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ABSTRACT: We investigated the charge separation process in organic
semiconductor bilayers from the moment of creation of a donor exciton to
the time when all charge pairs have either recombined or reached external
contacts. The system was modeled using a one-dimensional microscopic
Hamiltonian that includes the eﬀects of carrier delocalization, electron−hole
interaction, static disorder, and carrier−phonon interaction. Transition rates
between excitonic states were modeled using modiﬁed Redﬁeld approach
which takes into account polaronic eﬀects by exact treatment of diagonal
exciton−phonon interaction. An eﬃcient numerical scheme was developed
that enabled us to obtain the time dependence of energy-resolved populations
of relevant exciton states on a time scale as long as 1 μs. Our results indicated
that charge separation proceeds via the so-called cold pathway in which donor excitons convert to relaxed charge-transfer excitons
which further transform to the states of separated charges. We found that for lower disorder strengths the time scale for conversion
of donor excitons to charge transfer excitons is ∼(1−10) ps, while further separation to free charges takes place on the time scale
reaching ∼1 ns. These time scales are extended for larger disorder strengths because diﬀusion of donor excitons to the interface and
transport of separated charges toward external contacts are slowed down. We also found that charge separation yield has a rather
weak dependence on electron−phonon interaction strength.

■

INTRODUCTION
Operation of organic photovoltaic (OPV) devices is based on
separation of electron−hole pairs (excitons) generated by
incident sunlight into free charges. Although signiﬁcant
research eﬀorts have been put in the last two decades to
understand and improve the performance of OPVs, the details
of charge separation mechanism are still not fully understood.
The active region in OPVs typically consists of two organic
semiconductor materials. The conventional picture of the
charge separation process at the interface of these materials is
as follows.1−3 Incident sunlight initially generates bound
excitons in the donor material (donor excitons, XD) which
then migrate to the interface of two materials into so-called
charge transfer (CT) excitons, which consist of an electron in
the acceptor material and a hole in the donor material that are
both localized close to the interface. The next step in the
separation process is transformation of CT excitons into charge
separated (CS) states in which electron in the acceptor and
hole in the donor are spatially separated. Electrons and holes in
CS states are free to migrate toward external contacts and form
current in external circuit.
The challenge to this conventional picture comes from the
fact that in most eﬃcient OPV devices almost each absorbed
photon produces one electron−hole pair in external circuit,
that is, internal quantum eﬃciency is close to one.4 Since
© 2020 American Chemical Society

binding energy of electrons and holes in CT states is much
larger than thermal energy at room temperature,1 it remained
unclear how is separation of electrons and holes from CT
states possible. Along this line, there were suggestions that in
the course of separation process excitons do not reach strongly
bound CT states but remain in energetically higher and weakly
bound CT states (so-called hot CT states) and further
transform into CS states from these states.5,6 In such a picture,
this transfer has to occur before relaxation to cold states7 and it
was therefore believed that it takes place on very short subpicosecond time scale. On the other hand, the conventional
picture which involves separation from low energy strongly
bound CT states (so-called cold CT states) was not
abandoned. In particular, experimental results which show
that internal quantum eﬃciency is nearly independent of the
energy of the initial state point in favor of this picture.8−10
In our previous theoretical work,11,12 we ﬁrst investigated
exciton dynamics on a sub-picosecond time scale using a fully
quantum mechanical model of the heterojunction based on
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density matrix theory. Our results indicated that donor
excitons generated by a pulsed photoexcitation predominantly
remain in these states and that there is no signiﬁcant charge
transfer on this time scale.12 To assess the possibility of charge
separation on longer time scale, we used a master equation
approach to ﬁnd steady-state populations of relevant states and
calculate the charge separation yield.13 Our analysis indicated
that eﬃcient separation of charges from an initial strongly
bound CT state is possible. Strong binding of the electron and
hole in a CT state is overcome due to a sequence of transitions
to higher energy and more loosely bound CT states from
which further transitions to CS states take place. We found that
the separation process is most eﬃcient at moderate values of
disorder and that it is enhanced by charge carrier
delocalization.13
However, our previous eﬀorts did not take into account
polaronic eﬀects, which are sometimes regarded as highly
important for a realistic description of exciton and charge
dynamics in organic semiconductors.14 Namely, when the
strength of (static) disorder is comparable to the magnitude of
electronic couplings, and both of these are comparable to the
coupling of electronic excitations to vibrations, there is no
obvious small parameter in which a perturbation expansion can
be performed. Techniques that can circumvent this problem
exist, for example wave function-based methods 15 or
hierarchical equations of motion.16 However, their direct
application to the problem of long-time charge separation, in
which we necessitate an accurate description of processes
occurring on time scales spanning the range from femtoseconds (nuclear dynamics) to at least nanoseconds (recombination), is computationally prohibitive. The application of
these numerically exact techniques is thus typically limited to
ultrafast dynamics.17,18 A similar situation is encountered in
photosynthetic excitonic complexes, where, however, one can
ﬁnd various approximate approaches taking into account the
competition between delocalization, disorder, and polaronic
eﬀects at least partially.19−21 One of these approaches, which is
suited for disordered excitonic systems, is the so-called
modiﬁed Redﬁeld theory.22,23 In such systems, due to disorder,
the overlap between diﬀerent excitonic wave functions is
expected to be small, so that the oﬀ-diagonal exciton−phonon
couplings should be much smaller than the diagonal ones. The
modiﬁed Redﬁeld theory takes advantage of this circumstance
by treating the diagonal part of the exciton−phonon
interaction exactly, while its oﬀ-diagonal part is treated
perturbatively.
In this work, we analyze in detail exciton dynamics on long
time scales reaching ∼1 μs, when all charge pairs have either
recombined or reached external contacts. We have extended
our previous model where transition rates between diﬀerent
exciton states were calculated assuming relatively weak
electron−phonon coupling to include polaronic eﬀects in the
framework of modiﬁed Redﬁeld approach. We obtain
spectrally resolved time dependence of populations of exciton
states from which we construct a full picture of charge
separation process starting from generation of donor or CT
exciton and ending with fully separated charges in external
contacts. From the results obtained, we identify the time scales
for diﬀerent parts of the charge separation process and
establish the eﬀect of most relevant system parameters on
these time scales. Our results point in favor of conventional
cold separation mechanism.
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MODEL AND METHOD

Model. The model that we use to study charge separation
on an organic bilayer is essentially the same as the one we have
used in our recent studies of the same phenomenon.13
Therefore, the model itself is presented in greater detail in
section S1.1 of the Supporting Information (SI), while here we
only describe its features that are relevant to the formulation of
the theoretical approach. Figure 1a provides a schematic
diagram of our model.

Figure 1. (a) Scheme of the one-dimensional electron−hole lattice
model used to describe charge separation at the donor/acceptor
interface. It consists of N donor and N acceptor sites, each of which
can accommodate a number of single-electron and single-hole levels
presented by horizontal lines. To mimic the existence of higher-thanLUMO orbitals that are energetically close to the LUMO level of the
widely used electronic acceptor PCBM, we take two single-electron
levels per acceptor site.13 Energies of single-carrier levels diﬀer from
site to site due to the diagonal static disorder, while two-sided vertical
arrows standing on the left of each level represent its dynamical
modulation by Holstein-like interaction with nuclear degrees of
freedom. In a free-charge state, the electron (the hole) is mainly
located in the spatial region within the rectangle in the acceptor part
(the donor part) of the interface. More details can be found in ref 13
and section S1.4 of the SI. (b) Diagram outlining the main steps that
have to be taken in order to compute the dynamics in a single
disorder realization. Relevant equations and sections of the main text
and SI are given in parentheses.

