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Dynamics of exciton dissociation in donor-acceptor polymer
heterojunctions

Zhen Suna) and Sven Stafströmb)

Department of Physics, Chemistry, and Biology, Linköping University, SE-58183 Linköping, Sweden

(Received 3 December 2012; accepted 9 April 2013; published online 29 April 2013)

Exciton dissociation in a donor-accepter polymer heterojunction has been simulated using a nonadi-
abatic molecular dynamics approach, which allows for the coupled evolution of the nuclear degrees
of freedom and the electronic degrees of freedom described by multiconfigurational electronic wave-
functions. The simulations reveal important details of the charge separation process: the exciton in
the donor polymer first dissociates into a “hot” charge transfer state, which is best described as a
polaron pair. The polaron pair can be separated into free polaron charge carriers if a sufficiently
strong external electric field is applied. We have also studied the effects of inter-chain interaction,
temperature, and the external electric field strength. Increasing inter-chain interactions makes it eas-
ier for the exciton to dissociate into a polaron pair state, but more difficult for the polaron pair to
dissociate into free charge carriers. Higher temperature and higher electric field strength both favor
exciton dissociation as well as the formation of free charge carriers. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4802764]

I. INTRODUCTION

Organic solar cells are currently of broad interest due to
their potential use in low-cost, light-weight, large-area photo-
voltaic solar cells. It is a key challenge in any solar cell ap-
plication to enhance the power conversion efficiency. Follow-
ing the development of the bulk heterojunction structure,1–3

further improvements in terms of materials with increased
light absorbing properties and so called tandem cells,4, 5 the
organic solar cells have reached power conversion efficien-
cies of about 10%.6, 7 However, compared to inorganic so-
lar cell, the efficiencies of organic solar cells need further
improvement.

Since the primary photoexcited species in organic solar
cells are singlet excitons, rather than free charge carriers,8, 9

the power conversion efficiency relies on efficient exciton
dissociation into free charge carriers. The Coulomb interac-
tion together with the electron-lattice interactions causes a
large binding energy for the exciton, typically of the order
of 0.5 eV,10, 11 which is significantly larger than the thermal
energy kBT. As a result, a simple single-layer device based
on the pristine polymer and two electrodes of different work
functions has poor power conversion and charge collection
efficiencies.12

Over the past few decades, heterojunctions composed
of electron-donating semiconducting polymers and electron-
accepting fullerides have been widely used to make high ef-
ficient photovoltaic cells (for reviews, see Refs. 13–15). The
heterojunction creates a band offset at the interface between
the two materials, which helps to overcome the large exci-
ton binding energy and enabling the electron transfer from
the donor polymer to the acceptor polymer.16–18 Thus, to im-
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prove the probability of exciton dissociation, a large band off-
set should be preferred. However, a large band offset has the
disadvantage to reduce the available open-circuit voltage.19

Consequently, there is an optimal value for the band offset,
which maximizes the power conversion efficiency.

The process from the absorption of photons to the ex-
traction of free charge carriers is a multi-step process: (i) the
absorption of a photon, usually by the donor, generates an
exciton, (ii) the exciton diffuses to the donor/acceptor (D/A)
interface and dissociates into a charge transfer (CT) state, a
Coulombically bound electron-hole pair located on adjacent
donor and acceptor polymers with the binding energy about
0.1–0.5 eV,20, 21 and (iii) separation of charges in the CT state
into free charge carriers, a process which has to be assisted
by the cell’s internal electric field. A detailed understanding
of this multistep process is a key to further enhance the effi-
ciency of organic solar cell.14, 22, 23

In this paper, we focus on steps (ii) and (iii), that is, the
exciton dissociation into CT state and the following charge
separation state at the D/A interface. The D-A polymer het-
erojunction is in our model system composed of two parallel
chains in the configuration D-A, where D represents the poly-
mer with lower electron affinity, and A represents the polymer
with higher electron affinity. Initially, we create a singlet ex-
citon in the D-chain, then we smoothly turn on the inter-chain
interactions to mimic the process of the exciton moving to-
wards the D-A polymer heterojunction. To get some insight
into the separation of the polaron pair into free polarons in
a direction perpendicular to the heterojunction, we addition-
ally carried out simulations of the same process in a D-D-A-
A polymer heterojunction which is composed of four parallel
chains in the configuration D-D-A-A. For this configuration,
the exciton is initially located on the inner D-chain. By sim-
ulating this process using nonadiabatic molecular dynamics
method, we can present a detailed description of the exciton
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dissociation at the atomistic level and with a time resolution at
the sub-femtosecond timescale. The effects of factors such as
inter-chain coupling, temperature, and electric field are also
investigated.

