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Recent experiments by Rao et al. (Nature, 2013 500, 435-439) indicate that recombination of triplet charge-separated states

is suppressed in organic polymer/fullerene based bulk-heterojunction (BHJ) photovoltaic cells exhibiting a high degree of crys-

tallinity in the fullerene phase relative to systems with more disorder. In this paper, we use a series of Frenkel-exciton lattice

models to rationalize these results in terms of wave-function localization, interface geometry, and density of states. In one-

dimensional co-linear and co-facial models of the interface, increasing local energetic disorder in one phase localizes the interfa-

cial triplet charge-transfer (3CT) states and increases the rate at which these states relax to form lower-energy triplet excitons. In

two dimensional BHJ models, energetic disorder within the fullerene phase plays little role in further localizing states pinned to

the interface. However, inhomogeneous broadening introduces strong coupling between the interfacial 3CT and nearby fullerene

triplet excitons and can enhance the decay of these states in systems with higher degrees of energetic disorder.

1 Introduction

Photovoltaic diodes based on blends of semiconductor poly-

mers and fullerene derivatives now produce power conver-

sion efficiencies exceeding 10% under standard solar illumi-

nation1. This indicates that photocarriers can be generated

efficiently in well-optimized organic heterostructures. How-

ever, the photo physical pathways for converting highly-bound

Frenkel excitons to photocarriers are poorly understood in

spite of vigorous, multidisciplinary research activity.

A detailed understanding of primary charge generation dy-

namics is of key fundamental importance in the development

of organic solar cells.2 Fig. 1 provides a summary of the

important relaxation pathways. Singlet Frenkel excitations

are created within the bulk of cell by photo excitation of the

singlet ground state. Vibronic coupling leads to self-trapped

excitons that are localized to at most a few molecular units

(1). Within a bulk heterojunction system, the energetic off-

set between donor and acceptor materials provides the driving
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force for charge separation. Singlet excitons (S1) created by

photo excitation in the bulk dissociate to form either charge-

separated (CS) states (2) and polarons or interfacial charge-

transfer state pinned by their mutual Coulombic attraction to

the phase boundary between donor and acceptor domains (3).

These exciplex states do carry some oscillator strength to the

singlet So ground state and can decay radiatively on the time

scale of nanoseconds.

In order to produce current, the electron and hole must over-

come their mutual Coulombic attraction and be separated at

a distance R > 2e2/(3εkBT ), assuming a homogeneous 3D

medium with dielectric constant ε . For typical organic sys-

tems with ε = 2 to 3, charges must be separated by about

100Å in order to be considered “free” carriers, P+ and P−.

Recent spectroscopic measurements on organic photovoltaic

(OPV) systems have reported that photoexcited charges can be

generated on ≤ 100-fs timescales3–10 but full charge separa-

tion to produce photocarriers was expected to be energetically

expensive given strong Coulombic barriers due to the low di-

electric constant in molecular semiconductors. Nonetheless,

experiments by Gélinas et al., in which Stark effect signatures

in transient absorption spectra were analyzed to probe the lo-

cal electric field as charge separation proceeds, indicate that

electrons and holes separate by ∼40 Å over the first 100 fs

and evolve further on picosecond timescales to produce un-

bound charge pairs11. The short-time dynamics reported in

Refs. 11,12 indicate that coherent processes play an impor-

tant role in the direct production of mobile charge carriers in

OPV systems13.
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ing of parallel stacked polymers along a domain of acceptor

(fullerene) sites. Each site contributes a valance and a con-

duction band Wannier orbital and the electronic ground state

is where each valance orbital is doubly occupied. Each site

also contributes two localized phonon modes which modulate

the local energy gap at each site. Linear coupling between

localized phonons give rise to optical phonon bands that are

delocalized over each polymer chain. The electron/phonon

couplings were determined by experimental Huang-Rhys fac-

tors for poly-pheneylene-vinylene type polymers. Single elec-

tron/hole excitations from the ground state are considered

within configuration interaction (CI) theory.

We consider the electronic states and transitions between

excitonic and polaronic states in a system of stacked polymer

chains using a Hamitonian of the general form:19–22.

Ĥ = Ĥel + Ĥph + Ĥel−ph. (3)

The electronic part Ĥel reflects the configuration interaction

(CI) of single excitations for a generic two-band polymer in

a localized basis. Each site within our model contributes a

doubly occupied valance orbital and an unoccupied conduc-

tion orbital which can be loosely considered to be the local

HOMO and LUMO orbitals of a singlet molecular subunit of

our polymer chain. We consider here only single electron/hole

excitations of the form

|n, m̄〉= 1√
2
(a†

n↑am̄↑+a
†
n↓am̄↓)|0〉

where am̄σ removes an electron with spin σ from an occupied

valance orbital (or HOMO) on site m (creating a hole) and

a
†
nσ places it in the unfilled conduction orbital (or LUMO) of

site n. The configurations |m〉= |mm〉 taken over valence and

conduction-band Wannier functions |m〉 and |m〉 represent all

geminate (m = m) and charge-transfer (m 6= m) e-h pairs for

the model lattice.