The interface between two organic semiconductors of
diﬀerent electronic properties is described using a onedimensional electron−hole lattice model, in which each of
the materials is modeled within the standard semiconductor
model. As we have already discussed,13 our model takes into
account on a fully quantum level all the physical eﬀects that are
regarded as relevant for the problem of charge separation in
OPVs. Namely, the model includes electron and hole
delocalization, attractive electron−hole interaction that binds
them into excitons, static disorder, which is omnipresent in
organic semiconductors, as well as the interaction of electrons
and holes with nuclear degrees of freedom.
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satisﬁes this criterion. Here, let us only mention that the
magnitude of exciton−phonon couplings is governed by the
spatial-proximity factor, which is determined by the electron
and hole overlap in the two exciton states.13 In order to
achieve high coupling between two (diﬀerent) exciton states,
both the electron and the hole in these states have to overlap, a
condition that is diﬃcult to meet in the presence of static
disorder whose strength is comparable to electronic couplings.
The modiﬁed Redﬁeld theory has become a standard tool in
the chemical physics community,19,20,24 where it is commonly
applied to study exciton dynamics within models containing a
relatively small number of chromophores (∼10), that is, a
relatively small number of excitonic states.25,26 To the best of
our knowledge, our work is among the ﬁrst works employing
the modiﬁed Redﬁeld theory to describe excitonic dynamics in
a condensed-phase system, in which the number of relevant
excitonic levels is of the order of 1000. Therefore, the main
steps toward the derivation of the relevant equations of motion
are presented in the main body of the paper, whereas further
technical details can be found in section S2 of the SI. Our
presentation relies on the results of ref 27, which, in fact, in the
limit of the macroscopic bath, present a lucid rederivation of
the modiﬁed Redﬁeld theory.
As the ﬁrst step, the total Hamiltonian is rewritten as

While the model itself is formulated in the electron−hole
picture, theoretical developments are conducted in the
excitonic basis, that is, in the basis of stationary states of an
electron−hole pair that are compatible with our model
interface. We limit our discussion to the subspace of singly
excited states {|x⟩}, in which the model Hamiltonian assumes
the following form:
H=

∑ ℏωx|x⟩⟨x| + ∑ ℏωμbμ†bμ
x

μ

+

μ
Γxx
|x ⟩⟨x|(bμ†
̅ ̅

∑
xx̅ μ

Article

+ bμ)
(1)

In eq 1, ℏωx is the vertical excitation energy of exciton state
|x⟩, and index μ labels phonon modes whose energies are ℏωμ,
while bμ† (bμ) are the corresponding Bose creation (annihilation) operators. The third term in eq 1 is the exciton−phonon
μ
μ*
μ
= Γxx
satisfy Γxx
.
interaction, whose coupling constants Γxx
̅
̅
̅
The exciton−phonon interaction Hamiltonian stems from
the electron−phonon and hole−phonon interaction Hamiltonians, which are taken to be of the Holstein type. Each site is
assumed to be equipped with a set of phonon modes, and the
relevant parameter sets on all sites (phonon frequencies and
local electron−phonon and hole−phonon interaction constants) are taken to be identical. The limit of macroscopic
phonon bath is taken by introducing the appropriate spectral
density.
Based on their spatial properties, exciton states can be
classiﬁed as donor, acceptor, CT, CS, and free-charge states. In
the last three groups of states, the electron is predominantly
located in the acceptor, and the hole is mainly in the donor.
The discrimination between CT, CS, and free-charge states is
established essentially on the basis of the mean electron−hole
separation. The electron and hole in a CT state are quite close
to one another and pinned to the interface. In a CS state, their
mutual separation is somewhat larger. In free-charge states,
charges are mainly located on the opposite edges of the
interface, so that these states mimic the ones from which
carrier extraction to electrodes is possible. In that spirit, we
take that, once an exciton reaches a free-charge state, it
permanently remains in that state. As discussed in ref 13, the
disorder in on-site transition energies is crucial to identify freecharge states. Here, we introduce disorder by drawing electron
and hole on-site energies from the Gaussian distribution with
standard deviation σ and center at an appropriate energy. For
more details, see refs 12, 13 and Section S1.2 of SI.
The model Hamiltonian is parametrized so that the values of
band gaps, bandwidths, band oﬀsets, and binding energies of
the donor, acceptor, and CT exciton within our model agree
with the literature values for typical OPV materials. In
particular, we choose the values of model parameters to be
representative of the prototypical P3HT/PCBM interface, as
detailed in Section S1.4 of SI and ref 13.

H = H0 + V

(2)

where the unperturbed Hamiltonian H0 contains the diagonal
part of the exciton−phonon interaction
H0 =

ij

yz

∑ |x⟩jjjjjℏωx + ∑ Γxxμ (bμ† + bμ)zzzzz⟨x| + ∑ ℏωμbμ†bμ
j
k

x

z
{

μ

μ

(3)

while the perturbation V contains its oﬀ-diagonal part
V=

′

∑

μ
Γxx
|x ⟩⟨x|(bμ† + bμ)
̅ ̅

(4)

xx̅ μ

In eq 4, the prime on the sum indicates that only terms in
which x ̅ ≠ x are considered.
Hamiltonian H0 can be diagonalized by performing the
polaron transformation
U = e −S

(5)

where
S=

∑
xμ

μ
Γxx
|x⟩⟨x|(bμ† − bμ)
ℏωμ

(6)

In the polaron frame, Hamiltonan H0 becomes (an operator
in the polaron frame is denoted by a tilde above its symbol)
∼ |x⟩⟨x| + ∑ ℏω b†b
H̃ = U†H U = ∑ ℏω
0

x

0

x

■

μ μ μ

μ

(7)

where energies of excitonic states are renormalized due to the
adaptation of the nuclei to the excited-state conﬁguration

METHOD
The exciton dynamics governed by Hamiltonian H is studied
using the modiﬁed Redﬁeld theory. As has been mentioned in
Introduction, the essential criterion for the applicability of the
modiﬁed Redﬁeld theory is the smallness of the oﬀ-diagonal
exciton−phonon couplings, which are treated perturbatively,
with respect to the diagonal ones, which are treated exactly. In
Results, we present numerical evidence that our model system

∼ = ℏω −
ℏω
x
x

∑
μ

μ 2
[Γxx
]
≡ ℏωx − λx
ℏωμ

(8)

Hamiltonian V in the polaron frame reads as
Ṽ = U†VU =

′

∑
xx̅ μ
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Ç
Ö
∼
ρ (0) = |x0⟩⟨x0| ⊗
ÄÅ
É
† Ñ
Å
Å
TrBexpÅ−β ∑μ ℏωμbμbμÑÑÑ
ÅÇ
ÑÖ
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where the transition from exciton state |x⟩ to exciton state |x ̅ ⟩
is mediated by the dressed phonon operator
ÄÅ
ÉÑ
ÅÅ
ÑÑ
Γ νxx̅ ̅ − Γ νxx †
ÅÅ
Ñ
μ
∑ M xx̅ μ = ∑ Γxx̅ expÅÅÅ∑
(bν − bν)ÑÑÑ
ÑÑ
ℏ
ω
Å
ν
ÑÖ
μ
μ
ÅÇ ν
μ y
ij
jjb† + b − 2 Γxx zzz
jj μ
z
μ
j
ℏωμ zz{
k

(10)

∂tfx (t ) = −

∑

wx′xfx (t ) +

x ′ (≠ x)
μ

∑ Γxxμ̅ (bμ† + bμ)
μ

(13)

Working in the polaron frame in this case is thus technically
advantageous, since all partial traces over phonon bath are
computed in its canonical equilibrium.
By employing the usual second-order perturbation theory
with respect to Ṽ , together with Markovian approximation, we
obtain that population f x(t) of exciton state |x⟩ evolves
according to

This should be contrasted with the undressed phonon
operator that mediates the same transition within the Redﬁeld
theory

∑ M xx̅ μ|Red =

Article

∑

wxx′fx′ (t )

x ′ (≠ x)

(14)

where transition rates wxx′ from state |x′⟩ to state |x⟩ are
expressed in terms of the Fourier component of the correlation
function of dressed phonon operators

(11)

We see that, while the Redﬁeld theory does not take into
account neither the displacements (with respect to the ground
state) of equilibrium nuclear conﬁgurations in excited states
nor multiphonon processes, the modiﬁed Redﬁeld theory takes
into account both these eﬀects.28 The presence of the
μ
/(ℏωμ) in eq 10,
displaced phonon operator bμ† + bμ − 2Γxx
which is characteristic for the equilibrium conﬁguration of the
nuclei when the electronic subsystem is in state |x⟩, means that
the ﬁrst eﬀect is taken into account. Processes in which an
arbitrary number of vibrational quanta is exchanged with the
bath to accomplish the transition |x⟩ → |x ̅ ⟩ are taken into
account in eq 10 by the presence of the exponential of phonon
operators.
We assume that the initial density matrix is factorized as