II. MODEL AND METHOD

The total Hamiltonian of our model system can be ex-
pressed as

Ĥ = Ĥelec + Ĥlatt . (1)

The first term in Eq. (1) is the Hamiltonian of the electronic
part of the system, which is expressed as

Ĥelec = Ĥintra + Ĥinter , (2)

where Ĥintra describes intra-chain interactions, which has the
form

Ĥintra = Ĥel + Ĥee + ĤE. (3)

In the above expression, the first term represents the interac-
tions experienced by the single electron:

Ĥel =
∑
i,s

�i ĉ
†
i,s ĉi,s −

∑
i,s

ti,i+1
(
ĉ
†
i,s ĉi+1,s + ĉ

†
i+1,s ĉi,s

)
, (4)

where i runs over the sites of all the donor and acceptor chains
(a simplified notation is used without a chain index on i). �i

denotes the on-site energy of site i. To mimic the D-A (D-D-
A-A) polymer heterojunction, we set different values of the
on-site energy on the D-chain and A-chain, �i = �E for all
sites of the D-chain and �i = 0 for all sites of A-chain. ĉ

†
i,s

and ĉi,s are the creation and annihilation operators for a π

electron with spin s at site i on one of the chains,

ti,i+1 = t0 − α(ui+1 − ui) + (−1)i te (5)

is the intra-chain nearest-neighbor transfer integral, with t0
denoting the transfer integral for zero displacement, α the
electron-phonon coupling constant, ui the displacement on the
ith site from equidistant position between neighboring carbon
atoms, and te the symmetry-breaking term, introduced to lift
the ground-state degeneracy for non-degenerate polymers.

The second contribution in Eq. (3) describes the intra-
chain electron-electron interactions:

Ĥee = U
∑

i

(
n̂i↑ − 1

2

)(
n̂i↓ − 1

2

)

+1

2

∑
i,j �=i

Vij (n̂i − 1)(n̂j − 1), (6)

where U denotes the screened on-site Coulomb interactions,
n̂i,s = ĉ

†
i,s ĉi,s , n̂i = ∑

s ĉ
†
i,s ĉi,s , and Vij is the Ohno potential

defined as24

Vij = U√
1 + (βrij /r0)2

, (7)

where i and j run over the sites of the same chain. The
Ohno potential describes the long-range Coulomb interac-
tions, where rij denotes the distance between sites i and j, r0

the average bond length, and β the screening factor.

The last contribution in Eq. (3) represents the external
electric field, E(t),

ĤE = |e|E(t)
∑
i,s

[(i)a + ui]

(
n̂i,s − 1

2

)
, (8)

where e denotes the electronic charge. In our simulations, E(t)
is constant after a smooth turn on.

In Eq. (2), Ĥinter describes the inter-chain interactions,
which has the form of

Ĥinter =
∑

〈i,j〉,s
−ti,j

(
ĉ
†
i,s ĉj,s + ĉ

†
j,s ĉi,s

)

+1

2

∑
i,j

Vij (n̂i − 1)(n̂j − 1), (9)

where i and j run over the sites of neighbor chains, respec-
tively. The symbol of

∑
〈i, j 〉 means that the sum is restricted

to pairs of nearest and next nearest neighboring sites in the
opposite chains, and ti, j denotes the inter-chain hopping inte-
gral. This quantity is calculated as a function of the inter-chain
distance, d, using

ti,j =

⎧⎪⎨
⎪⎩

t0
10exp

(
1 − d

5

)
nearest hopping,

t0
10exp

(
1 −

√
d2+r2

0

5

)
next nearest hopping.

