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In organic photovoltaic cells, charge generation takes place in two phases: first ex-

citons are split by donating an electron to an electron acceptor, second the charge

pair, strongly bounded by Coulomb forces, must separate before it can recombine. In

this paper we suggest that overcoming the Coulomb binding is possible because the

vibrational mode excited by exciton splitting is also coupled to charge hopping. This

insight provides a model for how excess driving force for exciton splitting can aid

charge transfer, so long as vibrational relaxation is slow compared to charge trans-

fer. The model predicts an approximately linear dependence of charge yield on the

driving force for exciton splitting. It also shows that high yields can be achieved

with the observed fast rates of recombination. It also provides a molecular basis for

understanding thermalization in donor acceptor blends. In the limit of slow internal

vibrational relaxation (compared to charge hopping), we provide a rule of thumb to

predict the thermalization distance in this hopping regime: d = a log2

(

∆G
h̄ω

)

, where

a is the separation between molecules, ∆G is the driving force for charge separation

(including Coulomb binding) and h̄ω is the vibrational energy of the acceptor mode.
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I. INTRODUCTION

In an organic blend, charges are generated by splitting excitons at the interface between

materials with different electron affinities: the donor material is typically responsible for

absorbing light and has a greater affinity for holes; the acceptor has greater affinity for

electrons. In order to generate a photocurrent, charges must escape each other’s Coulomb

attraction without recombining. Exciton splitting is typically driven by a large (> 0.5 eV )

driving force1. We develop a model where this excess energy aids escape from the Coulomb

well. This can happen because the polaron pair formed by exciton splitting is in a vibrational

excited state. The mode excited is the superposition of the modes that change the donor

from the exciton to the charged geometry and the acceptor from the neutral to the charged

geometry. This second mode is also coupled to charge transfer in the acceptor molecule,

hence, the states formed just after exciton splitting are able to diffuse more rapidly. In

other words, the exciton’s excess energy can be stored in the vibrational modes of the

polaron and can be used to help escape the Coulomb attraction.

That hot states are involved in charge separation is not a new idea. Peumans et al. need

to assume very large thermalization radii to reproduce experimental charge yields2. Mod-

els involving hot excitons have been used to describe charge generation in pure polymers3.

Models by Offermans et al. predict increased charge yields if charges are generated hot4.

Experiments have also shown that charge mobilities are higher immediately after charge

generation5, suggesting that charge transfer is fastest immediately after exciton splitting.

However, how thermalization lengths are connected to molecular properties is not yet un-

derstood.

Understanding the link between the driving force for charge separation and quantum

yield will help determine the limiting efficiency of organic solar cells (OSC). OSCs can

have high quantum efficiencies6, however open circuit voltages (Voc) are still substantially

smaller than the band gap. The Voc for several materials is less than half the maximum of

external quantum efficiencies1. Until recently, designing better OSC materials was thought

to require reducing the energy lost in exciton splitting7. Recent measurements by Okhita et

al.8 show taht reducing the energy loss also reduces the yield of charges: bad news for OSC

as increasing the Voc would also lower short circuit current.

Another significant problem is that modeling simulations of charge generation routinely
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use recombination timescales in the microsecond range4,9–11 in order to achieve high yields of

charges (> 10%), whereas experimental measurements of the rate of charge recombination

have found it to be faster than nanoseconds12–14. In this paper high yields are obtained with

fast recombination by including the effect of charge transfer from hot states.

The key insight presented in this paper is that the vibrational mode excited by exciton

dissociation must always facilitate charge transfer. Traditional charge transfer rate equa-

tions, such as those from Marcus theory, assume that thermalization is immediate upon

charge transfer. In this work we develop a rate expression which can keep track of the num-

ber of phonons before and after charge transfer, allowing to model the competition between

vibrational relaxation and hot transfer. Since only antisymmetric combinations of localised

modes contribute to charge transfer, at each charge transfer step the available vibrational

energy is reduced. Therefore there are two ways for the polarons to lose vibrational energy

exist: internal vibrational relaxation (the vibrational state changes with no accompanying

chage in electronic state) and charge transfer (the electronic part of the polaron wavefunction

moves spatially, leaving some of the vibrational excitation behind).