1
wxx = 2
′ ℏ

+∞

∼

∫−∞

∼

dτei(ωx′− ωx)τ∑ ⟨Mx(0)
′xμ(τ )Mxx′ν⟩eq
(15)

μν

In the last equation, time dependence of phonon operators
is with respect to the free-phonon Hamiltonian appearing in
H̃ 0 (see eq 7), whereas the averaging ⟨...⟩eq is with respect to
the canonical equilibrium of the phonon bath (see eq 13).
More details are provided in section S2.1 of the SI. The
calculation of the phonon correlation function appearing in eq
15 is a straightforward, but rather tedious task, whose technical
details are presented in section S2.2 of the SI. Here, we only
quote the ﬁnal result in the form that is commonly
encountered in the literature

ÅÄ
ÑÉ
expÅÅÅ− β ∑μ (ℏωμbμ†bμ + Γxμ0x0(bμ† + bμ))ÑÑÑÑ
Å
Ç
Ö
ρ(0) = |x0⟩⟨x0| ⊗
ÅÄÅ
ÑÉ
†
μ
†
Å
TrBexpÅ− β ∑μ (ℏωμbμbμ + Γx0x0(bμ + bμ))ÑÑÑÑ
ÅÇ
ÑÖ
(12)

wxx′ =

so that the excitonic subsystem is taken to be in excitonic state
|x0⟩, while the nuclear degrees of freedom have already adapted
themselves to the displaced equilibrium conﬁguration corresponding to the excited state |x0⟩. In eq 12, β = (kBT )−1, T is
the temperature, and TrB denotes (partial) trace over phonon
bath. Such an initial condition tacitly assumes that the
adaptation of nuclear degrees of freedom to the displaced
equilibrium characteristic for excited states is much faster than
the population transfer between excited states. Its relevance to
the problem of charge separation in OPVs can be understood
from our recent investigations of the phenomenon in
question.12 Namely, we have concluded that, on a subpicosecond time scale after photoexcitation, the majority of
excitons are found in strongly bound donor or CT states,
which act as traps for ultrafast charge separation. The escape
from these states, therefore, occurs on time scales much longer
than typical time scales for nuclear relaxation, which are of the
order of 100 fs. Moreover, the fact that our origin of the time
axis loosely corresponds to t ∼ 100 fs to 1 ps after the
photoexcitation is not of particular importance for our analysis,
which targets processes that happen on much longer time
scales. Bearing in mind that we estimate time scales (i.e., orders
of magnitude), we can safely think about t = 0 as the moment
of exciton generation. The initial condition (eq 12) in the
polaron frame reads as

1
ℏ2

+∞

∫−∞

∼

∼

ÄÅ
ÉÑ
Å 1
Ñ
expÅÅÅÅ− 2 (gx′x′, x′x′(τ ) − 2gx′x′, xx (τ ) + gxx , xx (τ ))ÑÑÑÑ
ÅÅÇ ℏ
ÑÑÖ
ÄÅ
ÉÑ
ÅÅ i
ÑÑ
expÅÅÅ− (λx′x′, x′x′ − 2λx′x′, xx + λxx , xx)τ ÑÑÑ
ÑÖ
ÇÅ ℏ
ÄÅ
ÅÅ
1
i1
ÅÅÅgẍ ′x , xx′(τ ) − jjj gẋ ′x , xx (τ ) − gẋ ′x , x′x′(τ )
ÅÅÇ
ℏ
kℏ
1
yi 1
− 2iλx′x , x′x′zzzjjj gxx
̇ ′, xx (τ ) − gxx
̇ ′, x′x′(τ )
ℏ
ℏ
{k
É
yzÑÑÑÑ
− 2iλxx′, x′x′zzÑÑ
(16)
{ÑÑÖ
dτei(ωx′− ωx)τ

Transition rates within the modiﬁed Redﬁeld theory are
entirely expressed in terms of quantity
g ẍ x

2̅ 2 , x1̅ x1

(τ ) =

∑ ⟨M x̅ x μ |(0)
Red (τ )M x ̅ x μ |Red ⟩eq
2 2 2

1 1 1

(17)

μ2 μ1

and its integrals. The quantity g ẍ x

2̅ 2 , x1̅ x1

(τ ) represents the

(equilibrium) correlation function of undressed phonon
operators mediating the transition between states |x 2̅ ⟩ and
|x2⟩ and the transition between states |x1̅ ⟩ and |x1⟩, see eq 11.
The function g ẋ x , x x (τ ) and the so-called line shape function
2̅ 2

gx x

2̅ 2

1̅ 1

g ẋ x

2̅ 2
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1̅ 1

(τ ) are deﬁned as
,x x
(τ ) =
,x x
1̅ 1

∫0

τ

dsg ẍ x

2̅ 2 , x1̅ x1

(s )

(18)
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2̅ 2

(τ ) =
,x x
1̅ 1

∫0

τ

ds 2

∫0

s2

ds1g ẍ x

2̅ 2 , x1̅ x1

(s1)

pubs.acs.org/JPCC

In eq 23, gξ are local carrier−phonon interaction constants.
Under the aforementioned assumptions, correlation function
g ẍ x , x x (τ ) factorizes as follows

(19)

2̅ 2

while quantity λ x2̅ x2 , x1̅ x1 represents a generalization of the
expression for λx (see eq 8) and reads as
λ x2̅ x2 , x1̅ x1 =

∑

ℏωμ

2̅ 2 , x1̅ x1

1
= 2
ℏ

+∞

∫−∞

dτe

i(ωx′ − ωx)τ

(20)

∑

(25)

depends only on spectral density J(E). Analogous factorizations also hold for g ẋ x , x x (τ ), g x x , x x (τ ), and λ x2̅ x2 , x1̅ x1, as
2̅ 2

Red
wxx
′ =

ξ

(26)

(27)

In this work, we assume that the spectral density is of the
Drude−Lorentz form
J (E ) =

⟨Mx′xμ|(0)
Red (τ )Mxx′ν|Red ⟩eq

E ·ℏγ
2
λ 2
π E + (ℏγ )2

(28)

The parameter λ, which can be interpreted as the polaron
binding energy, measures the overall strength of carrier−
phonon coupling. The inverse of parameter γ, γ−1, is the
characteristic time scale of the decay of bath correlation
function g(̈ τ ) in eq 25. The Drude−Lorentz spectral density is
widely employed in computational studies of excitonic
dynamics in models of photosynthetic excitonic aggregates29,30
and OPVs,18,31,32 mainly due to the existence of relatively
simple analytical expressions for g(̈ τ ).
The exciton recombination is taken into account on the
same level as in our recent work.13 Equation 14 is then
augmented by the following term

μν

2π
∑ |Γxxμ ′|2 δ(ℏωx′ − ℏωx − ℏωμ)
ℏ μ

∑ gξ2δ(E − ℏωξ)

1̅ 1

2π
Px′x , xx′J(|ℏωx − ℏωx′|)n(ℏωx − ℏωx′)
ℏ

l
o
o nBE(E), E > 0
n(E) = m
o
o
o
n1 + nBE( −E), E < 0

(∂tfx (t ))rec = −τx−1fx (t )
(22)

(29)

where lifetime τx of state |x⟩ basically depends on the overlap
of moduli of electron and hole distributions in that state. The
recombination events are assumed to be unidirectional and
they are tracked by following the time evolution of the groundstate (GS) population

with nBE(E) = (e βE − 1)−1.
As mentioned in the model description, index μ enumerating
phonon modes can be understood as composite index (iξ),
where i labels individual sites, while ξ counts individual
phonon modes on each site. Bearing in mind our assumption
that sets of phonon modes and local electron−phonon and
hole−phonon interaction constants are identical on each site,
the passage to the limit of macroscopic phonon bath is most
conveniently done by introducing the spectral function (for E
> 0)
J (E ) =

2̅ 2

Equation 26 can be obtained from eq 22 by passing to the
limit of macroscopic bath, while

