polaron or bipolaron on the chain. In case of p-
type doping, one electron is transferred from the chain to
the acceptor and the electronic structure of PT is distort-
ed by the Coulomb potential due to the dopant charge. A
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FIG. 3. Probability density of the impurity level vs atomic
position for a PT chain with 27 rings.

discrete energy level is extracted from the valence band
and appears in the gap at 0.21 eV above it. This "impuri-
ty" state is twice degenerate and is occupied by an elec-
tron. The probability density

~ g ~

for this state is plot-
ted on Fig. 3 versus the atomic site number for a PT
chain with 27 rings. This state is localized and 75% of
the hole charge is contained in an extent of about 20 A.
This configuration will be taken as the energy reference
configuration for the study of the pinned hole poloran be-
cause the charge transfer is the same in the two cases;
this is shown on Fig. 6(d), which corresponds to a
configuration with two pinned holes without interaction.
Let us now consider a PT chain with a polaron in pres-
ence of an impurity [Fig. 6(e)). After minimization of the
energy with repsect to L and D, the energy of this
configuration is found to be lower than this of the refer-
ence state by an amount AE(PI+)=0. 17 eV. Therefore
the doping process occurs through the formation of
charged polarons pinned by the impurities. Ignoring the
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FIG. 4. Probability density of pinned hole polaron for (a) the lower level and (c) upper level and variation of these densities with

respect to the free polaron case for (b) lower level and (d) upper level.
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Coulomb potential, the binding energy of a hole polaron
have been found to be equal to bE(PO+ )=0.12 eV. '

There is a slight increase in the binding energy and conse-
quently the impurity potential increases the stability of a
charged polaron by 0.05 eV. The value calculated for PT
agrees well with these found in polyacetylene, which is
hE (Pi+ ) =0.16 eV. ' The equilibrium lengths are
D =2 and L =2.6, which leads to a polaron width l =7
rings (29 A). Without impurity potential, the corre-
sponding values are D =3, L =3, and 1=9 rings (36 A).
The presence of the impurity reduces then the polaron
length of 20%, while the amplitude of deformation de-
creases from 46% to 37% of the maximal deformation.

One expects three localized levels in the gap: two cor-
responding to the presence of a polaron on the chain, the
third being an impurity level. The first two levels move
towards the conduction band by an amount of 0.3 eV,
which is close to the mean value of the Coulomb poten-
tial. As this shift is next to the distance between the
highest polaron level and the conduction band, this level
merges with the conduction band edge and only two lev-

els lie in the gap. The lower polaron state is located at
0.54 eV above the valence band edge. The impurity level
lies at 0.1 eV above the valence band, closer than without
a polaron, indicating that the polaron and the impurity
levels repel each other. The probability density

l g l

of
each polaron level and its variation with respect to the
case without impurity are plotted on Fig. 4. One can
clearly see an increase in the probability density near the
impurity which corresponds to a localization of the lower
level under Coulomb pinning [Figs. 4(a) and 4(b)]. This is
consistent with the larger localization of wave function
for deeper level in the gap. Contrary to this level, the
probability density of the upper state decreases around
the impurity and a large delocalization of the wave func-
tion is observed [see Figs. 4(c) and 4(d)] in agreement
with the merging of the level in the conduction band.

Let us now consider the case of bipolarons which are
doubly charged defects and take the same reference state
as previously [Fig. 6(d)]. By minimization versus L and
D, the energy of the configuration formed by a bipolaron
pinned to an impurity is 0.73 eV lower than that of the
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FIG. 5. Probability density of pinned hole bipolaron for (a) the lower level and (c) upper level and variation of these densities with
respect to the free bipolaron case for (b) lower level and (d) upper level.
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reference state. Like in the polaron case, only a small
difference of 0.06 eV is found with the binding energy of a
bipolaron without impurity. Doping through bipolarons
is always a more probable event than the traditional dop-
ing process for semiconductors. The same trends as in
the polaron case are observed for defect width and defor-
mation. The equilibrium lengths are D =4, L =1.4, and
l =9 rings. The bipolaron width decreases by about 13%
from 31 to 27 A and the amplitude is 89% of the maxi-
mal deformation instead of 95% without impurity. How-
ever, contrary to the polarons, the three levels expected
lie in the gap. As the deformation of bond lengths is
larger for bipolaron than for polaron, the bipolaron gap
states are deeper than the polaron states and the strength
of the Coulomb potential is not sufficient to merge the
upper level in the conduction band. The upper level is at
0.33 eV from the condution band while the lower is about
the midgap at 0.91 eV from the valence band edge. The
impurity level at 0.2 eV from the valence band is deeper
than in the pinned polaron case. The probability density
of the two upper levels is shown on Fig. 5. The upper
level, pulled up near the conduction band, is slightly delo-
calized [Figs. 5(c) and 5(d)]. The density is nearly the
same as for the free bipolaron with only a weak decrease
in the impurity neighboring. The lower level density is
much altered and its important increase near the impuri-
ty displays the localization [Figs. 5(a) and 5(b)].

