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C O N S P E C T U S

When a material of low dielectric constant is excited elec-
tronically from the absorption of a photon, the Coulomb

attraction between the excited electron and the hole gives rise
to an atomic H-like quasi-particle called an exciton. The bound
electron-hole pair also forms across a material interface, such
as the donor/acceptor interface in an organic heterojunction solar
cell; the result is a charge-transfer (CT) exciton. On the basis of
typical dielectric constants of organic semiconductors and the
sizes of conjugated molecules, one can estimate that the bind-
ing energy of a CT exciton across a donor/acceptor interface is
1 order of magnitude greater than kBT at room temperature (kB

is the Boltzmann constant and T is the temperature). How can
the electron-hole pair escape this Coulomb trap in a success-
ful photovoltaic device?

To answer this question, we use a crystalline pentacene thin
film as a model system and the ubiquitous image band on the
surface as the electron acceptor. We observe, in time-resolved
two-photon photoemission, a series of CT excitons with bind-
ing energies e0.5 eV below the image band minimum. These CT
excitons are essential solutions to the atomic H-like Schrödinger
equation with cylindrical symmetry. They are characterized by principal and angular momentum quantum numbers. The bind-
ing energy of the lowest lying CT exciton with 1s character is more than 1 order of magnitude higher than kBT at room
temperature. The CT1s exciton is essentially the so-called exciplex and has a very low probability of dissociation. We con-
clude that hot CT exciton states must be involved in charge separation in organic heterojunction solar cells because (1) in
comparison to CT1s, hot CT excitons are more weakly bound by the Coulomb potential and more easily dissociated, (2) density-
of-states of these hot excitons increase with energy in the Coulomb potential, and (3) electronic coupling from a donor exci-
ton to a hot CT exciton across the D/A interface can be higher than that to CT1s as expected from energy resonance arguments.
We suggest a design principle in organic heterojunction solar cells: there must be strong electronic coupling between molec-
ular excitons in the donor and hot CT excitons across the D/A interface.

1. Fundamentals of Charge-
Transfer Excitons
Excitons are atomic hydrogen-like bound electron-
hole pairs that determine many optical and opto-

electronic properties of solid materials.1,2 If the

radius of the electron-hole pair is smaller than

the unit cell dimension, we call this a Frenkel or

molecular exciton. If it is much larger than the unit

cell size and the electron-hole pair possesses

delocalized characteristics, we call this a Mott-

Wannier exciton. A typical exciton consists of an

electron and a hole located in the same spatial

region and possesses no dipole moment. The sit-

uation is very different when there is an interface.

The Coulombically bound electron and hole can

be located in spatially separate regions across the
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interface. The result is a charge-transfer (CT) exciton possess-

ing a dipole momentum.

Understanding CT excitons is essential to the development

of excitonic solar cells. In a conventional p-n junction solar

cell, the built-in potential separates the photoexcited electron

and hole. In contrast, there may not be a built-in potential in

an excitonic solar cell, and charge separation requires an ener-

getic driving force provided by the differences in the electronic

levels of the materials at the interface, i.e., a donor/acceptor

(D/A) interface.3-6 When the electron donor and/or acceptor

are organic semiconductors,7 the low dielectric constants

ensure that charge separation at the D/A interface does not

give free charge carriers but rather a bound electron-hole pair

across the interface, i.e., a CT exciton. Two key questions arise:

What is the binding energy of such a CT exciton? How is this

binding energy overcome in a successful charge separation

event to give photocurrent?

Consider a “toy” model of the CT exciton with a hole on the

donor side and the electron on the acceptor side. An accu-

rate treatment of this problem should take into account the

translational symmetry of the donor and acceptor lattices as

well as the spatial correlation of the electron and the hole.