2π
∑ |Γxxμ ′|2 δ(ℏωx′ − ℏωx + ℏωμ)nBE(ℏωμ)
ℏ μ

(1 + nBE(ℏωμ))

1̅ 1

detailed in section S2.3 of the SI. Here, let us only mention
that quantity Px2̅ x2 , x1̅ x1 is a generalization of the spatial proximity
factor Px′x,xx′, which is the only quantity entering the Redﬁeld
population transition rates

Note also that, in eq 21, there is no renormalization of
∼ = ω . Evaluating eq 21, we obtain
excitonic energies, that is, ω
x
x
the familiar expression for rates in the case when only one
phonon can be exchanged with the bath to perform transition |
x′⟩ → |x⟩

+

(24)

∫

(21)

Red
wxx
′ =

(τ ) = Px2̅ x2 , x1̅ x1g (̈ τ )

where quantity Px2̅ x2 , x1̅ x1 depends only on spatial properties of
exciton states involved, while
É
ÅÄÅ
+∞
i βE y i E τ y
i Eτ yÑÑÑ
Å
dEJ(E)ÅÅÅcothjjj zzz cosjjj zzz − i sinjjj zzzÑÑÑ
g (̈ τ ) =
ÅÅÇ
0
k ℏ {ÑÑÖ
k 2 { kℏ{

We note here that the derivation in section S2.1 of the SI
actually results in rate eqs (eq 14) with time-dependent
modiﬁed Redﬁeld rates, wxx′(t), which are given by eq 16 in
which the integration limits − ∞ and +∞ are replaced by −t
and t, respectively. Therefore, strictly speaking, the dynamics
predicted by eq 14 is not correct for times t shorter than the
decay time of the phonon correlation function entering eq 15.
On these time scales, non-Markovian eﬀects become
important. This circumstance, however, is not expected to
aﬀect our principal conclusions. Physically relevant treatment
of short-time dynamics should proceed from an initial
condition that should be appropriate for a sudden exciton
photogeneration and that is diﬀerent from that in eq 12. In the
Discussion, we discuss why we believe the details of short-time
dynamics are not particularly relevant for the long-time
separation dynamics, which is of primary interest in this work.
Equation 15 nicely illustrates why this approach bears the
name modiﬁed Redﬁeld theory. Namely, population transition
rates within the Redﬁeld theory are also expressed in terms of
the Fourier component of the correlation function, this time of
undressed phonon operators (eq 11)19
Red
wxx
′

1̅ 1

g ẍ x

Γxμ2̅ x2Γxμ1̅ x1

μ

Article

∂tfGS (t ) =

∑ τx−1fx (t )
x

(30)

Further details are given in section S1.3 of the SI and in ref
13.
Our aim is to examine pathways of charge separation on
time scales spanning a very broad range, from shortest time
scales stemming from nuclear dynamics (∼10−100 fs) all the
way to time scales characteristic for recombination events
(∼100 ps to 10 ns). Computational approaches that rely on

(23)
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initial state. All of the results presented were averaged over 256
realizations of disorder, which is suﬃcient to get converged
results for quantities presented.13 In Figure 2a−d we present

the direct propagation of eq 14 complemented with eq 29 are
thus quite expensive, especially keeping in mind that we want
to follow populations of ∼1000 excitonic levels. Rewriting eqs
14 and 29 in matrix form, we formulate an eﬃcient algorithm
to calculate exponent of a nonsymmetric matrix, which
completely obviates the need for direct temporal propagation.
The details of our numerical scheme are presented in sections
S2.5 and S2.6 of the SI. The ﬂow diagram summarizing the
main steps in the computation of the dynamics in a single
disorder realization is given in Figure 1b.

■

RESULTS
Calculations of the time dependence of populations of various
types of exciton states were performed using the approach
presented in previous section. The default parameters in the
calculations were: polaron binding energy λ = 80 meV,
disorder strength σ = 100 meV, temperature T = 300 K, γ = 10
ps−1. Some of these parameters were varied to understand the
eﬀect of relevant factors on time scales of charge separation
process. The values of the parameters that were varied will be
explicitly speciﬁed in the presentation of results in this section,
while for all other parameters the default values will be
assumed. The transition rates were evaluated within modiﬁed
Redﬁeld theory using eq 16. Two diﬀerent types of initial
conditions (see eq 12) were considered. The ﬁrst type assumed
that initial state (state |x0⟩ in eq 12) is an XD state with energy
in the range (E − ΔE, E + ΔE) (with ΔE = 50 meV) which has
highest matrix element for its optical generation. The second
type assumed that initial state is the lowest-energy CT state
among those whose recombination lifetime is shorter than 10
ns. The ﬁrst type of initial conditions is chosen to mimic the
eﬀect of external excitation by a short pulse of central
frequency E/ℏ. We will examine the dynamics starting from
initial donor states of diﬀerent energies E in order to
understand how excess electronic energy supplied by the
excitation of high-energy donor states aﬀects charge separation
pathways and time scales. As quantitatively demonstrated in
Figure S2 of the SI, higher lying donor states also display a
higher degree of carrier delocalization. Whether or not the
excess electronic energy or better carrier delocalization can
enhance separation of initial donor excitons has been the
subject of experimental studies performed both on subpicosecond5 and much longer33 time scales. The second type
of initial conditions was chosen to understand the separation
process once the exciton reached the lowest energy CT state.
Such an initial condition is also experimentally relevant. In refs
34 and 35, it was concluded that charge separation
predominantly occurs upon the fast relaxation to the bottom
of the CT manifold, on time scales ranging from tens to
hundreds of picoseconds.35 Moreover, the authors of ref 9
succeeded in selectively exciting (from the ground state) the
low energy interface-pinned CT state. The condition on the
exciton recombination lifetime was introduced to avoid the
possibility of selecting some state whose energy was
signiﬁcantly lowered due to eﬀects of disorder, while its
overlap of electron and hole wave functions is so small that it
essentially does not represent the conventional CT state with
both electron and hole being close to the interface. In Figure
S3 of the SI, we present numerical evidence that our criterion
for the choice of the initial CT state indeed gives a CT state
with small electron−hole separation and quite localized
carriers. In the calculation, we include all exciton states with
energies lower than Einit + 20kBT, where Einit is the energy of

Figure 2. Disorder-averaged densities of (a) XD, (b) CT, (c) CS, and
(d) free-charge states (in arbitrary units). The vertical arrows indicate
energy ranges in which the initial (a) XD and (b) CT state is located.
The excitonic DOS in a single disorder realization is computed by
broadening each exciton level by a Gaussian with standard deviation
of 5 meV.

disorder-averaged densities of XD, CT, CS, and free-charge
states, respectively. The vertical arrows indicate the energy
range in which the initial XD (Figure 2a) and CT (Figure 2b)
state is located.
Our approach is based on the assumption that oﬀ-diagonal
exciton−phonon coupling parameters (which can be quantiﬁed
by the terms Pxixf , xf xi when xi ≠ xf) are much smaller than the
diagonal exciton−phonon coupling parameters (which can be
quantiﬁed by the terms Pxixi , xixi ). To check if this assumption is
satisﬁed we present in Figure 3 the average over diﬀerent
disorder realizations of the quantity

i (Exj − Ei)2 + (Exg − Ef )2 yz
zz
∑x , x Pxjxg , xgxj expjjjj−
z
2σE2
j g
k
{
h(Ei , Ef ) =
2
2
ij (Exj − Ei) + (Exg − Ef ) yz
zz
∑x , x expjjj−
z
2σE2
j g
(31)
k
{
which is basically the dependence of Pxixf , xf xi on the energies of
states Exi and Exf . The results are presented for two disorder
strengths, σ = 50 meV and σ = 100 meV. In each disorder
realization, as well as on both axes in Figure 3, the energies Ei,f
have been rescaled to the [0,1] range using the formula
E−E
e = E − min
, where E is the unrescaled energy, e is the
E
max