Figure 1 shows the processes modeled in the paper. Each column of energy levels repre-

sents an electronic state, labeled by the distance d between electron and hole. At a distance

0 the system is in the neutral ground state (black energy levels) or in the excited state (red

energy level). The processes competing are: i) exciton dissociation; ii) charge transfer from

a vibrationally excited state; iii) decay of the vibrational energy by internal conversion; and

iv) charge recombination to the ground state. Exciton splitting is not modeled explicitly,

but is used to provide the initial excited vibrational state.

The theory of charge transfer between isolated electronic states including quantum vi-

brations has been looked at extensively in the past twenty years15–17. A less well understood

class of problems involves charge transfer between multiple electronic states. Charge trans-

port in DNA is the best studied problem of that class to have been analysed theoretically18,

although recently work has been done on understanding charge transport in the condensed

phase in organic crystals19,20 , in discotic liquid crystals21 and in conjugated polymers22. In

their pioneering work on DNA, Jortner and coworkers distinguish two main cases: long-range

unistep charge transfer and multi-step incoherent hops. The two cases are distinguished by

the value of the transfer integrals between the electronic states, if the electronic coupling

is sufficiently strong it is possible for charges to tunnel through several electronic states
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(known as ”bridge states”) before localising in a process known as super-exchange coupling.

Crucially the bridge states must be near degenerate. In the limit of weaker coupling charges

localise at each hop; most of the afore-mentioned work on transport in the condensed phase

takes place in this limit. In this paper we introduce a new regime: the couplings are as-

sumed to be small enough that transport occurs by hopping, but large enough that hopping

competes with vibrational relaxation. The assumptions of the model are therefore similar to

those of the non-adiabatic Marcus-Levich-Jortner equation (i.e. that the transfer integrals

weighted by appropriate Franck-Condon factors are small compared to the outer sphere re-

organization energy), but to those we add the requirment that vibrational relaxation occurs

on a similar time scale to charge transfer and that the phase coherence of the wavefunction

is lost at each hop. In addition to these theoretical assumptions, the model is implemented

on a one dimensional lattice, including coupling of each electronic state to one vibrational

mode only and disregarding diagonal or off-diagonal disorder. These are rather crude ap-

proximations, but they are sufficient to elucidate the mechanism by which nuclear vibrations

allow the excess electronic energy of the exciton to be used to escape the Coulomb attraction

of polarons.

II. THEORY

Traditional charge transfer theories are inadequate at describing the competition between

charge transfer and thermalization because relaxation of bath modes is assumed to be faster

than all other processes: thermalization is assumed to be immediate. Our aim is to obtain

a rate equation for charge transfer between two electronic states |i〉 and |j〉 each coupled

to a quantum mode and to a classical bath. We assume that the quantum mode is not

thermalized, but that the classical bath is thanks to its large size. Assuming non-adiabatic

conditions, the rate of going from electronic state |i〉 to |j〉 and changing the antisymmetric

combination of modes from a to a′, the rate is:

Γ(i, a → j, a′) =
J2

i,j

h̄

√

π

λokT
〈a|a′〉2 (1)

exp

(

−
(∆Gi,j + λo + h̄ω(a′ − a))2

4λokT

)
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where λo is the outer sphere reorganization energy and ∆Gi,j the difference between the

electronic state energies. The derivation of this equation closely follows Jortner’s work and

is repeated in the supplementary information23, with the aim of emphasizing the importance

of the antisymmetric vibrational modes.

There is an important consideration to make when moving from a system with only two

molecules to one with more. When charge transfer occurs between two electronic states i

and j , only the antisymmetric modes of the oscillators coupled to each of those two states

are able to change. However, the symmetric combinations cannot be ignored since once the

system is ready to hop again from state j, it will be necessary to construct the antisymmetric

combination of modes related to state j and whatever state the system may be hopping to.