This presents a formidable theoretical challenge, as discussed

in section 5. Here, we assume only the simplest possible sce-

nario: a nearly free electron in the acceptor (e.g., in the con-

duction band) and a localized hole on a donor molecule or

vice versa. Under these assumptions, the problem simply

reduces to a single electron Hamiltonian for a hydrogenic

atom of cylindrical symmetry

Ĥ )- p
2

2µ
∇2 - e2

4πεoε| rbo + rb|
(1)

where µ is the reduced mass, ε is the dielectric constant, εo is

the vacuum permittivity, and ro is the minimal electron-hole

separation, e.g., the distance of the localized hole to the inter-

face. We assume that (a) ε ) 3.15 (a typical value for an

organic semiconductor and equal to the average ε at the pen-

tacene/vacuum interface; see below), (b) ro ) 2.7 Å (∼radius

of an aromatic ring), (c) the electron is confined to half space

(acceptor) with a hard wall at the interface, and (d) µ ) me (a

completely free electron and a completely localized hole). We

solve the Schrödinger equation numerically using the finite

element method within the COMSOL simulation software. The

results, summarized in Figure 1, are a set of atomic hydrogen-

like eigenfunctions with eigenvalues of E g -0.2 eV.

The above exercise suggests several important properties

of CT excitons at organic semiconductor interfaces. First, there

is not one but a series of CT excitons approaching the con-

duction band minimum. Second, the binding energy of the

lowest lying CT exciton (1s) is 1 order of magnitude higher

than kBT at room temperature. Third, each CT exciton wave

function possesses distinct symmetry, as governed by the prin-

cipal quantum number (n) and the orbital angular momen-

tum quantum number (l) in the z direction. Note that, because

of cylindrical symmetry and the restriction of half space, the

allowed angular momentum quantum number is not limited

by the principal quantum number.

2. Experimental Observation of CT
Excitons
The toy model presented above for CT excitons has been real-

ized in recent experiments in our laboratory.8,9 We probe CT

excitons on crystalline organic semiconductor surfaces using

time-resolved two-photon photoemission (TR-2PPE) spectros-

copy. We use vapor-deposited crystalline pentacene thin films

grown on either the semi-metal Bi(111) surface or the Si(111)

surface in an ultrahigh vacuum environment. Pentacene thin

films of bulk crystalline structure, with the long molecular axis

nearly perpendicular to the substrate surface, are known to

grow epitaxially on the Bi(111) surface.10 On the Si surface,

besides the chemisorbed and lying-down wetting layer, poly-

crystalline pentacene thin films of bulk-like structure grow

beyond the first layer.11 For an electron above the surface of

a polarizable medium, e.g., the pentacene thin film, there are

two types of transient states (Figure 2): the delocalized image

potential state (IPS) and the localized CT exciton state. An elec-

tron on the surface of a polarizable material is attracted to the

surface because of the interaction between the electron and

oppositely charged polarization distribution; the net result is

equivalent to the Coulomb interaction between the electron

and a fictitious positive image charge located below the sur-

face (hence, the name of the image potential state). The elec-

FIGURE 1. Eigenvalues for the CT exciton in the H-atom model.
The potential shown is along z. The binding energy (EB) is
referenced to the conduction band minimum.
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tron is localized in the z direction by the image potential but

is delocalized in the xy plane. When a real hole is also present

at the surface (localized to an organic molecule), the electron

is then bound by both the image potential and the

electron-hole Coulomb potential.

In a TR-2PPE experiment,12 two femtosecond laser pulses

(with photon energy typically below the workfunction) are

focused onto the sample surface and the resulting photoelec-

tron because of two-photon excitation is detected in an elec-

tron energy analyzer. In the present experiment, the first

photon (hν1) excites an electron from the highest occupied

molecular orbital (HOMO) to the CT exciton state above the

surface. After a controlled time delay, the second photon (hν2)

excites the transiently bound electron to above the vacuum

level for detection. When carried out in the angle-resolved

mode, TR-2PPE also measures the parallel momentum vec-

tor and, thus, band dispersion.

The pseudo-color plots in Figure 3 show TR-2PPE spectra

taken at different pump-probe time delays from monolayer

(ML) pentacene/Bi(111) (lower) and multilayer pentacene (>10

nm) on Si(111) (upper). One can identify at least three CT exci-

ton states below the n ) 1 image potential state. Note that the

peaks are better resolved on the highly crystalline ML penta-

cene/Bi(111) surface than on the polycrystalline multilayer

pentacene/Si(111) surface. The distinction between the IPS

and the CT exciton states is established in angle-resolved mea-

surements: the IPS shows free electron-like parallel disper-

sion (i.e., energy versus parallel momentum vector), which can

be fit with an effective mass of meff ) 1.5me, while the CT

exciton states show no parallel dispersion.8 With reference to

the bottom of the image band, the three CT excitons on the

ML pentacene/Bi(111) surface are bound by energies of 0.44,

0.24, and 0.08 eV, respectively. On the multilayer pentacene/

Si(111) surfaces, the binding energies of the three CT states

are 0.52, 0.30, and 0.09 eV. On the basis of quantum

mechanical modeling, we assign these three states to the 1s,

2s, and 3s CT excitons, respectively, as detailed below.