min

rescaled energy which is shown on the axes, Emin and Emax are
the minimal and maximal energy of exciton states considered
for a given realization of disorder. Neither of the aforementioned energies is renormalized in the sense of eq 8. The
reasons for such a rescaling will be given together with the
presentation of energy−temporal pathways of charge separation, see Figure 6a−d. The results in Figure 3 point out that
h(Ei , Ef ) is much smaller for states of diﬀerent energies than
for states of close energies, as can be evidenced by the fact that
the oﬀ-diagonal contributions are at least an order of
magnitude smaller than the diagonal contributions. Such
results conﬁrm our assumption that oﬀ-diagonal exciton−
phonon coupling parameters are much smaller than the
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diagonal exciton−phonon coupling parameters. We also
checked the sensitivity of our results to the parameter of the
spectral function γ. The results shown in Figures S7 and S8 of
the SI indicate that the change of γ within reasonable limits
γ ∈ (10 − 20) ps−1 has almost no eﬀect on time dependence
of populations.
To understand the time evolution of populations of various
types of exciton states, we present in Figure 4 these
dependences at four diﬀerent values of disorder strength σ
for initial XD state with energy of around 2200 meV, see the
middle vertical arrow in Figure 2a. First step in the separation
process is the transformation from the initial XD state to a CT
state. In the initial XD state, electron and hole wave functions
have strong overlap which means that the electron and the hole
are localized around the same position in space. To transform
into a CT state both electron and hole need to reach the
interface and the eﬀects of disorder slow down this process.
This eﬀect can be clearly seen from Figure 4. While for lowest
disorder strength CT excitons outnumber XD excitons already
at around 1 ps, for largest disorder strength this happens more
than 100 ps after initial excitation. These time scales are
comparable to the XD exciton recombination time and there is
therefore a possibility that the XD exciton will recombine
before transforming into a CT exciton. In Figure 5 (left panels)
we present the time dependence of the number of excitons that
have recombined from various groups of exciton states. For
strong disorder the exciton remains in the donor for long time
and therefore a signiﬁcant portion of these excitons gets
recombined (around 50% for σ = 100 meV, see bottom left
panel in Figure 5). For low disorder strength a large portion of
XD excitons transform into CT excitons before recombining

Figure 3. Dependence of spatial proximity factor h(Ei , Ef ) (eq 31)
averaged over diﬀerent disorder realizations on rescaled energy of the
initial and ﬁnal state for two diﬀerent values of disorder strength σ.
Standard deviation of the Gaussian function used to broaden the
spatial proximity factor is σE = 5 meV. The data are shown for exciton
states considered when the initial state is XD state with energy around
2200 meV.

Figure 4. Time dependence of the number of CT excitons, acceptor (XA) excitons, XD excitons, CS excitons, free charges (free), and recombined
pairs (GS) when initial state is XD state with energy around 2200 meV. The results are shown at four diﬀerent values of disorder strength σ.
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Figure 5. Left panels: Time dependence of the number of recombined pairs from CT states (CT to GS), from XA states (XA to GS) and from XD
states (XD to GS). Right panels: Time dependence of the number of free charges created from CT states (CT to free) and from CS states (CS to
free). The results are presented at two diﬀerent values of disorder strength σ. Initial state is XD state with energy around 2200 meV.

the left part of Figure S10 of the SI, and free states are again
predominantly reached by transitions from CS states, as
presented in the right part of that ﬁgure.
Next, we would like to gain insight in time evolution of
exciton energies which will unravel whether hot or cold charge
separation mechanism is in place. For this reason, we calculate
the time evolution of spectral distribution of excitons deﬁned
as

and recombination from XD states is no longer the dominant
source of recombination (see top left panel in Figure 5).
From Figure 4 we see that time scale for further separation
from CT state toward free charges also strongly depends on
disorder strength σ and increases as σ increases. This can be
evidenced from the increase of time when free charge
population reaches saturation. In our previous work,13 we
investigated the separation from lowest CT state in detail and
found that for low and moderate disorder strength it can be
understood in terms of a four-state kinetic model involving the
ground state, the lowest CT state, intermediate CT states and
CS states. In this model an exciton that escapes from
intermediate CT states to CS states reaches external contacts
without any additional obstacles. For larger disorder strengths
additional obstacle is caused by slow transport from CS state
toward external contacts. For all disorder strengths the states
from which conversion to free charges takes places are
predominantly CS states. This can be seen from right panels
in Figure 5. Despite the fact that almost all excitons that
separate into free charges pass through CS states, their
populations remain relatively small at all times. This is a
consequence of the fact that no exciton remains for a long
period of time in a CS stateit either makes a transition to
other CS or CT states or converts into free charges. To
additionally verify the statements of this paragraph regarding
further evolution of an exciton that has reached a CT state, we
have performed the computation where initial state is a low
energy CT state chosen according to the criterion discussed in
the ﬁrst paragraph of this section. The results obtained are
given in Figure S9 of SI and also demonstrate an increase of
time scale for conversion into free charges from ∼(1 − 10) ns
at low and moderate disorder strength σ = (50 − 75) meV
toward ∼1 μs time scale at σ = 125 meV. In this case, all
recombination events take place from CT states, as shown in

A G (E , t ) =

1
∑ g(E − ℏωx , σE)fx (t )
NX (t ) x ∈ G

(32)

where NX (t ) is the total excitonic population at time t and
g (x , σE) =

1
σE 2π

x2
2σE2

( ) is the Gaussian function with

exp −

standard deviation σE. The summation in eq 32 is performed
over all exciton states from group G. This distribution for
various exciton groups is shown in Figure 6 along with
corresponding densities of states. More precisely, the quantity
aG(e, t) shown in Figure 6 is aG(e, t) = AG(E, t), where the
relation between the rescaled energy e and the unrescaled
energy E is presented in the discussion of Figure 3. Spectral
distribution and density of states obtained in this way were
then averaged over diﬀerent realizations of disorder. We
believe that this way of energy rescaling is excellent to gain
insight into energy−temporal pathways of various groups of
excitons. On the other hand, if the rescaling were not
performed, lowest energy CT states would have quite diﬀerent
energies for various realizations of disorder, see Figure 2b. In
the course of averaging over diﬀerent realizations of disorder,
lowest energy CT states for some conﬁgurations would be at
the same energy as some high-energy states of other
conﬁgurations and it would be hard to gain insight into
exciton pathways in the course of charge separation. From
Figure 6a we see that donor excitons that do not recombine or
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Figure 6. Energy- and time-resolved population of XD states [aXD(e, t)], CT states [aCT(e, t)], CS states [aCS(e, t)], and free charges [afree(e, t)].
Gaussian broadening of σE = 5 meV was used to calculate these quantities. The energy of free charges is taken at the moment of time when they are
created. Initial state is XD state with energy around 2200 meV. Corresponding DOS (in arbitrary units) for each group of states is given as a
reference in panels on the right. Energy axis has been rescaled in such a way that 0 corresponds to lowest energy in a certain conﬁguration, while 1
corresponds to highest energy of that conﬁguration.

convert to CT states relax to lower energies. Since the
beginning of creation of CT states (at about 0.1−1 ps, see
Figure 6b), the low energy part of CT manifold is populated,
and the energy distribution is further shifted toward lower
energies as the time progresses. CS states become populated at
about similar times as CT states and only cold CS states are
populated, as seen in Figure 6c. Figure 6d shows the
distribution of energies of free charges that were created and
also indicates that only low energy free charges are created.