(10)
Vi,j describes the inter-chain electron-electron interactions.

The last term in Eq. (1) is the Hamiltonian of the lattice
backbone, which is treated classically:

Ĥlatt = K

2

∑
i

(ui+1 − ui)
2 + M

2

∑
i

.
u

2
i , (11)

where i runs over the sites of both chains, K is the elastic
constant of a σ bond, and M the mass of a CH group.

The various parameters used in the calculations are cho-
sen so as to model cis-polyacetylene. The system can, how-
ever, be considered as a model system which is able to grasp
the essentials of most (non-degenerate) conjugated polymers.
Of course, the use of two polymers to describe the hetero-
junction is different from most real solar cell devices, which
consist of a polymer-fulleride heterojunction. However, this
difference is mostly of geometrical character and as far as the
interactions are concerned, the above equations apply equally
well to both type of heterojunctions.

Very recently, Miranda et al. developed a set of param-
eters in order to solve the inconformity of parameters when
Coulomb interactions are included in the Hamiltonian.25, 26

Thus, in this paper, we adopt the parameters developed by
them: t0 = 2.1 eV, α = 3.2 eV/Å, te = 0.05 eV, K = 21.0
eV/Å2, M = 1349.14 eV fs2/Å2, r0 = 1.22 Å, U = 4.1 eV,
β = 3.4. In this paper, we fixed the band offset �E = 0.4
eV, which is slightly above the minimum offset required for
charge exciton dissociation found experimentally15 as well as
in our simulations. Changing this parameter to a larger value
will not alter our qualitative conclusions.

Within the nonadiabatic molecular dynamics method,
the electrons are treated quantum-mechanically and evolve
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according to the time-dependent Schrödinger equation,

i¯|�̇〉 = Ĥelec|�〉. (12)

The atoms, on the other hand, are considered as classical par-
ticles, governed by Newton equations, and move under the
effects of nuclear and electronic contributions,

M
..
ui= Fi(t) = −∇i〈�|Ĥlatt |�〉 − ∇i〈�|Ĥelec|�〉. (13)

To include thermal effects, we use a canonical Langevin
equation.27, 28 For the fluctuation term, we choose a white
stochastic signal ζ (t) with the following properties: 〈ζ (t) 〉 ≡ 0
and 〈ζ (t)ζ (t′) 〉 = Bδ(t − t′). A Stokes like dissipation term is
also included. Therefore, we modify Eq. (13) to

M
..
ui= −γ

.
ui +ζ (t) + Fi(t). (14)

The relationship between ζ , γ , and the temperature T of the
system is given by the fluctuation dissipation theorem,

B = 2kBT γM. (15)

The wave functions that are solutions to Eq. (12) can be
expressed as a series expansion of instantaneous wave func-
tions. These wave functions are solutions to the time inde-
pendent Schrödinger equation with a Hamiltonian calculated
using the geometry of the lattice at that particular instant of
time:

Ĥelec|φj 〉 = εj |φj 〉, (16)

�k(t) =
N∑

j=1

|φj 〉Cj,k(t), (17)

where Cj, k are the expansion coefficients. The occupation
number for the instantaneous eigenstate j is

nj (t) =
∑

k

fk|Cj,k(t)|2, (18)

where fk is a fixed (time-independent) distribution
function (fk being 0, 1, or 2 depend on the initial state
occupation of the kth level) that determines the occupation of
the time-dependent wave functions, and nj(t) contains infor-
mation concerning the redistribution of electrons among the
instantaneous eigenstate. Note that the distribution function
fk is used when the density matrix is calculated, which enters
the equation of motion for the lattice. In this way we allow for
nonradiative and nonadiabatic decay processes, but exclude
radiative (dipole allowed) processes, which are related to a
change in the symmetry of the electronic system.