To summarize, the effects of an impurity potential on
hole polarons and bipolarons are the appearance of an
impurity level near the valence band, the shift of the po-
laron and bipolaron levels towards the conduction band,
no significant change of the creation energies of the hole
defects, and decrease of length and amplitude of the lat-
tice deformation.
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IV. ENERGETIC STUDY

We now analyze these different results in order to ob-
tain the creation energies of the defects with or without
impurity. We first review the characteristics of the
different states involving kinks with or without impuri-
ties. For simplicity, we have considered configurations
corresponding to the same charge state with two holes
transferred from two dopant molecules to a PT chain. In
the first three configurations, we considered two holes or
kinks kept away from each other and both alike located
very far from two infinitely separated acceptors. These
states correspond to neglecting the inhuence of the
Coulomb potential of the dopant molecule. The first
configuration that we will take as the reference energy
state is a PT chain with two holes without interaction be-
tween them and with the acceptors [Fig. 6(a)]. These two
free holes are in the state of lower energy at the top of the
valence band. The energy of that configuration is taken
as origin E, =0 eV. As previously quoted, ' this system
is not in its lowest energy state and a lattice distortion
arises around the holes and gives rise to two free po-
larons P~+. Figure 6(b) displays this configuration of two
free polarons and corresponds to the neglecting of
Coulomb potential on polarons. The energy of this
configuration is equal to twice the free polaron energy

bi%iiiiiiiZ/X ei/i~i/ii&/S:. :
&+A+

Y my

FIG. 6. Configurations of two impurities and two holes on a
PT chain. The first three configurations describe the case of two
holes kept away from each other and lying very far from two
infinitely separated acceptors. They correspond to the neglect-
ing of the impurity potential on (a) two holes, (b) two hole po-
larons, and (c) one hole bipolaron. In the following three
configurations, the attractive interaction of the dopant molecule
is considered and the holes are located near the acceptors, giv-

ing (d) two pinned holes, (e) two pinned polarons, and (f) one
pinned bipolaron. 0 denotes the position of the acceptor dopant
molecules, CB and VB the conduction and the valence bands.
The bold straight line symbolizes the deformation of the PT
chain. The gap states diagram near the acceptors and near the
defects with the occupation of levels is shown, the impurity lev-

el being indicated by m *.
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Eb ———2b,E(PO+ )= —0.24 eV .As the two polarons can
recombine into a bipolaron through the reaction
Po+ +Po+ =(BP}o+, a third configuration shown in

Fig. 6(c) will be obtained and the energy gain is that of a
free bipolaron formation E, = —0.67 eV.

In reality, as discussed in this paper, holes, polarons
Po+ and bipolarons (BP)o+ are under the influence of the
impurities and we now review the changes which result
from it. In the traditional semiconductor picture, each
impurity donates a hole to the valence band and the holes
are pinned by the Coulomb potential. This configuration
with two pinned holes [Fig. 6(d)] has been chosen as
reference state in our calculation on charged states in the
previous section. Its energy is equal to twice the energy
of the impurity level, which gives Ed ———0.42 eV. As
shown in Sec. III, the configuration does not correspond
to the lowest energy state and the creation of two pinned
polarons decreases the energy by 2b,E(PI+). Thus the
energy of this configuration shown in Fig. 6(e} is

