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Abstract

We review recent progress in the modeling of organic solar cells and pho-
tovoltaic materials, as well as discuss the underlying theoretical methods
with an emphasis on dynamical electronic processes occurring in organic
semiconductors. The key feature of the latter is a strong electron-phonon
interaction, making the evolution of electronic and structural degrees of free-
dom inseparable. We discuss commonly used approaches for first-principles
modeling of this evolution, focusing on a multiscale framework based on the
Holstein–Peierls Hamiltonian solved via polaron transformation. A chal-
lenge for both theoretical and experimental investigations of organic solar
cells is the complex multiscale morphology of these devices. Nevertheless,
predictive modeling of photovoltaic materials and devices is attainable and
is rapidly developing, as reviewed here.
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1. INTRODUCTION

Over the past decade, organic solar cell technologies have made a significant leap in power conver-
sion efficiency (PCE): from a few percent to a current record of 11%. In 2006, the target efficiency
was 10% (1); today, that value is routinely reported, and a new goal is set to 20% (2, 3). The funda-
mental limit for organic photovoltaic (OPV) efficiency is estimated to be somewhere between 20%
and the Shockley–Queisser limit of approximately 30% derived for a single bulk inorganic p-n
junction (4). The progress in improving the PCE is driven by two factors: the discovery of new OPV
materials and the design and engineering of solar cells as devices. The latter historically had limited
help from theoretical investigations. In contrast, structural and electronic properties of organic ma-
terials can be thoroughly investigated by theory, allowing for purely theoretical prescreening (5).
This theory as well as recent progress in modeling OPV materials are the present review subjects.

Parallel to advances in organic electronics (6), the theoretical modeling of organic semiconduc-
tors evolved from a consideration of simple models and basic electronic structure calculations to a
more or less comprehensive description, in particular, when modeling organic solar cells (7–11).
The situation in the field can be characterized as follows: All possible physical mechanisms are al-
ready known, as summarized in an excellent textbook (12); the remaining problem is to determine
the dominating phenomena for the desired functionality of a particular material and to provide
their accurate and efficient descriptions. The main challenge for both theory and experiment is a
complex multiscale morphology of typical photovoltaic devices, limiting the possibilities of com-
plete first-principles theoretical modeling and a thorough experimental characterization of both
electronic and structural properties. Therefore, with regard to improving the net efficiency of the
device, it is often unclear which property of the material might be further optimized (e.g., to reduce
different channels for energy losses) without adverse effects on other parameters. Subsequently, a
rational design of organic photovoltaic cells is a complex process that has yet to be fully realized
in practical terms.

The review is organized as follows: We start in Section 2 with an analysis of the PCE of
organic solar cells as the primary target for the discussed research field. In Sections 3 and 4,
we review modern theoretical methods for organic semiconductors with an emphasis on the
dynamical processes pertinent to solar cells. Finally, in Section 5, we briefly discuss recent progress
in modeling organic solar cells. Out of the scope of the current review are processes occurring
beyond the active layer or whose theoretical description is far from reliable and predictive, such
as performance degradation and aging. For the same reason, the discussion of energy and charge
transport in bulk polymers is rather limited in this review. The Supplemental Appendix contains
an extended list of references, technical details, and additional figures (follow the Supplemental
Material link from the Annual Reviews home page at http://www.annualreviews.org).

2. ORGANIC SOLAR CELLS AS DEVICES

The architecture of nearly all high-efficiency solution-processable (i.e., potentially inexpensive)
organic solar cells is the bulk heterojunction (Figure 1a). Here, electron donor [e.g., P3HT (poly-
3-hexylthiophene)] and acceptor [e.g., PCBM (phenyl-C61-butyric acid methyl ester)] materials
are blended from a solution to form the device’s active layer. Sunlight is absorbed mainly by one
component (typically a molecular donor) with the generation of strongly bound electron-hole
pairs (excitons). The excitons diffuse to the heterojunction, in which they dissociate into electrons
and holes, collected at the corresponding electrodes. Two classes of organic semiconductors are
currently used for donor and acceptor materials: π-conjugated small molecules and polymers. A
representative small molecule used in high-efficiency solar cells (13) is shown in Figure 1e (R24)
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Figure 1
(a) Scheme of a bulk heterojunction organic solar cell, showing the chemical structures of typical donor and acceptor materials [P3HT
(poly-3-hexylthiophene) and PCBM (phenyl-C61-butyric acid methyl ester), respectively]. (b) Four factors defining the power
conversion efficiency of a solar cell (energy balance limit, recombination and heterojunction losses, quantum efficiency, and fill factor),
discussed in Section 2.2. (c) A bulk heterojunction microstructure showing the fundamental charge and energy transfer processes.
Numbers 1, 2, and 3 depict the crystalline/amorphous, heterojunction, and organic/semiconductor (or metal) interfaces, respectively.
(d ) An R24/C60 interface simulated using the classical molecular dynamics approach. (e) The chemical structure of the
p-DTS(PTTh2)2 = R24 molecule, where DTS, PT, and Th denote dithienosilole, pyridylthiadiazole, and thiophene moieties,
respectively. ( f ) The chemical structure of pentacene.