The solution of the full many-body problem given in
Eq. (12) is generally not possible and approximate methods
are necessary. As we have mentioned above, we use a mul-
ticonfigurational time-dependent Hartree-Fock (MCTDHF)
method introduced in Refs. 25 and 26 to solve this equa-
tion. Within this method, the appropriate spin symmetry of
the electronic wavefunction is taken into account, thus allow-
ing us to distinguish between singlet and triplet excited states.
Equations (12) and (14), that govern the evolution of the sys-
tem, may be numerically integrated using the method which
was first introduced by Ono and Terai29 and have been used
by Silva and co-workers30–32 and in our previous papers.33, 34

In Sec. III below, we use the staggered order parameter
ri(t) and the mean charge density ρ̄i(t) to analyze and display
the lattice and charge density evolution,

ri(t) = (−1)i

4
[ui−1(t) − 2ui(t) + ui+1(t)], (19)

ρ̄i(t) = 1

4
[ρi−1,i−1(t) + 2ρi,i(t) + ρi+1,i+1(t)], (20)

where the charge density ρi,j (t) = ∑
s〈ĉ†i,s ĉj,s〉.

III. RESULTS AND DISCUSSION

A. Exciton dissociation in the D-A polymer
heterojunction

As we have pointed out above, the D-A polymer hetero-
junction is constructed by two coupled polymer chains which
are placed face to face. We set different values to the on-site
energies of the two chains. Figure 1 shows the schematic dia-
gram of the energy spectrum of the D-A polymer heterojunc-
tion, where �E is the band offset. The donor chain is labeled
1–150, while the acceptor chain is labeled 151–300. Initially,
there are no interactions between the two chains, and there is
a singlet exciton in the donor chain while the acceptor chain
is in the ground state. Then, the inter-chain interactions are
smoothly turned on reaching their full strength within 75 fs.
This way of introducing the inter-chain interaction mimics an
exciton moving into the D-A polymer heterojunction.

Figure 2 shows the temporal evolution of the staggered
order parameter ri(t) (top panel) and the mean charge den-
sity ρ̄i(t) (bottom panel) with the temperature and the electric
field set to zero and an inter-chain distance set to 5 Å. We
can divide the whole exciton dissociation process into three
stages. Stage 1 is from 0 to t1 = 60 fs. In this stage, the ex-
citon keeps its shape and the charge density is zero all over
the two chains. This is because the inter-chain interactions
are still increasing and not large enough to make the exciton
dissociate. Stage 2 is from t1 to t2 = 250 fs. This is the time
interval during which the exciton dissociation process takes

FIG. 1. Schematic diagram of the energy spectrum of a D-A polymer het-
erojunction.
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FIG. 2. Time evolution of the staggered order parameter ri(t) (top panel)
and the mean charge density ρ̄i (t) (bottom panel) for SE dissociation in D-A
polymer heterojunction with T = 0, E = 0, and d = 5 Å.

place. From the top panel of Fig. 2, we see that from t1 the
exciton shape becomes more shallow and after 150 fs lattice
distortions appears in the acceptor chain. From the bottom
panel of Fig. 2, we can see that there are some positive charges
appearing on the donor chain and some negative charges on
the acceptor chain, i.e., CT state. When reaching t2, the sep-
aration is more or less completed and integer charges with
opposite sign reside on the two chains. Stage 3 is from t2 to
the end of the simulation. During this time interval we see no
overall change in neither the geometrical nor the electronic
structure of the system; the exciton remains completely dis-
sociated. From the top panel, we see that the fully dissoci-
ated exciton has two lattice distortions, one on the donor chain
and the other on the acceptor chain. In combination with the
evolution of the mean charge density (bottom panel), we can
conclude that these lattice distortions correspond to negative
and positive polarons, respectively. Since the two polarons are
Coulombically bound together and located on adjacent donor
and acceptor chains, we refer to this CT state as a polaron
pair.