E, =Ed —25E(Pz+)= —0.76 eV. We can now evaluate
the change in the formation energy Vz of a polaron
whether the attraction of the dopant ion is considered or
not. The difference between the configurations 6(b) and
6(e) enables us to obtain 2V& Eb E,——and —Vz ——0.26 eV.
The change from 6(e) to 6(b) can be viewed like the trap-
ping removal of two hole pinned polarons PI+ to two free
polarons Po+. It requires 0.26 eV for each polaron. In
reality, this result holds for infinitely separated polarons,
for a given doping level, the Coulomb potentials centered
on impurities overlap which can significantly reduce Vz.
The value of the barrier energy V~ is therefore very sensi-
tive to the relative position of the two impurities and 0.26
eV is an upper limit in the case of dilute concentrations
and weak dopant diffusion. This theoretical value of Vz
almost agrees with the one obtained for the soliton in
(CH)„=0.3 eV. ' In the case of a pinned hole bi-
polaron (BP)l+ [Fig. 6(I)], we have obtained in Sec. III
that the energy with respect to the configuration shown
in Fig. 6(d) is bE((BP)l+)=0.73 eV, which leads to
Ef ———1.15 eV. On the other hand, E, Ef ——0.39 —eV is
the energy difference involved in the reaction
PI++Pi+:(BP)I+. This energy is slightly reduced by
the impurity presence, the corresponding value for free
kinks being Eb —E, =0.43 eV. The pinning energy of bi-
polaron Vz can be obtained by comparison between the
two configurations c and f so that Vs =E, Ef —0.48 eV—
is the change on the formation energy produced by the
pinning of a free bipolaron. This value confirms the re-
sult Vg 2 Vp that we have previously inferred from the
characteristics of kinks. ' Since the spatial extent of po-
larons and bipolarons is nearly the same while the ratio
of their charges is 2, it follows that the bipolaron pinning
energy is approximatively twice as large as the polaron
one V~. It is sometimes expected that the energy shifts of
the levels in the gap produced by an impurity are of the
same order as the binding energy of the defects trapped
on this impurity. Our results show that it is an
oversimplified point of view. For instance, for pinned bi-
polaron (BP)l+, Vs =0.48 eV, the shifts of the two gap
levels from their positions in free bipolaron are 0.18 and

0.34 eV for the lower and upper levels, respectively. The
corresponding shifts are 0.18 eV and more than 0.28 eV
for the PI+ polaron levels. These differences are originat-
ed in the symmetry of the wave function of the levels.
Since the defects are mirror symmetric about their
center, the wave functions must be symmetric or an-
tisymmetric under this transformation. By treating the
Coulomb potential Vc as a perturbation, one can esti-
mate its effect on the energy of a gap state P from the
value of the matrix element (l(t

~
Vc

~
g). For a sym-

metric state, the probability density
~ g ~

~ is maximum at
the center of the kink, near the impurity, in a region
where the Coulomb potential is large. Contrary to this,
an antisymmetric state has a density which is zero in this
region and the Coulomb contribution to the energy is
weaker than for a symmetric state. It follows that care
must be taken in obtaining the Vz and Vz values from
the optical shifts of transitions to the gap levels. Only a
rough estimate of V~ and V& can be obtained by this ap-
proach.

Another Coulomb effect that has been neglected in our
calculation is the U repulsion associated with the double
occupation of a gap state for the bipolaron. To investi-
gate the influence of this interaction, we have introduced
a simple phenomenological model and we have assumed
that the effective Coulomb repulsion is of the form used
by Rice and Mele in their study on (CH)„:

Uo
U(1)=

Here, e is the PT bulk dielectric constant, l the equilib-
rium bipolaron length (in number of cycles) which ac-
commodates the two charges, and b is the PT lattice con-
stant. We have taken for Uo the same value as for (CH)„,
Uo/a@=5. 3 eV, where a is the (CH)„ lattice constant.
The same 1/l dependence is found with the SSH Hamil-
tonian improved with a first-order perturbation Hubbard
term.

This correction must be added to the total energy of
the configurations involving bipolarons, and the total en-
ergy has to be minimized again with respect to the length
I, which depends on L and D parameters. In the case of a
free bipolaron with hole-hole repulsion, the minimization
of the total energy is obtained for D = 5 and L =2.2 (Fig.
7). This leads to an increase of the bipolaron length to
1 =9.4 rings (37.6 A). The creation energy of a free bipo-
laron is E = —0.48 eV; it is reduced by an amount
Uz ——0.19 eV with respect to the case where this repul-
sion is not considered (configuration c). This value of Us
is coherent with the value (0.25 eV) deduced by Vardeny
et al. from their experiments, ' which is rather weak and
causes a considerable consequence in the free polarons
recombination process into bipolaron. Even with U~
contribution, the energy of a free bipolaron is still weaker
than those of two free polarons,

Eg —Eb ———0.24 eV .

The bipolaron is the most stable excitation, and the
creation of free bipolaron as in photogeneration experi-
ments, for instance, is greatly favored as compared to the
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creation of two polarons.
The same optimization process of L and D has been

performed for pinned bipolaron with hole-hole repulsion.
The minimum of the total energy is reached for D =4
and L =1.8 (see Fig. 7) and the estimated length is
I =7.6 cycles (30.4 A). The creation energy of a pinned
bipolaron is EI, ———0.93 eV. This is weaker than in the
case without U interaction (configuration f} by an
amount of Uz ——0.22 eV. Considering all the Coulomb
contributions, the energy difference between a bipolaron
and two polarons is equal to Eh —E, = —0. 17 eV and the
bipolaron is always the lowest excitation induced by dop-
ing. The optimized characteristics of bipolarons as width
and deformation amplitude are slightly different and de-
pend on whether impurity is present or not, as shown in

Fig. 7, where the variation of the total energy in function
of these parameters has been represented. The equilibri-
um values result from opposite effects of potential impur-
ity and of the repulsive Coulomb potential. The latter
tends by itself to move the two holes away from each oth-
er and causes an increase of the bipolaron length. The
former adds an attractive effect which give rise to a local-
ization and reduces this length. The Coulomb repulsion

Uz will be greater for two charges localized on an smaller
extent and that causes U~ to be higher than Uz. The
same trends have been observed for (CH)„ in Ref. 28.