Note that our model does not consider further evolution of
free charges after their creation. Consequently, the energies of
free charges in Figure 6d correspond to the moment of time
when they were created. The results in Figure 6 clearly point in
favor of cold separation mechanism since only low energy CT
and CS excitons are present in the system and only low energy
free charges are generated. We obtain the same conclusion
from analogous ﬁgures obtained for diﬀerent initial XD
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Figure 8 we present the dependence of separation yield from
initial XD state on polaron binding energy at two diﬀerent

energies (depicted by vertical arrows in Figure 2a) and for
diﬀerent disorder strengths, see Figures S11−S13 of the SI.
To further support the charge separation mechanism
proposed, we present in Figure 7 the quantity deﬁned as
NT(t )G2G1 =

∑
x1∈ G1, x 2 ∈ G2

[fx (t )wx2x1 − fx (t )wx1x2 ]
1

2

Article

(33)

Figure 8. Dependence of separation yield on polaron binding energy
λ when transition rates are modeled within modiﬁed Redﬁeld theory
for disorder strength of σ = 50 meV (label MR-50) and σ = 100 meV
(label MR-100) and when transition rates are modeled within
Redﬁeld theory for disorder strength of σ = 50 meV (label R-50) and
σ = 100 meV (label R-100). Initial state is XD state with energy
around 2200 meV.

values of disorder strength in cases where transition rates were
modeled using modiﬁed Redﬁeld (eq 16) and Redﬁeld (eq 26)
approaches. The eﬀect of electron−phonon interaction, whose
strength is in our model quantiﬁed by polaron binding energy,
on exciton transport is twofold. On the one hand, the increase
in electron−phonon interaction increases the phonon-assisted
scattering between exciton states and hence the transition rates
between the states. This eﬀect is included both in Redﬁeld and
modiﬁed Redﬁeld rates. On the other hand, the increase in
electron−phonon interaction tends to “dress” the carriers by
the respective phonon cloud, which leads to a decrease in the
transition rates between the states. This eﬀect is captured only
within the modiﬁed Redﬁeld approach. As a consequence of
previous facts, the transition rates always increase with increase
in electron−phonon interaction strength within Redﬁeld
approach. For this reason, the separation yield is a
monotonously increasing function of λ within Redﬁeld
approach. On the other hand, within modiﬁed Redﬁeld
approach, the transition rates and the separation yield are
not monotonous functions of λ, which can be seen in Figure 8.
The maximum in the dependence of the yield on λ is more
pronounced for smaller disorder strength. In this case, relative
role of localization induced due to polaron eﬀects in
comparison to localization induced by disorder is larger,
leading to a more pronounced dependence of yield on λ.
Nevertheless, we see from Figure 8 that in practice the
separation yield depends only weakly on λ. This is true in
particular in the range from 10 to 100 meV, which is the range
of realistic values of λ.14,36 Some quantitative diﬀerences
between separation yield from Redﬁeld and modiﬁed Redﬁeld
approach exist, as can be seen in Figure 8. The separation yield
is consistently smaller in the modiﬁed Redﬁeld than in the
Redﬁeld approach, and the diﬀerence between the two yields
increases as the magnitude of the carrier−phonon interaction
is increased. Nevertheless, the overall conclusions regarding
the time scales for conversion between diﬀerent exciton types
and separation mechanism are not expected to be aﬀected by
the choice between the two models for transition rates. This is
conﬁrmed by the results presented in Figure S5 of the SI,
which compares the dynamics of excitonic populations and

Figure 7. Time dependence of the number of transitions per unit time
between most relevant groups of exciton states for disorder strengths
of σ = 50 and 100 meV. Initial state is XD state with energy around
2200 meV.

This quantity represents the net number of exciton
transitions per unit time from the states of group G1 to the
states of group G2. Figure 7 shows that dominant transitions in
the system up to ∼1 ps are the transitions from XD to CT
states. After this time, for lower disorder strength of σ = 50
meV, the dominant transitions in the system are those from
CT to CS states and from CS to the states of free charges.
Interestingly, the value of NT for these two groups of
transitions is almost the same at those times (as can be seen
in Figure 7), suggesting that almost each conversion between
CT and CS states is followed by conversion from CS to free
charge states. For larger times (after ∼1 ns) recombination of a
small number of remaining CT excitons dominates. For larger
disorder strength of σ = 100 meV, we see that from
∼(10 − 1000) ps XD recombination dominates. Nevertheless,
there is again the balance between CT to CS and CS to free
charge conversion, which become dominant events at times
after ∼10 ns. All these results unambiguously imply that the
dominant pathway of excitons that avoid recombination is
from XD, via cold CT to cold CS states, and eventually to freecharge states.
We further study the impact of polaron binding energy on
exciton dynamics in general and charge separation yield in
particular. Similarly as in ref 13, the separation yield is deﬁned
as the long-time limit of the total free-charge population. In
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scales were typically identiﬁed in the signals obtained from the
application of this technique to polymer/fullerene blends: a
very short ∼100 fs time scale and a longer ∼10 ps time
scale.34,37−40 The longer ∼10 ps time scale originates from
conversion of XD to CT excitons. On the other hand, the short
time scale may originate from ultrafast transfer of excitons
generated very close to the interface which do not need to
diﬀuse to the interface to convert into CT excitons. We will
discuss in particular the results on P3HT/PCBM blend since
the parameters of our model were chosen to mimic this system.
In ref 41, the authors analyzed exciton and charge dynamics in
P3HT/PCBM blends of varying degree of disorder: (i)
regiorandom P3HT; (ii) regioregular P3HT; (iii) annealed
regioregular P3HT. They found that in cases (i) and (ii)
recombination from CT states occurs with a time constant of 2
ns with more recombination events in case (i). Such results are
in overall agreement with our results regarding the time scale
for recombination (see Figure 5) and its independence on
disorder strength. The time scale for conversion of XD to CT
states is less than 100 fs in cases (i) and (ii) in ref 41; however,
one should note that these samples consist of a blend where
there is a PCBM molecule close to each P3HT chain and
therefore XD excitons do not need to diﬀuse to the interface to
transform to CT states. On the other hand, our model mimics
the P3HT/PCBM bilayer and predicted XD to CT conversion
time scales should be compared to annealed samples [case (iii)
in ref 41] where regions of pure P3HT are formed. The time
scale for XD to CT conversion in case (iii) in ref 41 was
reported to be approximately 9 ps and is comparable to our
results, see Figure 6a,b, or Figure 4.
Since excitons in diﬀerent states may respond to the same
probe, it is diﬃcult to reliably distinguish between diﬀerent
groups of states in a typical transient absorption experiment. It
turns out in practice that XD excitons can be reliably identiﬁed
but that it is quite diﬃcult to distinguish between CT and CS
states.11 These diﬃculties can be circumvented in a timedelayed collection-ﬁeld experiment, which exclusively measures
free (extractable) charges.42 Charge generation by an energyselective photoexcitation is followed by application of a high
reverse bias voltage to extract free charges. In a recent study
employing this experimental technique,33 it is shown that the
relaxation to the bottom of the CT manifold cannot be
avoided, no matter how large the excess energy stemming from
the excitation of high-energy donor states is. Moreover, the
authors demonstrate that the majority of recombination, as
well as the separation events occur starting from CT manifold,
and that most photogenerated species either recombine or
transform into free carriers within a couple of nanoseconds
following the photoexcitation. The results we present in this
work, in particular the energy- and time-resolved pathways
summarized in Figures 6 and S7−S9, and the resolution of
separation and recombination events performed in Figure 5 are
thus in agreement with the central conclusions of ref 33.
Dynamics of excitons in polymer/fullerene blends was also
studied using several other time-resolved techniques. In ref 40,
interpretation of polarization-sensitive transient absorption
measurement of P3HT/PCBM blends implied the time-scale
of ∼(0.1 − 20) ps for the formation of CT states and up to
∼100 ps time scale for further conversion into free charges. In
ref 43 time-resolved electric ﬁeld-induced second harmonic
method was used to monitor the charge separation process. It
was shown that the charges separate by several nanometers
during the ﬁrst several picoseconds, while further separation