In order to understand the exciton dissociation process
in more detail, we now turn to the evolution of the oc-
cupation number of the instantaneous eigenstates shown in
Fig. 3. The top panel of Fig. 3 displays the occupation
number evolution for levels from LUMO (lowest unoccu-
pied molecular orbital) to LUMO+8, and the bottom panel
for levels from HOMO (highest occupied molecular orbital)
to HOMO-8. Note that the numbering of the levels is for
the two-chain system. With Fig. 1 in mind, we can under-
stand why the initial occupation by the excited electron is in
LUMO+5. This is the lowest unoccupied level of the donor
chain. In stage 1 (from 0 to t1), the occupation numbers for
all unoccupied levels are unchanged. At time t1 the occu-
pation number of LUMO+5 sharply decreases from 1 to 0,
while at the same time the occupation number of LUMO+4
sharply increases from 0 to 1. This change in occupation num-
ber reflects the fact that these two levels interchange posi-
tions. The electron transfer associated with this change (see

Fig. 2, lower panel) is mostly due to the fact that the wave-
function corresponding to this level spreads over to the ac-
ceptor chain. In the following, we see that LUMO+4 is occu-
pied for a very short time and then the occupied orbital further
relaxes to LUMO+3, then to LUMO+2, and to LUMO+1.
Again, these changes do not correspond to transfer of the
electron from one level to another, instead they occur as
a result of changes in the eigen-energies of the respective
levels.

At t = 160 fs, we see from Fig. 2 that there are sub-
stantial changes in both the geometrical and electronic struc-
tures that occur simultaneously. These changes signal elec-
tron transfer from the donor to the acceptor chain. It is also
at this time that we observe some correlated changes in both
the HOMO and LUMO manifolds. The hole is rapidly mov-
ing to lower energy levels and the electron starts to spread
over several LUMO levels. It is clear that the CT state is
far from an eigenstate of the Hamiltonian and that both the
hole and the electron reside away from the ideal situation
with the hole in the HOMO level (located on the donor chain)
and the electron in the LUMO level (located on the acceptor
chain).

From t2 to the end of the simulation, the electron remains
distributed over several levels with some oscillatory behav-
ior. The levels LUMO, LUMO+5, LUMO+6, and LUMO+7
are hosting the electron and the final distribution of the hole
is mainly over HOMO, HOMO-5, and HOMO-6. That is to
say, the CT state is in an excited (“hot”) state, which is in
agreement with results from experiments.20, 21 It is interest-
ing to note that there is no tendency for further relaxation
of the electron and hole towards the band edges. This is to
a large extent due to the Coulomb interactions at the D/A in-
terface, which dramatically changes the internal field experi-
enced by each of the two polarons as compared to an isolated
polaron.

With the knowledge of these details of the dissociation
process in mind, we now turn to simulations in which we
have varied the inter-chain interaction strength, the temper-
ature, and the strength of an external electric field. First, we
show the results of how the exciton dissociation is affected
by the inter-chain interactions with both temperature and the
electric field set to zero. Figure 4 shows the net charge evo-
lution per chain, curves (a)–(c) correspond to d = 4, 5, and
6 Å, respectively. Initially, the net charges of the donor and
the acceptor chain are zero for three cases. Curve (b) is the
same result as displayed in Fig. 3 (bottom panel) but with
the charges on each chain summed up. The three stages of
charge transfer discussed above are also clearly visible in
this graph. By increasing the inter-chain coupling (by reduc-
ing d from 5 Å to 4 Å), the charge transfer process occurs
much faster and is completed within about 50 fs after the
full interaction strength is reached, even though there is some
oscillatory behavior following this fast charge transfer pro-
cess. For a lower inter-chain coupling (d set to 6 Å), the
net charges of the two chains only reach about 0.2 e, which
means that the exciton does not dissociate. The state is best
described as a polarization of the charge density, which occurs
as a result of the difference in the on-site energy of the two
chains.
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FIG. 3. Time evolution of the occupation numbers for some levels in conduction band and valence band. (From the same simulation as Fig. 2.)

To study the temperature effect on the exciton dissoci-
ation process, we again set the electric field to zero. Since
we would like to point at the effect of the temperature to fa-
cilitate exciton dissociation, we chose an inter-chain distance
which is large enough to result in no charge transfer at zero

temperature. In the case shown in Fig. 5, this distance is set to
8 Å. Figure 5 shows the net charge evolution per chain, curves
(a)–(c) correspond to T = 150 K, 100 K, and 50 K, respec-
tively. From Fig. 4, we have seen that the exciton does not
dissociate for inter-chain distance greater than 5 Å in case of
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FIG. 4. Time dependence of the net charges (in units of −|e|) per chain with
E = 0, T = 0, and different inter-chain distance: (a) d = 4 Å, (b) d = 5 Å,
and (c) d = 6 Å.

zero electric field and zero temperature. However, a non-zero
temperature changes this result. At an inter-chain distance of
8 Å, we observe exciton dissociation at both 150 K and 100
K (curves (a) and (b) in Fig. 5) but not at 50 K (curve (c)).
Obviously, exciton dissociation into a CT state is thermally
stimulated.