and is used as an illustrative example throughout the review, together with the thoroughly studied
pentacene molecule (Figure 1f ).

2.1. Structure and Electronic Processes in the Active Layer

Most of the underlying electronic dynamics occurs in the active layer, whose function is to ab-
sorb sunlight and separate charges (Figure 1c). That is why understanding and controlling the
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morphology of this layer are important for rational designs of photovoltaic devices (14). When
discussing its complex morphology, we need to consider three scales: the structure of the bulk
donor and acceptor materials, the microstructure of the interface (Figure 1d ), and the global
macrostructure of the phase separation (Figure 1a). The domain size in a bulk heterojunction
is limited from above by the exciton diffusion length and from below by the charge separation
efficiency, with the optimum size typically a few tens of nanometers. Nucleation agents and other
additives are added to control this size (13, 14). New morphologies can be explored based on
donor-acceptor molecular frameworks (15) and block copolymers (16).

Upon light absorption, an electronic excitation is created that is delocalized in space and
energy. It subsequently relaxes to the lowest excited state, transforming into a Frenkel exciton,
which can be localized on a single molecule [the typical case for photovoltaic materials, such as R24
(Figure 1e)] or remain delocalized [the case of pure molecular crystals at low temperatures, such as
pentacene (Figure 1f )] (17). This process of internal conversion takes hundreds of femtoseconds
(18, 19). The excitons then diffuse toward a heterojunction. For optimized R24:PCBM blends with
a domain size of approximately 20 nm, the estimated diffusion time is of the order of 1 ps if a single-
crystal diffusion coefficient (20) is used. The exciton dissociation rates for the interface shown in
Figure 1d are faster. Traps and geometrical distortions modify the above estimates. Additionally,
the direct generation of charge transfer (CT) states in bulk materials and at interfaces is possible (2,
21). Overall, in high-performance organic solar cells, exciton diffusion and dissociation are highly
efficient and fast processes, as evidenced by nearly 100% internal photon conversion efficiency
(13, 22) and ultrafast pump-probe dynamics (23).

Charge separation is the most intricate process in organic solar cells. In a narrow sense, it is
a process of the spatial separation of a geminate electron-hole pair from a CT state at a hetero-
junction. Timescales and length scales of this process strongly depend on the local geometry and
built-in electrostatic field. Typically, the lower limit for the time is of the order of 1 ps, and the
upper limit for the spatial separation is approximately 10 nm, as observed within a single polymer
chain (24). Thus-generated free charge carriers diffuse or drift toward electrodes within the donor
or acceptor material. This process is determined by the global geometry of the active layer and
the distribution of charge carrier hopping and recombination parameters (25).

A quantitative simulation of all these electronic processes in a bulk heterojunction is hardly
possible. Our understanding of organic solar cell operations is based on modeling individual
phenomena in a bulk material or planar interface or using empirical models, as presented below.

2.2. Power Conversion Efficiency Components

In this section, we discuss the main factors determining the PCE to clarify what constituents might
be improved. A typical voltage-current curve of a solar cell is shown in Figure 1b. The PCE of a
photovoltaic cell is usually written as

η = Jsc × Voc × FF
Pin

, (1)

where Jsc is the short-circuit current, Voc is the open-circuit voltage, FF is the fill factor reflecting
the cell’s series and shunt resistances, and Pin is the incoming radiation flux. The fill factor is the
ratio of J × V at a device operating point (usually the maximum power point) and Jsc × Voc. To
be able to compare different devices and differentiate the contributions of various factors in the
PCE, one can partition the latter into the following product (26):

η = ηabs(Eg) × eVoc

Eg
× Jsc

Jmax
sc (Eg)

× FF. (2)
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Here, the first factor