This is not merely a technicality, it ensures that when the polaron hops only part of the

vibrational energy is carried with it. Therefore, if the mode associated with electronic state

i changes in nuclear state µ to ρ and the mode associated to j changes from ν to σ, the rate

of charge transfer can be written as:

Γ(i, µ, ν → j, ρ, σ) = (2)
∑

A′,A

P (S,A|ν, µ)Γ(i, A → j, A′)P (S,A′|ρ, σ)

The probability terms P (S,A|µ, ν) represent the probability of a system of two simple har-

monic oscillators in localised modes µ and ν to be in a symmetric mode S and an anti-

symmetric mode A. By using a probability term, rather than explicitly considering the

wavefunction, we implicitly assume that with each charge hop, coherence is lost.

The probabilities P (S,A|µ, ν) can be determined by assuming that the ladder operators

for the symmetric/antisymmetric modes are given by combinations of the appropriate lo-

calised ladder operators a†
1 and a†

2: a†
s/a =

a†
1
±a†

2√
2

The amplitude of the projection of such a

state into the corresponding localised modes is:

P (S,A|µ, ν) = 2−(µ+ν) (3)
(

∑

0≤m≤µ
0≤n≤ν

(−1)n−ν
µ

m

ν

n

√

(m + n)!(µ + ν − m − n)!

µ!ν!

δ(S, (m + n))δ(A, (µ + ν − m − n))

)2
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where the δ functions ensures that the probability is non-zero only if µ + ν = A + S (proof

in the supplementary information23).

Having an equation which keeps track of process (ii) from figure 1, it is possible to

study the competition with vibrational relaxation (process iii) by also introducing a rate for

vibrational relaxation:

Γ(i, a → i, a − 1) = kV R (4)

Charge recombination (process (iv)) can also be modelled using equations 1-3, as it is

simply another charge transfer process.

We do not explicitly model exciton dissociation, but use the parameters for exciton disso-

ciation to determine the probability of starting the simulation from a particular vibrational

level ν:

P (ν) =
∑

A

Γ(0∗, 0 → 1, A)
∑

A′ Γ(0∗, 0 → 1, A′)
P (S, 0|A − ν, ν) (5)

where each term in the summation represents the probability of producing a certain anti-

symmetric state A and the probability that the state gives rise to localised state ν. The

excited neutral state is labeled 0∗. Note that this expression depends on the difference in

energy between the excited state and the first charged state (labelled ∆G in 1), on λo, on

the Huang Rhys factor and on h̄ω, but not on the matrix element.

The linear dynamical system defined by these equations is solved by generating a starting

state vector |1, ν〉 and updating it using a continuous time random walk algorithm24. Rates

are then computed only for states as they are needed. The simulation is stopped if either

the charges recombines, or if they reaches a certain distance d. We apply this model it to

a one dimensional chain of acceptors, with the positive polaron immobilised at one end of

the chain. Electronic states are uniquely labeled by the distance between hole and electron

|i〉, for example state |1〉 will have the electron and hole one lattice apart spacing. State

|0〉 is the neutral ground state reached if the electron and hole recombine. Each state |i〉

is connected to its neighbors |i + 1〉 and |i − 1〉 with the same transfer integral for charge

separation VCS, with the exception of states |1〉 and |0〉, which are connected by the transfer

integral for charge recombination VCR. This allows the timescales for charge transfer and

recombination to be controlled independently.

The energy E(i) of a particular electronic state |i〉 is determined only by the applied

electric field F and the Coulomb potential: E(i) = − e2

4πǫ0ǫ a i
− F a i, where a is the lattice
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FIG. 1. Sketch of the mechanisms described in the main text: i) exciton splitting, ii) charge transfer

from a vibrational excited state, iii) internal vibrational relaxation, iv) recombination. The red

arrow is a trajectory leading to charge generation whereas the blue one to recombination. The

pseudo bandgap Eb and the driving energy for exciton splitting ∆G are shown.

constant, ǫ and ǫ0 are respectively the relative and vacuum permittivities and e is the charge

of an electron. The energy of state |0〉 is a fixed value Eb below the zero of this potential.

Eb is the the pseudo band gap between the highest occupied molecular orbital of the donor

and the lowest unoccupied molecular orbital of the acceptor. Eb and ∆G (the driving force

for exciton splitting) are shown schematically in 1.