In all the cases presented above, the polaron pair remains
a stable CT state following the exciton dissociation. There
is no driving force for the polaron pair to break apart into
two free polaron charge carriers. The only way to overcome
the Coulomb forces that bind the two oppositely charged po-
larons together is to introduce an external electric field di-
rected along the chain axis of the two polymeric systems.
Such a field is introduced in a set of simulations in which we
again set the temperature to zero and the inter-chain distance
to 8 Å.

FIG. 5. Time dependence of the net charges (in units of −|e|) per chain with
E = 0, d = 8 Å, and different temperature: (a) T = 150 K, (b) T = 100 K,
and (c) T = 50 K.

FIG. 6. Time dependence of the net charges (in units of −|e|) per chain with
T = 0, d = 8 Å, and different electric fields: (a) E = 1.4 mV/Å, (b) E = 0.9
mV/Å, and (c) E = 0.8 mV/Å.

Figure 6 shows the evolution of the net charges per chain,
curves (a)–(c) correspond to E = 1.4, 0.9, and 0.8 mV/Å, re-
spectively. For the chosen inter-chain distance, an external
electric field with strength 0.9 mV/Å or larger is shown to
lead to exciton dissociation. From the plot in Fig. 6, the two
curves (a) and (b) look very similar. However, looking at the
charge density distribution for these two cases, we observe
a marked difference. While case (b) looks more or less the
same as the charge density distribution displayed in Fig. 2,
the case with a field strength of 1.4 mV/Å (or larger) shows
a separation of the charges into two separated polaron pairs.
Thus, the electric field facilitates both exciton dissociation
into a polaron pair and, at even higher field strengths, charge
separation.

In Fig. 7, we display the temporal evolution of the stag-
gered order parameter ri(t) (top panel) and the mean charge

FIG. 7. Time evolution of the staggered order parameter ri(t) (top panel)
and the mean charge density ρ̄i (t) (bottom panel) for SE dissociation in D-A
polymer heterojunction with E = 2.0 mV/Å, T = 0, and d = 5 Å.
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density ρ̄i(t) (bottom panel) with the parameters T = 0, E
= 2.0 mV/Å, and d = 5 Å. The behavior shown in Fig. 7
displays the two steps in the photovoltaic process introduced
above: exciton dissociation and charge separation. At t = 100
fs, the exciton has dissociated into a polaron pair. In contrast
to Fig. 2 (in that case, the exciton dissociates at about 250 fs),
the exciton dissociates much faster, which again shows that
the electric field contributes to the exciton dissociation. As
soon as the polaron pair is created, the two oppositely charged
polarons start to separate: the negative polaron moves in one
direction, opposite to the direction of the electric field, and
the positive polaron moves along the donor chain in the di-
rection parallel to the electric field. Apparently, the applied
field strength is enough to break the bounding effect of the
Coulomb interaction between the polarons, and the polarons
can be considered to be free charge carriers.

The critical electric field to separate the polaron pair at
an inter-chain distance of 5 Å is 2.0 mV/Å. If the electric
field is lower than this value, the two polarons will not sep-
arate. We have performed the same type of simulations at
different inter-chain distances: in the case of d = 8 Å pre-
sented in Fig. 6 above, the critical field for charge separation is
1.4 mV/Å, whereas at d = 4 Å the critical field is 3.3 mV/Å.
Thus, the closer the inter-chain distance is, the stronger is the
binding of the polaron pair.