ηabs(Eg) =
∫ λabs

0 �in(λ)λ dλ∫ ∞
0 �in(λ)λabs dλ

(3)

is the energy balance limit at which we assume that each photon below the absorption edge
λabs ≡ 2π�c /Eg creates an electron-hole pair harvested immediately after the electron and hole
relax to the band edges, and �in is the spectral density of the incoming radiation (W/m2/nm). The
second factor, eVoc/Eg < 1, with e the elementary charge, is the measure of recombination and
heterojunction losses (3, 4, 26, 27), reflecting the voltage drop compared to the fundamental gap of
the material. Finally, Jsc/Jmax

sc (Eg) is an external quantum efficiency, which includes, in particular,
optical losses such as transmission and reflection. Here

Jmax
sc (Eg) = e

2π�c

∫ λabs

0
�in(λ)λ dλ (4)

is the maximum short-circuit current, corresponding to one electron generated per every above-
band-gap photon. Next we analyze these quantities for organic solar cells by comparing them with
inorganic devices (see Table 1). The energy balance limit has a maximum of 0.5 for Eg = 1.1 eV
(when the multiple carrier generation per photon is neglected). Because the band gap of organic
materials can be readily tuned, this parameter already attains its maximum value for modern highly
efficient organic cells. The next parameter, open-circuit voltage, is the most intriguing because
its maximum value is uncertain (3, 4, 26), especially for devices smaller than the incoming light
wavelength (28), typical for organic solar cells. The Shockley–Queisser limit for the product of the
first two factors, ηabs(Eg)eVoc/Eg, is approximately 0.3 (0.4) for nonconcentrated (concentrated)
sunlight (29). For the record-breaking GaAs single cell listed in Table 1, this value is 0.36 under
nonconcentrated sunlight. For highly efficient organic solar cells, the open-circuit voltage ap-
proaches that for inorganic cells (Table 1). The maximum value of the other two parameters, the
quantum efficiency and fill factor, is 1. As for the fill factor, values for OPVs approach those for
inorganic cells. In contrast, the quantum efficiency of organic solar cells is rather low. The origin
of such a low short-circuit current is mainly from the low absorption efficiency because of the very
small thickness of the active layer (100–200 nm) (30). The internal quantum efficiency of organic
solar cells (the number of generated electrons per absorbed photon) can exceed 90% on average
and approaches 100% at the main absorption band spectral region (22). The problem is that in-
creasing absorption by increasing the active layer thickness results in a decrease in the internal
quantum efficiency because charge carriers cannot reach electrodes without losses (14). Increasing
the charge carrier mobility and improving the morphology of the active layer for better charge

Table 1 Partitioned power conversion efficiencya for organic photovoltaic (OPV) and best
inorganic solar cells

OPV (13) OPV(best)b Si (151) GaAs (151)
Energy balance limit, ηabs(Eg) 0.45 0.5 0.49 0.45
Recombination losses, eVoc/Eg 0.5 0.6 (152) 0.63 0.79
Quantum efficiency, Jsc/Jmax

sc (Eg) 0.5 0.6 (22) 0.97 0.93
Fill factor, max JV /JscVoc 0.6 0.8 (2) 0.83 0.87
Power conversion efficiency 7% 14% 25% 29%

aThe net power conversion efficiency is a product of four quantities given in the above rows (see Equation 2).
bOPV(best) refers to the best individual parameters that are not necessarily found in one device. We note that in
Reference 22, only 70% of the incoming light is absorbed, so the internal quantum efficiency is 0.9.
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HOMO: highest
occupied molecular
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transport are among possible solutions of the problem of low quantum efficiency. Additionally,
improving light collection has been proposed as an alternative approach (30).

3. BASIC STRUCTURAL AND ELECTRONIC PROPERTIES
OF ORGANIC SEMICONDUCTORS

The theoretical modeling of OPV materials and devices starts with calculations of basic structural
and electronic properties. Among them are the highest occupied and lowest unoccupied molec-
ular orbitals (HOMOs/LUMOs) and excited state energies of a bulk material. The electronic
structure of molecular solids is usually a perturbation of the electronic structure of individual
molecules in the sense that the individual molecules’ one-electron energy levels broadened into
bands by intermolecular interactions do not overlap (17, 31). A typical polaron bandwidth at
room temperature does not exceed a few tenths of an electron volt; among the largest values
is 0.4 eV for pentacene (32). Therefore, the HOMO/LUMO energies of a bulk material can
be approximated by the ionization potential and electron affinity of a single molecule in a
polarizable medium with some effective dielectric constant. Cyclic voltammetry is the primary
experimental technique for validating theoretical approaches (33). Ultraviolet-visible (UV-Vis)
absorption spectra of molecular solids may differ in shape from those of monomers in a solution
(34), especially at low temperatures. However, the relative positions and intensities of absorption
bands corresponding to different electronic transitions are similar for monomers and their
ensembles, with a typical shift of the absorption edge within a few tenths of an electron volt (13,
34). Polymers are more complicated for theoretical descriptions, but their electronic structure
can be well approximated by oligomers (35). Fully π-conjugated two-dimensional frameworks
(15) are even more complicated, but currently they are of limited use in organic electronics.