In molecular photophysics, it is well-known that when high-

energy singlet states are excited, they often quickly relax to

the lowest energy singlet state. This is also observed for CT

excitons on the pentacene surface. Figure 4 shows cross-cor-

relation (CC) curves for various states probed at two photon

energies for 1 ML pentacene/Bi(111). Each curve corresponds

to photoelectron intensity at a particular electron energy

recorded as a function of pump-probe delay. At hν1 ) 4.17

eV, which is in resonance with the HOMO f CT1s transition,

only the CT1s state is excited. Fitting the CC curve to a simple

rate equation model shows that CT1s is populated directly by

hν1 without any time delay (t0 ) 0) and decays with a time

constant of τ ) 56 fs. The IPS (delayed by t0 ) 44 fs) is pop-

ulated indirectly by photoexcitation in the Bi substrate fol-

lowed by electron transfer through the pentacene film to the

image potential state. When hν1 is increased to 4.38 eV, CT

excitons above CT3s are resonantly excited. The highly excited

states relaxes down the CT exciton manifold, as evidenced by

the sequential increase in the delay time of populating lower

lying states (t0 ) 19, 35, and 51 fs for 3s, 2s, and 1s, respec-

tively).

Note that the CT excitons observed on pentacene surfaces

are short-lived (lifetime < 100 fs). This is because at the

organic-vacuum interface the CT excitons are referenced to

FIGURE 2. Probing image potential states (left) and CT excitons
(right) on an organic semiconductor surface by TR-2PPE.

FIGURE 3. Pseudo-color plots of TR-2PPE spectra at different
pump-probe delay times for 1 ML pentacene/Bi(111) (lower, hν1 )
4.38 eV) and multilayer pentacene/Si(111) (upper, hν2 ) 4.77 eV).
Each vertical cut corresponds to an electron energy-resolved 2PPE
spectrum at a particular pump-probe delay. The color scale is
photoelectron intensity (103 counts/s). The binding energy scale is
referenced to the vacuum level.
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the image band, which lies high in energy, well above the

band gaps of the organic semiconductors. As a result, the CT

excitons can resonantly decay into highly excited molecular

excitons within the organic semiconductor, resulting in short

lifetimes. In contrast, CT excitons formed at a D/A interface in

an organic photovoltaic device are energetically located in the

band gap of either the donor or the acceptor. These CT exci-

tons are much longer lived.

To aid the assignment of IPS and CT exciton states on the

pentacene surface, we carry out numerical simulation within

the dielectric continuum approximation. In the simplistic

model presented above, we assumed a localized hole on the

donor side and a free electron on the acceptor side. This sim-

plification is justified for CT excitons on a pentacene surface

because (a) the image band, i.e., the acceptor, is free electron-

like and (b) the HOMO band of pentacene or tetracene is

nearly flat near the Γ point,13,14 corresponding to heavy effec-

tive hole mass. However, unlike a more realistic organic D/A

system, where the dielectric constant is not expected to

change much across the interface, there is a dramatic change

in dielectric constant from that of the organic semiconductor

to that of vacuum (εvac ) 1). This difference in dielectric con-

stants introduces an additional potential, the image potential

(last term),15 to the Hamiltonian

Ĥ )- p
2

2µ
∇2 - e2γ

4πεo| rbo + rb|
- e2

4πεo

�
4z

(2)

where z is the distance of the electron to the interface (the

image plane) and � ) (ε - 1)/(ε + 1) and γ ) 2/(ε + 1)

account for screening of the charge because of the polariz-

ability of pentacene (ε ) 5.3). Note that 1/γ ()3.15) is the

average dielectric constant used in simulating the results in

Figure 1.

A typical set of simulation results is shown in Figure 5. The

eigenvalues can be divided into two regimes: a band of delo-

calized states, which corresponds to the image band, and a

series of localized, bound states converging toward the bot-

tom of the image band. The eigenfunctions of the localized

states are very similar to those in the toy model in Figure 1.