The electron-phonon coupling term Ĥel−ph assumes that

the localized conduction/valence levels and nearest-neighbor

transfer integrals are modulated by linear coupling to the

phonons. Correspondingly, the phonon term consists of two

sets of interacting local oscillators, giving rise to two dispersed

optical phonon branches centered at 1600 and 100 cm−1, re-

spectively. These frequencies correspond to the C=C bond

stretches and ring torsions in PPV both of which dominate the

Franck-Condon activity of the lowest optical transitions. By

empirical adjustment of electron-phonon coupling strength in

Ĥel−ph, we can compute within the Condon approximation ac-

curate absorption and emission band-shapes for PPV chains,

reflecting conjugation-length dependence, vibronic structure,

and Stokes shifts.20 For the sake of constructing a model, we

assume these parameters are transferrable to the generic class

of organic semiconducting materials.

Diagonalizing Ĥel and Ĥph yields a variety of vertical ex-

cited states with energies εo
a and normal modes with frequen-

cies ωξ , which allow us to transform the electron-phonon cou-

pling term within the diabatic representation.

Ĥ = ∑
a

εo
a |a〉〈a|+

1

2
∑
ξ

(

ω2
ξ Q2

ξ +P2
ξ

)

+ ∑
abξ

go
abξ Qξ |a〉〈b|. (4)

With the exception of the energy off-sets and interchain hop-

ping terms, a complete listing of the electron/hole interaction

terms and parameters is given in Ref. 20.

The manifold of electronic states produced by a given

model will contain a wide spectrum of states with various

degrees of mixing between purely charge-transfer and purely

excitonic electron/hole configurations. Within the density of

states, we define the interfacial charge transfer (CT) state as

the lowest energy state in which the hole is localized to the

greatest extent on the interfacial donor orbitals and the trans-

ferred electron is localized to the greatest extent on the inter-

facial acceptor orbitals. Once we have identified the triplet

CT state, we compute the rate for population to decay from

the CT state into all other states using the Fermi’s golden rule

expression

kab = πω2
ab(n(ωab)+1)(J(+ωab)− J(−ωab))

where n(ω) is the Bose-Einstein distribution and J(ω) is the

spectral density of the phonon bath evaluated at the electronic

transition frequency,

J(ω) = ∑
q

g2
abqδ (ω −ωq),

and at T = 300K. As input, the electron-phonon couplings

gabq, phonon frequencies, ωq, and electronic transition fre-

quencies, ωab are obtained by diagonalizing the electronic

Hamiltonian for our model23–26. Lastly, we compute a re-

duced IPR for the charge transferred to the acceptor orbitals

by defining

IPR =
1

∑i |pe(i)|2
(5)

where pe(i) is the occupation of the ith conduction band or-

bital for each initial 3CT state. This gives a quantitative mea-

sure of the delocalization of the negative charge in the initial

state. Random sampling over the acceptor site energies gives

an average measure of the localization of the charge trans-

ferred to the acceptor phase versus disorder.

We have used this approach previously to describe the ener-

getics, dynamics, and spectroscopy of polymer-based donor-

acceptor systems and diodes19,22,27 More recently, we have
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Fig. 3 Distribution of 3CT relaxation rates for the cofacial polymer

chain model. Colored curves and bars correspond to increasing

degrees of energetic disorder. Average IPR for the valence electron

in the initial 3CT state (red curve/right-axis).

acceptor:

donor:

tA
‖

tD
‖

t⊥

We randomize the orbital energies only on the acceptor side

and take the interchain electronic hopping term (t⊥) to be an

order of magnitude smaller than the intrachain hopping term

tA
‖ = tD

‖ = t = 10t⊥. In this case, the hole remaining on the

donor can propagate freely along the chain while the trans-

ferred charge will experience a disordered energy landscape

along the polymer backbone.

In Fig. 3 we show the distribution of relaxation rates from

an initially prepared triplet inter-chain CT state as well as the

average rate and IPR with increasing levels of disorder in the

acceptor site energies. In comparison to the linear model, the

average IPR for the 3CT shows little variation with increas-

ing δE/t, decreasing from 6.6 to 6.2. This is understandable

since the Coulomb attraction between the electron and hole

is much stronger than the energetic disorder on the acceptor

side. In other words, the electron is pulled over a rough en-

ergy landscape by a hole moving freely along the polymer

backbone. The 3CT relaxation rates systematically broaden

as the energetic disorder increases and the tail towards higher

rates causes the mean rate to shift towards faster rates.