Typical molecules used in organic electronics include tens to hundreds of atoms. Therefore,
density functional theory (DFT) is currently the primary model chemistry approach for these
systems. Because of delocalized low-dimensional π-electron systems and strong electron-phonon
coupling (35, 36), these molecules are quite challenging for an accurate evaluation of their struc-
tural and electronic properties [not mentioning the truly strongly correlated cases (37) irrelevant
for photovoltaic applications]. To begin with, reliable wave-function methods, such as the coupled-
cluster technique, are computationally tractable only for small molecules rarely used in organic
electronics (38). Only the MP2 approach is feasible for the evaluation of some ground state prop-
erties of practical-size systems. At the DFT level, however, simple density functionals such as
LDA and PBE give highly inaccurate results (39). The most commonly used density functional
for small organic molecules is B3LYP combined with the 6-31G∗ basis set (40). However, for
extended π-conjugated systems, B3LYP is unreliable (38, 41, 42), despite its routine use for the
geometry optimization and calculation of vibronic couplings for exciton and charge transport.
Moreover, B3LYP cannot be used for the description of dispersive intermolecular interactions
(43). Recently developed range-separated density functionals including variable fractions of orbital
exchange (44, 45), such as CAM-B3LYP, LC-ωPBE, and ωB97X, eliminate the spurious long-
range self-repulsion intrinsic to LDA (44) and provide good accuracy for conjugated molecules
(38, 39) and their multimers (46). However, current implementations are still imperfect: For non-
covalent interactions, empirical dispersion corrections are needed (43); for conjugated molecules,
the best-fit range-separation parameter depends strongly on the conjugation length (39), and the
methods for ab initio tuning of this parameter are still under development (44, 47).

The use of semiempirical, tight-binding, force field methods is strictly limited to the systems and
quantities for which they were parameterized. Among well-parameterized semiempirical methods
with conjugated molecules in their training sets is PM7, showing universality and accuracy for
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PES: potential energy
surface

geometries and formation energies (∼10 kcal/mol). With regard to force fields, a good transfer-
ability is expected for MM3 combining a classical force field with a tight-binding description of
π-electrons. Other relevant low-cost approaches include self-consistent charge density functional
tight binding (48), the molecular mechanics plus Pariser–Parr–Pople (PPP) model for π-electrons
(49), and simple tight-binding models (50). Fine-tuning of a force field (51), PPP Hamiltonian
(52), or even a density functional (39) is important to increase accuracy and improve reliability.

An important question is whether geometries obtained by such low-cost methods can be used
in combination with ab initio electronic structure calculations. Here the problem lies in possible
artifacts and the inability to describe important effects. For example, the creation of deep traps for
charge carriers typically has a large electronic energy penalty, which may not be properly account
for by classical force fields. From this point of view, the use of approaches explicitly considering
π-electrons has an advantage over a purely classical description.

4. DYNAMIC ELECTRONIC PROCESSES

An important feature of organic semiconductors is a strong electron-phonon coupling influencing
nearly all dynamic processes in these materials (35). For a π-conjugated molecule, there are two
distinct kinds of such couplings associated with fast (bond stretching) and slow (librations) molec-
ular motions. The former originates from molecular fragments of alternating single and double
bonds (including resonance Lewis structures) (36). In such systems, the HOMO and LUMO are
predominantly localized on double and single bonds, respectively, so that HOMO-LUMO exci-
tation or extra charge on these orbitals creates a force trying to revert the pattern of bond length
alternation. The latter kind of strong coupling originates from nonrigid dihedral angles across a
conjugated system. A planar conformation realizes the maximum π-conjugation along the back-
bone. With an increase of the dihedral angle, the conjugation strength decreases rapidly. This
coupling, for example, propels the femtosecond planarization of oligofluorenes (19) across single
bonds and ultrafast photoisomerization across double bonds (53). Additional complexity adds a
so-called nonlocal electron-phonon coupling originating from a strong dependence of electron
transfer integrals between molecules on an intermolecular geometry (54). Many dynamical phe-
nomena include multiple vibrational and electronic degrees of freedom.