These are the CT excitons. For multilayer pentacene, the bind-

ing energies of the three CT exciton states observed in 2PPE

spectra (BE ) 0.52, 0.30, and 0.09 eV) are in good agree-

ment with those of the 1s, 2s, and 3s states in simulation

based on a ro value of 2.7 Å. This ro value corresponds to a

hole localized mainly in the aromatic ring nearest the surface.

The simulation predicts that the 1p state is located between

1s and 2s; however, this state is missing in the experiment

spectra (Figure 3). The photoemission selection rule dictates

that cross-sections from states with in-plane nodes are null in

photoemission in the surface normal direction.16 Other

allowed transitions are not resolved because of spectral

congestion.

Note that, when referenced to the bottom of the image

band, the CT exciton binding energies in Figure 5 are nearly

twice the corresponding values in Figure 1. This is because the

presence of the image contribution makes the total potential

much steeper in the z direction. The steeper potential is also

reflected in 〈r〉, which decreases from ∼13 Å in Figure 1 to

FIGURE 4. Two-photon photoemission cross-correlation curves of
the CT excitons and the IPS on 1 ML pentacene/Bi(111) measured
at hν1 ) 4.17 eV (lower) and 3.38 eV (upper). We determine the
transient state lifetimes by fitting to the rate equation model using
a Gaussian pulse profile. t0 is the temporal offset of the Gaussian
with respect to zero pump-probe delay. Dots represent raw data,
and solid lines are fits. The curves are normalized and vertically
offset for clarity.

FIGURE 5. Eigenvalues and eigenfunctions (the first six) obtained
from the dielectric continuum model for CT excitons on the surface.
The potential shown is along the direction normal to the surface.
The bottom of the image potential band is labeled with IPS.
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∼7 Å in Figure 5. A correction must be made to account for

the image potential contribution when one infers the CT exci-

ton binding from the model systems studied above for real

D/A interfaces. Strictly speaking, the e-h Coulomb potential

is not separable from the image potential. Thus, referencing

the CT excitons to the bottom of the image band is an

approximation.

3. Generality of CT Excitons on Surfaces: A
Prediction
What determines the formation of a CT exciton on a solid sur-

face? The criteria seem very simple: a hole must be localized

to the surface region without complete screening by the

dielectric response of the material. This means most nonmetal

solids. Image potential states or resonances can exist on all

polarizable surfaces (particularly metal surfaces) because of the

universal nature of the image potential. Similarly, we predict

that CT excitons should be of general significance to nonmetal

surfaces, given the ubiquitous nature of the Coulomb poten-

tials in eqs 1 and 2. The key is localization of the hole to the

surface region. This is a common situation in molecular semi-

conductors with relatively narrow valence bandwidth.

When hole delocalization in the HOMO band becomes sig-

nificant, the CT exciton should adopt some delocalized band-

like Mott-Wannier characteristics. The crystalline structures of

molecular solids are typically anisotropic. For example, pen-

tacene or tetracene is a layered solid, with the long molecu-

lar axis nearly perpendicular to the plane of the herringbone-

packed molecular layer. Band dispersion is significant in the

molecular plane but negligible in the perpendicular direction.