The energies of formation of kinks are of crucial im-
portance to know if bipolarons are the lowest energy
charged configurations. Let us examine successively the
two experimental ways of creating bipolarons and pola-
rons. In the case of photogeneration of defects, we have
shown that the interaction of two free polarons produces
a bipolaron with an energy gain of 0.24 eV. It follows
that photogenerated polarons must recombine in bipola-
rons. This result agrees well with the photoinduced ab-
sorption data, ' which indicate that charges are stored in
spinless bipolarons. However, at a low rate of photogen-
erated charges, few polarons could exist if they were
trapped by impurities, structural defects, or disorder,
which prevent their recombining into bipolarons. This is
consistent with the decrease in the number of polarons by
improvement of the structural order by the PT sample
annealing. Analysis of theoretical and experimental re-
sults leads to a relatively small value of Coulomb repul-
sion between charges stored in biploran: Uz/Eg =0.1. '

For defects created by doping, our results indicate that
the recombination of polarons into bipolarons must be
expected because this corresponds to an energy gain of
about 0.17 eV. However, the decay of a pair of polarons
is only possible if they are free to diffuse and a charged
polaron is bound rather strongly to the charged impurity
by a pinning energy Vp. This gives a barrier to recom-
bination of a pair of widely separated polarons because
the charge on a polaron must be removed from this
Coulomb interaction before being pulled up to the second
pinned polaron. This barrier depends on many phenome-
na such as the diffusion of the dopant molecules and is
difBcult to evaluate, Moreover, with increasing doping
level, the impurity potentials overlap and the energy bar-
rier is lowered in a complex manner. However, we can
point out some qualitative trends of the V~ effects. At
low doping level, Vz has to be considered and leads to the
enhancing of the number of polarons at the expense of
the number of bipolarons. At higher doping level, the
lowering of V~ makes the bipolaron creation from pola-
rons easier. The experimental presence of po-
larons at low doping level can be then understood by the
existence of the pinning potential in spite of the fact that
a pinned bipolaron is energetically favored with respect
to two pinned polarons.

At higher doping level, only bipolarons are experimen-
tally found which is consistent with our results which
show that they are the lowest energy configuration.

E)(L)

0-4

—1.2
0 L(rintls}

FIG. 7. Total energy of a bipolaron vs parameter L for the D
equilibrium value for a free bipolaron {E,), a free bipolaron
with Coulomb repulsion {Eg), a pinned bipolaron (Ef), and a
pinned bipolaron with Coulomb repulsion {EI,j. The arrows in-

dicate the equilibrium value for L.

V. CONCLUSION

In conclusion, we have presented in this work the main
effects that the Coulomb repulsion and the attraction of
dopant can have on the electronic properties of polarons
and bipolarons in polythiophene. This study has been
carried out within the framework of the Hiickel approxi-
mation for chains with polaron and bipolaron deforma-
tions and long range impurity potential. The binding en-

ergy of these defects pinned by an acceptor has been cal-
culated taking into account the lattice relaxation. Hole
polarons and bipolarons are found to be energetically
stable with respect to the direct transfer of holes from the
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dopant molecules to the valence band. The length and
amplitude of the two kinks are reduced, the discrete ener-

gy levels in the gap are pushed up and an impurity level
appears near the valence band, according to the attrac-
tive eA'ect of the impurity potential. All those features
agree well with previous calculations in (CH)„. ' Then
the Coulomb repulsion associated with the presence of
two holes in a bipolaron has been included within a phe-
nomenological model in order to obtain trends for its
influence on the defects. This repulsion leads to an in-
crease of the length and creation energy of the defect.
These e8'ects are only slightly lowered by the impurity
presence. Finally, a coherent scheme for the energetics of

polarons and bipolarons is obtained. The contribution of
the Coulomb repulsion associated with the double charge
of the bipolaron is found to be sufficiently weak to permit
the polaron recombination into bipolarons, whether they
are created by doping or by photogeneration as well.
However, in the case of weak doping, the polaron pres-
ence could be explained by their pinning on the impurity
which prevents them from interacting.
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