Consequently, a description of such processes as light absorption and energy and charge trans-
port in organic semiconductors must incorporate both electronic and molecular degrees of freedom
simultaneously (55). However, first-principles quantum dynamics of all these degrees of freedom
(56, 57) is computationally prohibitive even for few-atom molecules. Two basic techniques to
overcome this problem are used to treat vibrational degrees of freedom, distinctly employing
either a classical description or approximate potential energy surfaces (PESs). In practice, these
techniques are usually referred to as nonadiabatic molecular dynamics (NAMD) and the effective
Hamiltonian approach, respectively. In this section, we briefly mention the first method, which is
detailed in many other reviews (58, 59), and primarily focus on the second one.

Commonly used atomistic NAMD methods are frequently referred to as mixed quantum-
classical dynamics treating the slow vibrational (nuclear) motion by classical mechanics, but the
forces that govern the classical motion incorporate the influence of nonadiabatic transitions be-
tween electronic states (55). In popular surface-hopping approaches, such transitions are consid-
ered as stochastic jumps between electronic levels (58). For simulations in organic electronics, the
current state-of-the-art NAMD methods still have important fundamental and technical limita-
tions. Fundamentally, they require proper accounting of the interactions between classical and
quantum subsystems (55). Computationally, evaluating excited electronic states at each point of
the molecular dynamics (MD) trajectory is numerically demanding. For small-scale simulations,
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time-dependent DFT can be used, but for the description of intermolecular charge/energy trans-
fer between medium-sized molecules, a simplified quantum chemistry approach is needed, such as
a semiempirical (18) or even a tight-binding (59) framework. Moreover, strongly coupled, bond
length alternation vibrational modes have high frequencies, of the order of 0.2 eV, so a classical
treatment of these modes may introduce systematic errors owing to the lack of tunneling processes
and to unphysical energy flow between different vibrational modes due to the inability to describe
zero-point energy, for example (60). Alas, approaches correctly describing quantum modes dra-
matically increase computational demands (61). Finally, an accurate description of decoherence
effects during nonadiabatic transitions and interference between them (e.g., in the case of band-
like transport) can make NAMD simulations computationally prohibitive for extended systems
(62).

4.1. Holstein–Peierls Hamiltonian

In the second approach, we want to be able to treat vibrational modes quantum mechanically at the
cost of having simplified PESs. A common approximation is harmonic PESs and linear electron-
phonon couplings. If, additionally, a one-particle approximation is assumed for an electronic
subsystem, then we obtain the Holstein–Peierls model (63–65), which is the simplest Hamiltonian
accounting for strong electron-phonon interactions in organic semiconductors:

∑
i j

H 1p
i j c

†
i c j +

∑
α

�ωα

(
b†αbα + 1

2

)
+

∑
i jα

�ωαgαi j (b†α + bα)c†i c j . (5)

Here c
†
i (ci ) and b†α (bα) are the creation (annihilation) operators for electronic quasi-particles

(electrons, holes, or Frenkel excitons) and vibrational normal modes (or phonons and vibrons),
respectively; gαi j are dimensionless electron-phonon couplings. The diagonal elements of the one-
particle Hamiltonian H1p are called on-site energies, H1p

i i ≡ εi ; the other elements are transfer
integrals, ti j . Similarly, couplings gαi i ≡ gαi are called local; the others are nonlocal. The Hamil-
tonian with purely local, fully separated (gαi gα j = 0 for i �= j ) couplings is called a Holstein
Hamiltonian. Nonlocal couplings are related to Peierls instability, such as the dimerization of
trans-polyacetylene (66). For a system consisting of small-enough molecules (including a cluster,
crystal, or amorphous solid), the sites can be associated with individual molecules. The essential
condition here is for ti j to be small enough compared to the separation between intramolecular
energy levels. Otherwise, more than one site (electronic degree of freedom) per molecule is re-
quired. The situation with extended systems (e.g., polymers, dendrimers, or frameworks) is more
complicated, but a one-particle Hamiltonian can usually be well defined (67). We note that the
Hamiltonian in Equation 5 can be considered either as an empirical or first-principles model,
depending on whether its parameters are fitted to experimental data or quantum chemistry cal-
culations. Finally, vibrational modes can be rigorously coarse grained with the energy bin of the
order of the bath temperature (see Equation 10). Quite often, consideration of only a few modes
with strong couplings in Equation 5 suffices.