Thus, these CT excitons should possess some Mott-Wannier

characteristics, i.e., delocalization in the surface plane. We

hypothesize that possessing Mott-Wannier characteristics

may be important for the experimental observation of sur-

face CT excitons in 2PPE spectroscopy. These CT excitons are

mixed with the image states that delocalize in the surface

plane. The optical transition dipole moment is enhanced when

the initial state (HOMO band) is also delocalized in the same

spatial region (surface plane). In comparison, the transition

dipole moment is negligible between localized and delocal-

ized states. In partial support of this hypothesis, we fail to

observe CT excitons on the surface of less crystalline organic

semiconductor thin films, including rubrene vapor deposited

on Si(111) or pentacene vapor deposited at cryogenic tem-

peratures. At a realistic D/A interface with significant disor-

der, both the initial HOMO state in the donor and the CT

exciton state across the interface can be localized and direct

optical excitation is also possible.17

Delocalization of excitons in organic semiconductors has

been reported before. Forrest and co-workers demonstrated a

quantum confinement effect on Wannier-type excitons in crys-

talline organic semiconductor thin films (quantum wells).18-20

Lim et al. reported exciton delocalization in crystalline tet-

racene.21 Schuster et al. directly measured the exciton band

structure of crystalline pentacene and showed a bandwidth of

∼10 meV.22 For an interfacial CT exciton probed here, even

if it may possess significant Mott-Wannier characteristics, dis-

persion of the CT exciton band cannot be observed in a pho-

toemission experiment. This is because the photoemission

process destroys the exciton (quasi-particle). A simplistic view

of this problem is that the hole left behind can carry away with

an undetermined amount of momentum. A viable technique

to map out CT exciton dispersion is inelastic electron scatter-

ing.22

4. Hot CT Exciton Mechanism in Organic
Photovoltaics
The pentacene/vacuum interface represents a simplistic model

for donor/acceptor interfaces in organic photovoltaics because

the electron-hole attraction potential in the former system is

equivalent to that at a D/A interface, with an average dielec-

tric constant of ε ) 3.15, a typical value for organic or poly-

meric semiconductors. It is usually believed that the

electrostatic attraction at a D/A interface is on the order of

∼0.5 eV. This is estimated from the Coulomb potential based

on an e-h distance of 1 nm and a dielectric constant of ε ∼
3. Now, we come back to the question posed earlier: How is

this binding energy overcome in a successful charge separa-

tion event to give photocurrent?

The CT1s exciton binding energy is 1 order of magnitude

higher than kBT at room temperature. On the basis of thermo-

dynamic arguments, the probability of charge separation from

such an e-h pair is proportional to exp(-EB/kBT) and is, thus,

small. The entropic driving force favors charge carrier separa-

tion and carrier diffusion away from the interface,23 but this

alone is insufficient to give a high charge separation efficiency.

Thus, the fate of the CT1s exciton is likely charge recombina-

tion. In fact, the CT1s exciton is essentially what is called the

exciplex in previous studies.24-26 The only difference lies in

the extent of reorganization in the nuclear coordinates (bath);

the exciplex can be considered a self-trapped CT1s exciton (i.e,

a polaron-exciton). An exciplex can be formed at D/A inter-

faces from the dissociation of a photoexcited Frenkel exciton

Charge-Transfer Excitons Zhu et al.

Vol. 42, No. 11 November 2009 1779-1787 ACCOUNTS OF CHEMICAL RESEARCH 1783



in the donor or acceptor,24-26 from an electron and a hole

injected electrically in a diode geometry,27 or from direct

below-gap optical excitation in a D/A blend.17

We believe that efficient charge separation at an organic

D/A interface must involve hot CT exciton states, as shown

schematically in Figure 6. Before proceeding further, we would

like to clarify a common misconception in drawing energy

level diagrams. Consider the single-particle energy level dia-

gram in Figure 6. Here, the HOMO and lowest unoccupied

molecular orbital (LUMO) levels are transport levels, each cor-

responding to the energy of an excess hole in the HOMO or

an excess electron in the LUMO. An exciton is a quasi-parti-

cle, and its energy is referenced internally. In principle, an

exciton cannot be represented on such a single electron dia-

gram. In practice, we are willing to sacrifice physical accuracy

for convenience. One common practice is to equally divide the

exciton binding energy and represent the exciton as consist-

ing of two interacting single particle levels, with the “electron”

at 0.5Eex below the conduction band minimum (CBM) and the

hole at 0.5Eex above the valence band maximum (VBM). For

the purpose of this Account, we prefer to associate the exci-

ton binding energy with one of the fictitious single particle lev-

els. For electron transfer in Figure 6, we associate the exciton

binding energy entirely with the electron; after complete exci-

ton dissociation, the hole adopts the transport level associ-

ated with the HOMO, while the electron is associated with the

LUMO. This picture allows one to easily visualize the ener-

getic driving force as the difference in LUMO levels between

the donor and the acceptor. Similarly, for hole transfer, a con-

venient picture is to associate the acceptor exciton binding

energy entirely with the hole level.