III. RESULTS

All the modeling in the rest of this paper uses the following parameters for the energetics:

a = 1 nm, Eb = −0.9 eV , ǫ = 4 and F = 5 105V/cm. The electric field employed is

rather large, smaller fields would be necessary if more subtle models of the polarization of

the interface25,26 lowering the barrier to charge separation, or if a three dimensional model

which allowed both charges to move was employed9,11, or if a three dimensional simulation

was carried out (because of the greater effect of entropy). As argued later on, this large

electric field is necessary to obtain reasonable charge yields within our simple model, but it is

independent of the thermalization distance. The parameters of the charge transfer equation

used are: the Huang-Rhys factor ∆ = 1, h̄ω = 0.17 eV , λo = 0.1 eV , VCS = 0.05 eV , and
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kV R = 1012 s−1, a set of values typical for fullerene27. The parameters for recombination are

the same as above, but with a transfer integral VCR = 0.01 eV . This puts the recombination

rate in the picosecond regime, with the exact value depending on which vibrational level

the system is recombining from. Since there is a considerable amount of uncertainty on the

values of these parameters, they will be systematically varied to determine their relative

importance.

Panel a) in figure 2 shows the conditional probability of the system reaching a certain

distance d given that it has already reached a distance d− 1 for different numbers of initial

vibrational quanta. Showing the conditional probability helps identify the thermalization

distance, because once the system thermalizes all the curves fall onto each other: the ini-

tial number of vibrational quanta is, in other words, forgotten. Increasing the number of

phonons in the initial state massively increases the probability that the charge is able to

escape recombination, for example in the vibrational ground state the probability of recom-

bining immediately is 60%, but with just one quantum of vibrational energy this probability

decreases to less than 1%. Simulations with one extra phonon thermalise after just one

hop. The higher excited states thermalise at a distance of approximately 4nm. The inset of

panel a) shows the probability of a particular vibrational excited state being created given

a certain ∆G . Clearly highly excited states are more likely for greater ∆G. The excited

state nq which is most likely to be generated is approximately when nq =
(

∆G
2h̄ω

)

. Assuming

charge transport is much faster than recombination, all the thermalization will be due to

hopping. In this case, the number of hops n necessary to thermalize the system is 2n = nq.

In other words, at each step half of the vibrational energy is left behind. This approximate

equation matches reasonably well with our simulations: when we start the simulation with

5 phonons, log2(5) = 2.3, i.e. thermalization will occur between the second and third hop,

in reasonable agreement with our simulations. If recombination was sufficiently slow that

it could not occur before thermalization, we could use this thermalization distance as the

initial distance between charges in a traditional model of charge separation. For a donor

acceptor heterojunction characterised by the above constants, this would suggest a thermal-

ization distance of 3.6 nm, in good agreement with the distance is that Peumans et. al.2

assume to explain charge separation in donor acceptor bilayers. It is importante to note that

this estimate of the thermalization distance depends only on the initial number of phonons

nq and not on the electric field or other physical parameters.
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If we allow charges to recombine before thermalization, simulation of the competition

of the different processes is required. The charge yield can be obtained by weighing the

probabilities of reaching a certain distance without recombining by the probability that

that starting number of phonons is achieved for a certain ∆G. This allows to determine

the charge yield at a certain distance as a function of ∆G. Panels b),c) and d) show the

effect on charge yield at 5 nm as a function of ∆G of: the transfer integrals for charge

transport (b), the rate of vibrational relaxation (c) and λo for charge transport (d). The

yield of charges is the result of competition of three basic process: charge transport, internal

vibrational relaxation and charge recombination. Decreasing the transfer integral not only

reduces the yield of charges, it also decreases the dependence of yield on ∆G. This is

because slowing down charge transfer not only makes recombination more likely (reducing

the yield) it also makes vibrational relaxation faster (reducing the dependence on ∆G).

Increasing the rate of vibrational relaxation reduces the yield because it causes relaxation

to occur faster. λo has a large effect because it dictates how much energy is lost to the

classical bath with each hop: making it larger makes the system thermalise more effectively

through charge transfer. Note that the dependence of charge yield on initial driving force

is approximately linear. This makes sense if we realise that the probability of dissociation

will be approximately exponential in the attraction of charges after thermalization, since

the thermalisation distance itself depends logarithmically on ∆G, we would expect a weak

dependence of the charge yield with the driving force.