There are three challenges in using the Holstein–Peierls model. First, despite its visual sim-
plicity, the Hamiltonian in Equation 5 is not exactly solvable. Moreover, no efficient numerical
solvers exist for a general case. Second, the approximations under which this Hamiltonian is valid
are rarely fully satisfied in organic semiconductors. In other words, Equation 5 is only a minimal
model of electronic dynamics in organic materials. Third, in first-principles simulations of real-
world materials, it is important to have efficient and reliable schemes for an ab initio evaluation
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of the parameters of the Hamiltonian in Equation 5 (H1p
i j , ωα , gi jα). In the rest of this subsection,

we discuss the last two issues.
There are three intrinsic approximations of the Holstein–Peierls model corresponding to the

three terms in Equation 5. First, the electron-electron interaction is treated statically (i.e., in a
mean-field fashion). This is acceptable for a bulk material in nonconcentrated-sunlight photo-
voltaic devices (with the incident solar flux being 5 photons/ns/μm2) but may be unacceptable at
interfaces in which excitons, electrons, and holes can be accumulated. Next, the harmonic approxi-
mation for intramolecular atomic motion is valid only for small rigid molecules, such as pentacene,
whereas typical molecules used in photovoltaics have few-to-many highly anharmonic librations
(68). Notably, intermolecular motions are highly anharmonic at room temperature because of the
close proximity to the melting point. Finally, the linear local electron-phonon coupling approxi-
mation gives mirror symmetry for absorption and emission spectra, which is not the case for many
conjugated molecules. For nonlocal couplings, the linear approximation is barely acceptable. Of
course, any of the above effects can be taken into account by modifying the Hamiltonian in Equa-
tion 5, but such generalizations are nontrivial and lie far beyond the scope of the present review.

A first-principles evaluation of the parameters of an effective electronic Hamiltonian is based on
the fitting of single-particle and total energies to quantum chemistry calculations, which is a well-
elaborated procedure for crystalline inorganic semiconductors (69) and conjugated polymers (70).
For molecular solids in organic electronics, simplified approaches are used, except for very small
molecules (71). A common scheme is the dimer approximation in which the three quantities, H1p

i j ,
H1p

i i , and H1p
j j , are estimated from first-principles calculations of the ij dimer in its “ground state”

(no quasi-particle present) geometry using molecular orbitals or energies (see 20, and references
therein). In addition, simplified approaches exist that require only self-consistent field calculations
of monomers (72, 73). A poorly studied issue of the dimer approximation is the influence of other
molecules on calculated transfer integrals, such as the solvent screening of exciton transfer at large
intermolecular separations (20, 74). The dependence of the calculated transfer integrals on the
basis set is inessential (75), whereas the dependence on the density functional is noticeable: Upon
an increase of the orbital exchange in the DFT model, transfer integrals can increase by a factor
of two (76). Among semiempirical approaches, ZINDO is the only known reliable method for
calculating transfer integrals.

The evaluation of local vibronic couplings, giα , is a straightforward procedure with the use of
two geometries: the “ground state” and “excited state” (one quasi-particle present). Computations
of nonlocal couplings as well as lattice phonons are more elaborate (54, 71, 77). The main challenge
here for nonrigid molecules results from the intramolecular-lattice mode mixing, anharmonism,
and nonlinear electron-phonon coupling. Another challenge is the strong dependence of vibronic
couplings on a computational method including a basis set (20, 78).

A more severe problem may arise with the determination of quasi-particle sites in the Hamil-
tonian in Equation 5. For molecular systems in which each molecule hosts one adiabatic polaron
state (meaning that all other states are separated by an energy gap), the sites are naturally assigned
to individual molecules: HOMO for holes, LUMO for electrons, first singlet or triplet excitations
(S1 or T1) for excitons. For extended molecules such as polymers, this procedure may be nontrivial.
If the polymer conjugation length is larger than the polaron size (42), then the polaron wave func-
tions significantly overlap spatially, and intramolecular nondiagonal electron-phonon couplings
appear. In the opposite case, the quasi-particle sites are ill-defined because of a strong coupling
between an electronic wave function and molecular conformation. In this case, an anharmonic
PES must be used (at least for dihedrals) (70). For these reasons, NAMD is currently the best tool
for first-principles modeling of polymers (49, 58).
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4.2. Mean-Field Polaron Approximation

It is hardly possible to mention all existing approaches in solving the Holstein–Peierls and similar
Hamiltonians (63, 79). Among those used in modeling organic semiconductors are the already-
mentioned surface-hopping technique (58, 80), direct numerical solution (56, 81), the truncation
of boson excitations (34), projected modes (82), and a variational approach (83), as well as various
approximations based on the generalized master equation (84). Pertinent to organic semiconduc-
tors, the most universal approach with respect to the model parameter space is the mean-field
polaron (MFP) approximation (63, 85).