Accepting the “inaccurate” cartoon in Figure 6, we can now

come back to the charge separation problem at organic D/A

interfaces. There is a minimum energy requirement: the ener-

getic driving force, ∆LUMO (difference in LUMO levels between

the donor and acceptor), needs to be larger than the binding

energy of the exciton in the donor, Eex,D. If this requirement is

satisfied, decaying from an exciton in the donor to any CT

exciton across the D/A interface is a downhill process. As dis-

cussed above, if the CT1s exciton is formed, the consequence,

in the absence of a strong electric field, is likely radiative

charge recombination. The probability for charge separation is

much higher when the intermediates are hot CT excitons

because of their lower binding energies. We can identify sev-

eral factors that may influence hot CT exciton formation and

free carrier generation as follows:

The first factor is the excess energy released when an exci-

ton in the donor decays to the CT exciton at the interface.

Within the classic Onsager picture for ion-pair separation,28,29

we can view such excess energy as kinetic energy, which

assists the electron and/or hole in escaping from the Coulomb

potential. Quantum mechanically, the excess energy favors

the formation of CT exciton states with high internal quan-

tum numbers and/or high k states when some delocalization,

i.e., Mott-Wannier character, is present.

The second factor is the extent of delocalization. Crystal-

linity of the organic semiconductor can lead to high carrier

mobility (at least locally within the crystalline domain). A

higher carrier mobility, particularly more disparity in the mobil-

ities between the two carriers,30 increases the probability for

the two carriers to escape from each other. Quantum mechan-

ically, increased crystallinity gives more delocalized contribu-

tion to the total wave function; delocalization favors charge

separation.

The third factor is electronic coupling between the exciton

in the donor and CT excitons across the interface. The strength

of electronic coupling is determined by the detailed shapes of

the wave functions, e.g., spatial extent and symmetry, for both

types of excitons involved.31,32 Hotter CT excitons are ener-

getically more resonant with the donor exciton, and this can,

in principle, lead to stronger electronic coupling because of

lower energy denominators. The density-of-states of hot CT

excitons increases with energy in the Coulomb potential,

which may also increase their coupling to the donor exciton.

The fourth factor is local electric fields. An electric field

favoring charge separation may come from unintentional dop-

ing,33 which leads to interfacial charge redistribution resem-

bling a conventional p/n junction.34 Alternatively, an interfacial

field may come from charge redistribution or polarization at

the D/A interface, as predicted by Kahn and co-workers based

on the concept of the charge neutrality level.35 Arkhipov, Her-

emans, and Bässler explained efficient charge separation

based on such a dipole layer at the D/A interface.36 The field

FIGURE 6. Dissociation of an exciton in the donor to form the 1s
or hot CT excitons across the D/A interfaces.
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at the D/A interfaces has been measured by Asbury and co-

workers based on a vibrational Stark effect.37

Other factors, such as charge carrier trapping and interme-

diate energy levels, also contribute to exciton dissociation.

Trapping of one charge species, e.g., to an impurity site, may

facilitate dissociation of a CT exciton but without contribu-

tion to the photocurrent. The presence of intermediate energy

levels (stepping stones) at the interface because of different

molecular structures (e.g., crystalline versus amorphous) or

intentionally added interfacial molecules may also facility hot

CT exciton formation and charge separation.38,39 This last fac-

tor is well-known in the photosynthetic system, where nature

has developed an assembly of molecules to efficiently trans-

fer the photoexciton energy from a chromophore through a

cascade to the reaction center.40

The proposal of hot CT excitons as responsible for photo-

current generation in organic solar cells is not new. Similar

ideas have been put forward within the classical framework of

Onsager’s theory for ion-pair separation.28,29 Three decades

ago, Yokoyama et al.41-43 studied extrinsic carrier genera-

tion in poly-N-vinylcarbazole doped with weak electron accep-

tors. They interpreted the partial quenching of exciplex

fluorescence by an applied electric field as a result of the ini-

tial formation of a nonrelaxed exciplex state, which could

either relax to the emissive exciplex state or thermally disso-

ciate (with assistance from the applied field) to free carriers.