If we summarize the observations made above concern-
ing the effect of different inter-chain distances, we reach the
conclusion that the exciton dissociation into a polaron pair is
facilitated the closer the chains are, whereas the charge sep-
aration into free polarons is more difficult at short distances.
Since both processes are necessary for the conversion of the
solar energy into electrical energy, there is ideally an optimal
distance for which the required process occurs with highest
probability. It is probably rather difficult to control the sepa-
ration distance between the donor and acceptor units in a real
device but nevertheless this effect should be kept in mind. If
the limiting step in the device performance is found to be the
charge separation process, it would be preferable, by means
of structural modifications, to separate these units somewhat
and study the effect of this change on the device performance.

B. Exciton dissociation in the D-D-A-A polymer
heterojunction

In order to get some insight into the separation of the po-
laron pair into free polarons in a direction perpendicular to the
heterojunction, we have introduced the D-D-A-A system. The
D-D-A-A polymer heterojunction is constructed by two D-
chains and two A-chains. These chains are placed face to face
with equal inter-chain distances. Initially, the exciton locates
on the inner D-chain. Then, we smoothly turn on all the inter-
chain interactions and study the same processes as discussed
above, namely, the exciton dissociation and the separation of
the polaron pair.

In relation to what was presented above for the D-A sys-
tem, we note that, by extending the system to four chains,
exciton dissociation occurs more easily and at larger inter-
chain distances than for the two-chain system. It is also clear
from the simulations that it is possible to separate the polaron

pair also in the direction perpendicular to the chain axis if
an external electric field is applied in this direction. Since the
geometrical constraints are different compared the case of po-
laron pair separation along the chain axis, we cannot make di-
rect comparison with the case presented above. In particular,
it is only possible to move the polaron one interchain distance
away from the heterojunction, from the inner to the outer D-
chain (A-chain). In this configuration, the two polarons are
still Coulombically bound, much weaker though than in the
initial state, and the potential drop due to the electric field is
rather limited.

As an example, we find that in case of T = 0 and d = 10
Å, the critical electric field for this kind of charge separation
is 7.0 mV/Å. The total potential drop the system experiences
when two polarons move from the inner to the outer chains
is thus 140 meV, i.e., even though the critical field strength is
rather high, we can conclude that the polaron pair is not very
strongly bound. For a system in which it would have been
possible for the polarons to move further away from the het-
erojunction, the critical field would be considerably reduced
as compared to the value observed for the D-D-A-A system.

IV. SUMMARY AND CONCLUSIONS

We have simulated the exciton dissociation process
in a D-A polymer heterojunction by solving the time-
dependent Schrödinger equation and the lattice equation of
motion simultaneously and nonadiabatically using the Su-
Schrieffer-Heeger Hamiltonian with additional contributions
from electron-electron interactions and an external electric
field. We have also used the Langevin approach to consider
the temperature effects.

The exciton, initially localized to the donor chain, is
brought in contact with an acceptor chain with a LUMO
(HOMO) level 0.4 eV lower in energy as compared to the cor-
responding levels in the donor system. The process of electron
transfer to the acceptor chain is studied in detail as a func-
tion of time. The processes that lead to charge separation in-
clude both energy level crossings and truly nonadiabatic ef-
fects such as electron transfer between levels and spreading
of the occupation of the instantaneous eigenstates over several
such levels. The final state corresponds to a CT state, which
is a polaron pair, with the positively (negatively) charged po-
larons localized to the donor (acceptor) chain. The energy di-
agram is however different from the usual polaron electronic
structure with gap states with integer occupation numbers (0,
1, or 2). Here, the CT state is a “hot” state with non-integer
occupation numbers of several of the levels in the HOMO and
LUMO bands of the system.

The effect of the inter-chain distance, the temperature,
and the electric field on the charge transfer process are in-
vestigated. We found that, on the one hand, closer inter-chain
distance makes it easy for the exciton to dissociate and form
a polaron pair, but on the other hand makes it more diffi-
cult for the polaron pair to dissociate into state with sepa-
rated non-interacting polarons. This indicates that we need
a compromise in designing real solar cell device to obtain
the highest possible efficiency. We also found that both the
temperature and the electric field have apparent effects on the
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exciton dissociation. Higher temperature and higher electric
field strength make it easier for the exciton to dissociate into
the state with two Coulombically bound polarons and for this
polaron pair state to dissociate into the charge separation state.
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