3.3 Parallel chains without energy disorder

We next consider the case of four parallel (co-facial) chains,

two in each of the donor and acceptor phases respectively. For

the donor side, we take the interchain hopping integral to be

constant tDA = 0.1t‖ and systematically vary the interchain in-

tegral on the acceptor side, tA
⊥ from 0 to 0.5 t‖. Physically, this

corresponds to increasing the mobility of the electron in the

donor phase in the direction perpendicular to the interface and

very large values of tA
⊥ would correspond to an extension of

the π-bonding network between the two chains. A sketch of

this model is shown here.

acceptor:

donor:

tA
‖

tD
‖

tDA

tA
⊥

tD
⊥

In Fig. 4a we plot the 3CT relaxation rates, IPR, and nearby

eigenstate energies versus the ratio of the interchain vs. intra-

chain hopping integrals, r = tA
⊥/t‖. As one expects, increasing

r increases the delocalization of the electronic states within

the acceptor domain and corresponds to an increase in charge

mobility. However, increasing r also lowers the energy lev-

els for the electronic states localized in the acceptor phase

without affecting to a great extent the states localized in the

donor phase. The sharp rise and fall of the 3CT relaxation rate

(Fig. 4a) corresponds to the avoided crossing shown in Fig. 4b

at r = 0.3 between the interfacial 3CT and nearby triplet ex-

citonic states localized within the donor phase. If we take the

lower range of r to be representative of physical systems in-

volving polymers and fullerenes, increasing the perpendicu-

lar electronic coupling in the acceptor phase would lead to

an overall increase in the triplet CT relaxation rate for a 2D

polycrystalline system. These results are very sensitive to the

parameterization of the model over a broad-range of r and re-

alistically, one should consider only the regime where r ≈ 0.1.

However, even over the limited range, this trend is contrary to

the experimental results in which the triplet CT relaxation rate

decreases with increasing perpendicular electron mobility in

the fullerene phase.

3.4 Two dimensional-bulk heterojunction model

Lastly, we consider a model more akin to a polymer/fullerene

bulk heterojunction (BHJ). The 2D-BHJ model consists of

four parallel polymer chains in the donor phase abutting a

simple square lattice of fullerene (electron acceptor) sites as

sketched below.
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Fig. 4 (a) 3CT relaxation rates (red) and IPR (blue) (b) eigenstate

energies vs. coupling strength vs. r = tA
⊥/tA

‖ for the parallel polymer

chains (model C). Here, the increase and decrease in relaxation rate

from the initially populated triplet CT state with increasing

interchain coupling correlates with an avoided crossing between

nearby states. The thick-dashed line in (b) identifies the interfacial
3CT state.

acceptor:

donor:

tA

tD
‖

tDA

tA

tD
⊥

Energetic disorder is introduced only into the fullerene (accep-

tor) site energies and we set the tA hopping integral between

fullerenes to be the same as the tDA = tD
⊥ interchain hopping

term between polymer sites, which we approximate as tD
‖ /10.

In Fig. 5 we compare the density of triplet states in the

neighbourhood of the 3CT with increasing amounts of energy

disorder in site energies. At the low end of the DOS, at ≈
2.1eV, are bands of triplet excitons. These states consist en-

tirely of geminate electron/hole configurations entirely within

the polymer side of the system. Between 2.2 and 2.5 eV is a

band of excitons that lie entirely on the fullerene side of the

junction. These are composed of geminate (excitonic) elec-

tron/hole configurations that are predominantly localized to

single fullerene units. The interfacial 3CT states lie in the

valley at 2.7 eV between the fullerene triplets and the broad

continuum corresponding to states with various admixtures

of excitonic and charge-separated character including free po-

larons.

In the absence of energetic disorder, the 2D-BHJ model pro-

duces a singlet (S1) exciton energy of 2.6 eV and a singlet

charge transfer state 1CT at 2.4 eV. For the triplet states, the T1

exciton is lowest in energy (1.2 eV) and is localized on one of

the polymer chains. The triplet charge transfer states (3CT ) lie

much higher in energy at 2.7eV. These states are embedded be-

tween a broad density of fullerene triplets and a continuum of

charge-separated (CS) states. We distinguish between CT and

CS states by whether or not the charge separation is between

donor and acceptor sites at the interface (CT) or if the charges

are separated by one or more sites away from the interface.

Finally, we introduce “disorder” into our model by sampling

the valance and conduction site energies for the fullerene sites

from a normal distribution about a mean value with variance

δE2. This is to account for any structural or other inhomo-

geneous broadening of the local fullerene electronic energies.

Increasing δE, the electronic states in the fullerene phase be-

come increasingly localized.

Generally speaking, one expects that triplet states lie lower

in energy than their corresponding singlets. This arises from

the fact that the electron/hole interaction for triplets is sim-

ply the Coulomb interaction whereas for singlets, the elec-

tron/hole interactions include both Coulomb and exchange

contributions. Both J and K are positive-definite contributions

6 | 1–9
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