recombination events produced by modiﬁed Redﬁeld and
Redﬁeld transition rates. Since the excitonic dynamics in the
two cases is similar, see Figure S5a,c,e, the correlation between
the values of the respective transition rates is expected, as
evidenced by Figure S6 of the SI, which shows pairs (wR, wMR)
of transition rates predicted by Redﬁeld (wR) and modiﬁed
Redﬁeld (wMR) approaches. For most transitions, the two
models predict transition rates that are of the same order of
magnitude. However, the diﬀerence in the separation yields
presented in Figure 8 means that the most important
transitions for the full charge separation (from XD to CT
and from CT to CS states), which involve a signiﬁcant spatial
transfer of charge, are somewhat slower in the modiﬁed
Redﬁeld than in the Redﬁeld approach. The eﬀect is more
pronounced for stronger couplings to vibrations and is also
reﬂected in recombination data in Figure S5b,d,f. Higher
recombination probabilities from both XD and CT states
within the modiﬁed Redﬁeld approach (with respect to the
Redﬁeld approach) reﬂect smaller escape rates from XD
toward CT and from CT toward CS states. The preceding
discussion clearly demonstrates that the approach adopted in
this work takes into account (at least partially) the “dressing”
of electronic excitations by phonons. For completeness, we
present in Figure S14 of the SI the dependence of separation
yield from initial CT state on λ. This dependence exhibits the
same features as in the case of initial XD state, with a slight
diﬀerence that it is somewhat more pronounced.
In our previous work,13 we used the transition rates which
are equivalent to Redﬁeld rates, with somewhat diﬀerent
spectral function (Ohmic with exponential cutoﬀ instead of
Drude−Lorentz). Since we have established that exciton
dynamics and separation mechanism are expected to be similar
both within Redﬁeld and modiﬁed Redﬁeld approach and we
have previously shown13 that the choice between Drude−
Lorentz and Ohmic (with exponential cutoﬀ) spectral function
does not strongly aﬀect the separation yield from initial XD
state, it is expected that all the trends obtained when a
particular parameter of the Hamiltonian is changed (such as
transfer integrals, band oﬀsets, on-site Coulomb interaction,
temperature, energy of initial donor state, electric ﬁeld
strength) will remain qualitatively similar as in our previous
study. For example, we found in our previous work13 (in
agreement with other studies17,32) that the dependence of
charge separation yield on electric ﬁeld is a monotonously
increasing function that is nearly constant at ﬁelds below
∼106−107 V/m, which then increases and eventually reaches
one at ﬁelds on the order ∼107−108 V/m and we expect
overall similar behavior here. Because of these expectations and
the fact that the evaluation of modiﬁed Redﬁeld rates is
signiﬁcantly more computationally prohibitive than the
evaluation of Redﬁeld rates, we do not repeat the analysis of
these dependences from our previous work here.

■

DISCUSSION
Connection to Experimental Results. We now discuss
the connection of our results to available experimental results
from the literature. The most common experimental technique
for investigating the time dependence of populations is pump−
probe transient absorption spectroscopy. Within this technique, one initially excites the system by the pump pulse that
creates excitons and then probes the system by another optical
pulse. Optical response to the second pulse gives information
about populations of certain groups of exciton states. Two time
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and formation of free carriers takes place on a subnanosecond
time scale. In ref 7 the authors used time-resolved two-photon
photoemission technique to visualize the time dependence of
spectral distribution of excitons in a phthalocyanine/fullerene
blend. They found that formation of CT states and their
further relaxation occurs on a picosecond time scale. Time
scales in these experiments are comparable with what we
obtain for lower values of disorder strength.
Discussion on Theoretical Approach and Model.
Theoretical and simulation studies that investigated time
dependence of exciton populations in organic heterojunctions
were certainly performed in the past. Nevertheless, the studies
based on model Hamiltonians were restricted to short (subpicosecond) time scales.17,18,32,44−49 Consequently, these
studies could capture at most the process of XD to CT
conversion and could not capture further charge separation.
Some of these studies also included polaronic eﬀects to a
certain extent.17,18,32,44,45,49 The studies on longer time scales
were exclusively based on the assumption that electrons and
holes are hopping between a predeﬁned set of sites and
relevant properties are typically extracted from a kinetic Monte
Carlo simulation.50−56 Such studies typically do not include
polaronic and delocalization eﬀects, while in some cases
delocalization is added through its eﬀect on site energies56 and
polaronic eﬀects are sometimes added if hopping rates are
calculated using the Marcus expression.52 On the other hand,
our study starts from a model Hamiltonian whose parameters
were chosen to mimic a particular bilayer and includes both
the eﬀects of delocalization and polaronic eﬀects in the same
approach.
The modiﬁed Redﬁeld theory interpolates between widely
used theories of exciton/charge transport to which it reduces
in appropriate limits.25 Standard Redﬁeld rates (eq 26) are
obtained from eq 16 by neglecting all terms g ẋ x , x x , g x x , x x ,
2̅ 2
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As already mentioned, the initial condition embodied in eq
12 is appropriate to describe the dynamics starting on time
scales ∼100 fs to 1 ps after a sudden photoexcitation event.
Our approach is not intended to capture ultrafast dynamics
right after exciton photogeneration. Should one want to
examine such dynamics, and still treat polaronic eﬀects on the
level presented in our study, one should resort to the so-called
nonequilibrium modiﬁed Redﬁeld theory.28,57 The appropriate
initial condition to describe sudden photogeneration in
excitonic state |x0⟩ is of the form given on the right-hand
side of eq 13, where nuclear degrees of freedom have not had
time to accommodate themselves to the displaced equilibrium
characteristic for |x0⟩, but are in their canonical equilibrium
(which is associated with the ground state). A derivation that is
similar to (but somewhat more involved than) that presented
in section S2.1 of the SI produces rate equations (eq 14) with
time-dependent nonequilibrium modiﬁed Redﬁeld rates, which
capture non-Markovian eﬀects and dynamical interplay
between nuclear relaxation toward equilibrium in electronically
excited state and population transfer. It is shown that, already
after a couple of γ−1 (in our case, a couple of hundreds of
femtoseconds) after exciton photogeneration, time-dependent
nonequilibrium modiﬁed Redﬁeld rates reach their asymptotic
values, which coincide with the modiﬁed Redﬁeld rates given
in eq 16.57 In other words, nuclear relaxation toward nuclear
equilibrium in excited states (see phonon factor of the initial
condition in eq 12) is completed a couple of hundreds of
femtoseconds after a sudden photogeneration. Our recent
analysis12 of ultrafast exciton dynamics triggered by a short
photoexcitation suggests that, on sub-picosecond time scales
following exciton photogeneration, population transfer mainly
occurs within the manifold of donor states, while transitions
toward states of spatially separated charges predominantly take
place on much longer time scales. These conclusions are not
expected to change when polaronic eﬀects are taken into
account. We thus believe that, in order to gain insight into time
scales and pathways of long-time charge separation, it is
reasonable to use time-independent modiﬁed Redﬁeld rates
(eq 16) along with the initial condition in eq 12.
Next, we comment on the possible inﬂuence of the
dimensionality of the model on the results. Our main
conclusion is that the main path of charge separation includes
the transition from XD states to low energy CT states (step 1),
followed by conversion of CT states to CS states (step 2) and
eventual transport from CS states to free charge states (step 3).
We will discuss next how the eﬀect of dimensionality could
aﬀect the transport over these routes. Step 2 involves the
transition from low energy CT state to intermediate CT state
with somewhat larger energy and larger electron−hole
separation and the transition from that state to some CS
state. Since only a few transitions constitute this step, the eﬀect
of dimensionality is not expected to play any role on this step.
On the other hand, the eﬀect of dimensionality might be
important when charge (or exciton) transport over larger
distance takes place. In this case, additional dimensions might
help the charge to ﬁnd additional routes if direct onedimensional route is not accessible. As a consequence, one
might expect that higher dimensionality might accelerate steps
1 and 3. The results of our previous work13 suggest that step 2
is actually the rate limiting step for low and moderate disorder
strengths (say up to σ ∼ 80 meV). Therefore, for these
disorder strengths, steps 1 and 3 are already fast enough and
their further acceleration will not enhance the separation yield.

1̅ 1

λ x2̅ x2 , x1̅ x1 in which x 2̅ = x 2 or x1̅ = x1. In this limit, electronic
couplings are treated in all orders, while the interaction with
phonons is considered in the second order. The path toward
the Förster and Marcus transition rates is presented in section
S2.4 of the SI. In these limits, the interaction with phonons is
treated in all orders, while electronic couplings are considered
in the second order. The modiﬁed Redﬁeld theory can thus be
regarded as a viable route to go beyond all conventional limits
and include both delocalization and the most important part of
the couplings to vibrations in a nonperturbative manner. It is
applicable to transitions in which the spatial overlap between
the carriers in the excitonic states involved is relatively small. In
our model, the disorder strength is comparable to electronic
couplings, so that the carriers in excitonic states are only
partially delocalized. This is shown in Figure S4, which
presents data on the participation ratio of the electron and hole
in various excitonic states. We see in Figure S4 that in the XD,
CT, and CS states that are mainly involved in the separation
process (see blue traces in Figure 6), the carriers are localized
on only a couple of neighboring units. Full charge separation is
achieved by transitions (from XD to CT, from CT to CS, and
to CS to free-charge states) in which the spatial positions of
the electron and hole are signiﬁcantly changed. Therefore, the
spatial overlap of the initial and ﬁnal states in transitions that
are crucial to reach free-charge states is expected to be small,
and the rates predicted by the modiﬁed Redﬁeld theory are
expected to be reliable.
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recombine before they convert to other exciton types.
Polaronic eﬀects were included in the computations and it
turned out that in relevant range of electron−phonon
interaction parameters charge separation yield rather weakly
depends on electron−phonon interaction strength. Computation results indicate that it is the conventional cold charge
separation mechanism that takes place in organic heterojunctions.