Here, we illustrate the idea of the MFP approach for the Holstein model. The general case in
Equation 5 is conceptually the same but is technically more involved (71) (see the Supplemental
Appendix). The starting point is to apply the polaron transformation (63) to the Holstein Hamil-
tonian: H → eSHe−S, where S = ∑

iα gαi (bα − b†α)ni and ni = c
†
i ci . This transformation formally

eliminates the electron-phonon interaction term in Equation 5, yielding the polaron Hamiltonian,

Hpolaron =
∑

i

(εi − λi )ni +
∑
i �= j

[
ti j

∏
α

Dα(giα − g jα)

]
c
†
i c j , (6)

where

λi =
∑

α

Sαi �ωα (7)

is the polaron relaxation energy, Sαi = g2
αi are Huang–Rhys factors, and Dα(g) = eg(bα−b

†
α ) is

the displacement operator, D(g)ψ(ξ ) = ψ(ξ + g), whose matrix elements over harmonic oscilla-
tor eigenfunctions are Franck–Condon factors. Because these factors are smaller than unity, the
transfer integrals are renormalized in the direction of band narrowing.

In the MFP approximation, the displacement operators are substituted by their effective (mean-
field) values whenever is needed (it is important to take late averages). For the thermal average
over the Boltzmann distribution, the MFP transfer integrals are given by

tpolaron
i j = ti j exp

(
−

∑
α

Rαi j coth
�ωα

2T

)
, (8)

where Rαi j = (Sαi + Sα j )/2, and T is a temperature (85).
There are two major problems with the MFP approach. First, as is common for mean-field the-

ories, it is unclear how accurately electron-phonon correlations are treated. Second, in molecular
π-conjugated systems, there are slow modes with strong electron-phonon couplings (librations
and intermolecular motions), which do not equilibrate during the motion of electronic quasi-
particles. A detailed discussion of this and other technical challenges is given in Section S2 of the
Supplemental Appendix.

4.3. Nature of Electronic States

Because of strong electron-phonon coupling (i.e., intermolecular electronic couplings and polaron
relaxation energy are often of comparable magnitudes), charge and excitation carriers in organic
semiconductors (quasi-electrons, holes, Frenkel excitons) are polarons, which involve inseparable
electronic and molecular degrees of freedom. An adiabatic polaron gives a clear visual picture and
straightforward computational protocol for identifying such states (42) (see Figure 2a). Despite
the lack of a phase transition in the Holstein–Peierls model (79), the physical properties of the
polaron are quite different in different regions of the parameter space. In the simplest possible
case (one phonon mode per site and zero temperature), this space consists of two dimensionless
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Figure 2
(a) Illustration of an adiabatic hole polaron. Its spatial localization is clearly visible in both the electronic wave function and deformed
molecular structure. (b) Parameter space of the one-dimensional Holstein model. Notably, the vibrational modes of the R24 molecule
on this diagram cover the entire range of parameter values. Panel b adapted with permission from Reference 150.

parameters: g and t/�ω. Even in this case, there are several contrasting regions in the parameter
space (see Figure 2b).

The region that is easiest to understand is that of fast vibrational modes, �ω � t, corresponding
to C–C stretching modes in conjugated molecules. In this case, the polaron is a coherently evolving
superposition of electronic and vibrational degrees of freedom, and the MFP approach correctly
describes this state for all values of g and T. In particular, the transition from a band-like motion
to the hopping regime is caused by the exponential bandwidth reduction and is described by
the formula given in Equation 8. Because there is no phase transition in the Holstein–Peierls
Hamiltonian itself, the polarons are localized by coupling to environment or static disorder, which
is ever present in real systems, when the bandwidth becomes small enough. In the case of C–C
stretching modes, the band-narrowing factor is nearly temperature independent (71) and is given
by e−S, where S is the total Huang–Rhys factor for these modes. That is why these modes never
localize polarons in realistic π-conjugated systems (�ω ∼ 0.2 eV, g ∼ 1) below their thermal
decomposition temperature.