Yokoyama et al. estimated that the electron-hole distance in

the nonrelaxed exciplex state was 22 Å. Morteani et al. mea-

sured charge separation efficiency as a function of the exter-

nal bias voltage for a D/A blend and suggested that charge

separation came not from the exciplex but from long distance

geminate pairs, with e-h separation of 22-31 Å.44 The long

distance geminate pair can relax to the exciplex and then

endothermically back to the donor exciton (back electron

transfer). Blom and co-workers explained the temperature and

electric field dependences of photocurrent generation in

polymer-fullerene bulk heterojunctions by assuming a distri-

bution of initial e-h separations with a mean at 〈r〉 ) 15 Å.45

Peumans and Forrest carried out Monte Carlo simulation for

charge carrier separation at D/A interfaces and found that, for

an initial e-h distance of 40 Å, the geminate pair dissocia-

tion probability is only 0.1 in the absence of field.30 Note that

the classical picture of a long-distance or nonrelaxed gemi-

nate pair is essentially a hot CT exciton (or a superposition of

hot CT excitons) in the quantum mechanical picture.

The binding energy of a geminate pair or CT exciton across

a D/A interface is a sensitive function of the e-h distance and,

thus, the structural parameters involved. Recently, Schmidtke,

Friend, and Silva illustrated this simple argument in an ele-

gant experiment using a polymer D/A blend under hydrostatic

pressure.46 Fluorescence from the exciplex red shifts by

270-370 meV when the pressure is increased from 0.1 MPa

to 8.8 GPa. The authors argued that exciplex emission is

favored over charge separation at high pressures because of

the increased CT exciton binding energy.

5. Spatial Correlation and Delocalization:
Challenges to Theory
The model systems and discussions presented above deal

with the simplest type of CT excitons, namely, a free electron

in the acceptor interacting with a localized hole in the donor

(or vice versa). This may approximate the situation when one

of the materials across the D/A interface possesses significant

crystallinity and band dispersion.47 However, a real D/A inter-

face can deviate substantially from the “toy” model in Figure

1. We can identify two extremes and the possibilities in

between.

One extreme involves a completely localized donor inter-

acting with a completely localized acceptor. Both experiments

and theories are well-developed for this kind of localized

charge transfer and separation,48 particularly in the exten-

sively explored system of donor-acceptor (D-A) or donor-
bridge-acceptor (D-B-A) molecules.49,50 In a D-A or

D-B-A molecule, initial photoexcitation occurs in the donor

group; this is followed by electron transfer and charge sepa-

ration. There have been extensive theoretical investigations of

these localized charge separation processes. In the weak elec-

tronic coupling region, the rate of charge separation can be

described by Fermi’s golden rule and is determined by three

key parameters: electronic coupling, free-energy change, and

reorganization energy. These microscopic parameters can be

calculated from conventional quantum chemical methods.

More advanced theoretical approaches go beyond the single

electron description and may use configuration interaction (CI)

to properly treat the excited states.48 Here, the CT exciton

state is one of the excited states, in particular, ΨCT(D+A-).

These quantum chemical methods have been used recently to

model localized charge separation at van der Waals D/A inter-

faces of interest in organic or polymeric photovoltaics.31,32

The other extreme involves a delocalized donor and a

delocalized acceptor (e.g., crystalline D/A interfaces). On the

one hand, both the electron and hole are located in delocal-

ized bands with translational symmetry and are thus repre-

sented by momentum vectors (kA for an electron in the

acceptor LUMO or conduction band and kD for a hole in the
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donor HOMO or valence band); the momentum vector of

the CT exciton is thus K ) kA - kD. On the other hand, the

spatial correlation of the electron and the hole across the D/A

interface because of the Coulomb potential necessitates the

introduction of a spatial vector �, which represents the rela-

tive position of the electron to that of the hole. The total wave

function of the CT exciton, ΨCT(K, �), takes into account both

delocalization and spatial correlation but is very challenging

to solve from a theoretical perspective.1,2,47 Adding to this dif-

ficulty is the need to include electron-nuclear coupling to

form self-trapped excitons. This has been performed in con-

tinuum models by Toyozawa and others, but there is little suc-

cess on including atomic/molecular details.

In the case of organic or polymeric D/A interfaces, models

from both extremes are likely not sufficient. There is experi-

mental evidence that some extent of crystallinity of the donor

and/or acceptor phase may facilitate charge separation, e.g.,

in the well-known case of the P3HT/PCBM system. As dis-

cussed earlier, delocalization can lead to high carrier mobil-

ity and an increase in the probability for the two carriers to

escape from each other. How one incorporates delocalization

in the traditional molecular CT models is, in our view, a key

theoretical/computational challenge in developing a quanti-

tative understanding of organic photovoltaics.
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