On the other hand, steps 1 and 3 do become rate limiting for
larger disorder strengths and it is possible that higher
dimensionality will accelerate these steps and increase the
separation yield.
Next, we comment on the extent by which dimensionality
aﬀects the eﬃciency of steps 1 and 3 and consequently the
separation yield. An important point to note in this regard is
that the exciton states in our model exhibit a certain degree of
delocalization. As a consequence, a donor exciton in step 1 can
reach a CT state after making only a few transitionsit does
not need to travel slowly site by site. In a similar manner, an
electron and a hole in step 3 can also reach the free charge
state in a few steps only and not by passing each site. It is
therefore important to note that our model is diﬀerent than
frequently used hopping models in which an exciton (or a
charge) is localized at a site and can usually hop only to nearest
neighbor sites. In such models, the transport can be very slow
in one dimension in the presence of disorder and adding new
dimensions strongly accelerates the transport. For example, in
ref 56 the authors showed that separation yield at low electric
ﬁelds in one dimension is rather low (between 10−4 and 10−2
depending on the parameters) and that the separation yield in
2D model can be 2 orders of magnitude larger than in 1D
model. In our model, the transport is already relatively eﬃcient
in 1D as can be evidenced by reasonably large separation yields
of at least 20% even at highest disorder strength (see Figure
4d). Therefore, we expect that additional dimension will only
slightly increase the separation yield at large disorder strength,
while it will hardly aﬀect it at low and moderate disorder
strengths.
This expectation can rigorously be conﬁrmed only by
extending the model to higher dimensions which is at present a
signiﬁcant challenge both from computational and conceptual
side. On the computational side, higher dimension introduces
a signiﬁcantly larger number of relevant exciton states, which
then introduces the need for a much larger number of
transition rates that need to be calculated and a larger
eigenvalue problem and the system of linear equations that
need to be solved to obtain time dependence of populations.
On the conceptual side, real morphology of the materials near
the interface is not well-known. Ideally, one would like to start
in the simulation from the atomic structure of the materials
near the interface, then parametrize an eﬀective model similar
to ours and use that model further. However, in the case of
P3HT/PCBM several questions arise regarding for example
the orientation of P3HT chains with respect to the interface,
the sharpness of the interface, the amount of order/disorder in
each of the materials near the interface, etc.
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■

CONCLUSIONS
In conclusion, we presented the method for simulation of
charge separation process in organic semiconductor bilayers
from the creation of exciton in the donor to the ﬁnal time
(which can be as long as 1 μs later), when there are no more
charge pairs present in the system. In the course of separation
process, donor excitons ﬁrst relax to lower energies and
eventually transform into a CT state. Charge transfer excitons
then convert into CS and free-charge states via intermediate
CT states which have higher energies and larger electron−hole
separation. In more disordered systems the processes of
conversion between XD and CT states and the conversion
from CT toward free carrier states are slowed down and charge
separation yield is lowered since some XD or CT excitons
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S.; Gulbinas, V.; Moser, J.-E. Dissociation of Charge Transfer States
and Carrier Separation in Bilayer Organic Solar Cells: A TimeResolved Electroabsorption Spectroscopy Study. J. Am. Chem. Soc.
2015, 137, 8192−8198.
(36) Poelking, C.; Daoulas, K.; Troisi, A.; Andrienko, D. In P3HT
Revisited − From Molecular Scale to Solar Cell Devices; Ludwigs, S., Ed.;
Springer: Berlin, 2014; pp 139−180.
(37) Hwang, I.-W.; Moses, D.; Heeger, A. J. Photoinduced Carrier
Generation in P3HT/PCBM Bulk Heterojunction Materials. J. Phys.
Chem. C 2008, 112, 4350−4354.
(38) Scheblykin, I. G.; Yartsev, A.; Pullerits, T.; Gulbinas, V.;
Sundström, V. Excited State and Charge Photogeneration Dynamics
in Conjugated Polymers. J. Phys. Chem. B 2007, 111, 6303−6321.
(39) Piris, J.; Dykstra, T. E.; Bakulin, A. A.; Loosdrecht, P. H. v.;
Knulst, W.; Trinh, M. T.; Schins, J. M.; Siebbeles, L. D.
Photogeneration and Ultrafast Dynamics of Excitons and Charges
in P3HT/PCBM Blends. J. Phys. Chem. C 2009, 113, 14500−14506.
(40) Matheson, A. B.; Pearson, S. J.; Ruseckas, A.; Samuel, I. D. W.
Charge Pair Dissociation and Recombination Dynamics in a P3HTPC60BM Bulk Heterojunction. J. Phys. Chem. Lett. 2013, 4, 4166−
4171.
(41) Howard, I. A.; Mauer, R.; Meister, M.; Laquai, F. Effect of
Morphology on Ultrafast Free Carrier Generation in Polythiophene:Fullerene Organic Solar Cells. J. Am. Chem. Soc. 2010, 132, 14866−
14876.
(42) Kniepert, J.; Schubert, M.; Blakesley, J. C.; Neher, D.
Photogeneration and Recombination in P3HT/PCBM Solar Cells
Probed by Time-Delayed Collection Field Experiments. J. Phys. Chem.
Lett. 2011, 2, 700−705.

(5) Grancini, G.; Maiuri, M.; Fazzi, D.; Petrozza, A.; Egelhaaf, H.-J.;
Brida, D.; Cerullo, G.; Lanzani, G. Hot Exciton Dissociation in
Polymer Solar Cells. Nat. Mater. 2013, 12, 29−33.
(6) Bakulin, A. A.; Rao, A.; Pavelyev, V. G.; van Loosdrecht, P. H.
M.; Pshenichnikov, M. S.; Niedzialek, D.; Cornil, J.; Beljonne, D.;
Friend, R. H. The Role of Driving Energy and Delocalized States for
Charge Separation in Organic Semiconductors. Science 2012, 335,
1340−1344.
(7) Jailaubekov, A. E.; Willard, A. P.; Tritsch, J. R.; Chan, W.-L.; Sai,
N.; Gearba, R.; Kaake, L. G.; Williams, K. J.; Leung, K.; Rossky, P. J.;
et al. Hot Charge-Transfer Excitons Set the Time Limit for Charge
Separation at Donor/Acceptor Interfaces in Organic Photovoltaics.
Nat. Mater. 2013, 12, 66−73.
(8) Lee, J.; Vandewal, K.; Yost, S. R.; Bahlke, M. E.; Goris, L.; Baldo,
M. A.; Manca, J. V.; Van Voorhis, T. Charge Transfer State Versus
Hot Exciton Dissociation in Polymer−Fullerene Blended Solar Cells.
J. Am. Chem. Soc. 2010, 132, 11878−11880.
(9) Vandewal, K.; Albrecht, S.; Hoke, E. T.; Graham, K. R.; Widmer,
J.; Douglas, J. D.; Schubert, M.; Mateker, W. R.; Bloking, J. T.;
Burkhard, G. F.; et al. Efficient Charge Generation by Relaxed
Charge-Transfer States at Organic Interfaces. Nat. Mater. 2014, 13,
63−68.
(10) van der Hofstad, T. G. J.; Di Nuzzo, D.; van den Berg, M.;
Janssen, R. A. J.; Meskers, S. C. J. Influence of Photon Excess Energy
on Charge Carrier Dynamics in a Polymer-Fullerene Solar Cell. Adv.
Energy Mater. 2012, 2, 1095−1099.
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