IV. CONCLUSION

Three conditions must be fulfilled for vibrational excitation to aid charge generation :

1) the vibrational mode excited by exciton splitting must be the same as that coupled to

charge separation, 2) vibrational relaxation must be slow compared to charge tunneling, 3)

λo must be small to ensure low losses to the classical bath. The key insight of this paper

is that condition 1) is always true for the acceptor molecule. If, however, the modes that

lead to exciton splitting are not orthogonal to those coupled to charge transfer also in the

donor molecule, the effect of the initial energy would be increased.This might provide a

rationale for why donor-acceptor copolymers seem to be able to generate higher quantum

yields with a smaller loss in energy28: possibly the geometric relaxation in a cation and

9



0 1

2
3
4
5

2 3 4 5 6 70.0

0.2

0.4

0.6

0.8

1.0

d

pH
dÈ

d-
1L

50.50.

35.35.

25.25.

18.18.

12.12.

9.9.

JCS � meV

-1.0 -0.8 -0.6 -0.4 -0.2
0.0

0.1

0.2

0.3

0.4

0.5

D G� eV

Y
ie

ld

2.2.
4.4.

8.8.

16.16.

32.32.

64.64.

128.128.

kVR� 1012s-1

-1.0 -0.8 -0.6 -0.4 -0.2
0.0

0.1

0.2

0.3

0.4

0.5

D G� eV

Y
ie

ld

50.50.

75.75.

100.100.

125.125.
150.150.

Λo � meV

-1.0 -0.8 -0.6 -0.4 -0.2
0.0

0.2

0.4

0.6

0.8

1.0

D G� eV

Y
ie

ld

D G=-1.

D G=-.8
D G=-.6

D G=-.4

D G=-.2

0 1 2 3 4 5
ÈΝ\

a) b)

c) d)

FIG. 2. Panel a) The conditional probability of the system reaching a certain distance d given

that it has reached distance d − 1 for different initial quanta of vibrational excitation. The inset

shows the probability distribution of producing a certain number of quanta for various values of the

driving force for exciton splitting. The curves are offset for clarity. The value of ∆G in eV is shown

below each curve. Panels b), c) and d) show the yield of charges at 5 nm as a function of the the

driving force for charge separation ∆G whilst changing the following parameters: b) the transfer

integral for charge separation, c) the rate of internal relaxation, d) the outer sphere reorganization

energy. Each curve is labelled by the value of the parameter used in that simulation.

exciton of such a molecule are rather similar in these classes of polymers, allowing some of

the excess vibrational energy to be also used by the hole.

Two different forms of vibrational relaxation are allowed: via internal relaxation and via

polaron hopping. Polaron hopping leads to a reduction in vibrational energy because at

each hop some of the energy is left behind and because of the coupling to the classical bath.

In the case when vibrational relaxation is slow compared to charge hopping a simple law

for the number of hops necessary before thermalization was obtained, the number of hops

is simply n = log2
∆G
2h̄ω

where ∆G is the driving force for charge separation, including the

Coulomb attraction of a polaron pair. This leads to a thermalization distance d = alog2
∆G
h̄ω

, where a is the separation between molecules.

Explicitly modeling charge transfer between vibrationally excited states allows high

charge yields with fast recombination and explains the dependence of charge yield on the
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driving force for exciton splitting. Improving charge transport improves charge generation

because of more effective competition of charge separation with both charge recombination

and vibrational relaxation. It must be noted that the model cannot reproduce the improve-

ments in yields observed by Okhita and co-workers8. In their work they find that charge

yields vary exponentially with driving force, whereas we find that it varies linearly. The

fundamental reason for this discrepancy is that in this model at each hop the polaron must

leave behind some of its vibrational energy. A possible way to overcome this feature is to

assume that after exciton splitting a delocalised, hot charge transfer exciation is created.

As it cools down this excitation would localise charges at potentially large distances. This

situation would be tantamount to abandoning the assumptions of non-adiabacity and of loss

of coherence at each hop. Future work will address this.
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