At the opposite side of the diagram in Figure 2b are slow modes, �ω 	 t. In materials with
a charge carrier mobility that is not too small (t > 50 meV), lattice modes and librations usually
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(a) Intramolecular relaxation energy progression of the hole polaron for the R24 and pentacene molecules. The small rigid pentacene
molecule has fewer strongly coupled modes compared to the large and flexible R24 molecule, displaying a quasi-continuous distribution
of coupling strength. (b) Ratio of disorder to polaron bandwidth for an R24 crystal. Independent of how modes are partitioned into fast
and slow ones, the combined effect of static and dynamic disorder localizes excitons. (c) Localized excitons in an R24 crystal from the
statistically sampled participation ratio (normalized to be 1 for a fully delocalized wave function; the supercell size is 20 nm or
5,000 molecules). (d ) Absorption and emission spectra for the R24 molecule as calculated employing commonly used B3LYP and
CAM-B3LYP functionals with a different amount of orbital exchange along with experimental data. (e) Nonradiative relaxation
(internal conversion) from a high-energy absorption band to the lowest singlet excited state (S1) in the R24 molecule, which involves
multiple electronic states with different spatial extents of their wave functions. Panel e adapted with permission from Reference 18.

satisfy this condition. As a zero-point approximation, such modes can be considered as quasi-
static disorder for intermolecular charge and energy transfer. Contrary to fast modes dynamically
bound to excitons and charge carriers, slow modes are decoupled from the latter and localize them
efficiently.

Generally, all three classes of strong electron-phonon interactions mentioned in the beginning
of this section are important: The individual contributions of lattice and vibrational modes all
together can cover the entire parameter space in Figure 2b just for one system. A representative
distribution of local vibronic couplings is given by the R24 molecule in Figure 3a: A quasi-
continuous distribution is observed with both slow and fast, and strongly and weakly coupled,
modes. This fact severely complicates an accurate theoretical description of the electronic prop-
erties of such materials. In many situations, the overall coupling is strong enough to fully localize
excitons and charge carriers. Such localization is not necessarily limited to a single monomer.
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We illustrate the above speculations with two case studies: pentacene and R24. In rigid conju-
gated molecules, such as pentacene, the only strongly coupled vibrations are modes corresponding
to C–C stretching (see Figure 3a). These modes just dress electronic states, without changing
them substantially. The influence of lattice modes (six per molecule) is more intricate because of
the low frequency, of the order of 10 meV for optical phonons (71, 77), and several complicating
factors, such as mode mixing, anharmonism, and nonlinear coupling. For acenes at low-enough
temperatures, of the order of 100 K, both first-principles (71, 86, 87) and experimental (32) investi-
gations show a band-like electronic structure with a band shape very close to that without phonons
(87), in agreement with MFP theory. Also in agreement with MFP theory is the temperature de-
pendence of the band narrowing (88, 89). However, we are still lacking a rigorous experimental
validation of first-principles calculations of electron-phonon effects. At room temperature, charge
carriers may be dynamically localized in some acenes (71, 90).

In soft conjugated molecules, such as R24, there are many low-energy, strongly coupled in-
tramolecular modes (see Figure 3a). Methods for an accurate solution of the Holstein Hamilto-
nian with such a broad distribution of ωα and Sα are still lacking. Nevertheless, there is a simple,
yet robust approach: We can divide all modes into fast and slow ones, consider the former as
thermally averaged in the MFP method, and consider the latter as static disorder drawn from
a thermal distribution. In particular, for excitons in an R24 crystal at 300 K, the disorder cre-
ated by the frozen slow modes is always larger than the exciton bandwidth narrowed by the fast
modes (Figure 3b), so that excitons in this system are localized (the result is independent of
the fast/slow mode threshold). Figure 3c shows a typical distribution of the participation ratios:
All states are localized; in particular, the thermally relaxed Frenkel excitons are localized on one
monomer.

To summarize, a very approximate picture of electronic states in organic semiconductors
emerges as follows: These states are polarons comprising C–C stretching modes, moving in a
quasi-static disordered landscape created by thermal fluctuations of librational and lattice modes.
A more accurate description requires an accurate modeling of electron-phonon correlations in the
white region of the diagram in Figure 2b.

4.4. Ultraviolet-Visible and Ultraviolet Photoelectron Spectroscopies

The easiest direct test of an electron-phonon Hamiltonian is how accurately it can reproduce
the shape of vibrationally resolved UV-Vis and ultraviolet photoelectron spectra (see also 91 for
vibronic effects in the infrared spectra). In practice, quite often it is the only available efficient
validation tool for theory. In particular, spectra of an ensemble of isolated molecules in vacuum
or solution can be used to test local couplings obtained from first-principles calculations or to
derive the parameters of the Holstein Hamiltonian from the experimentally measured spectra (for
UV-Vis, see 20, 92–94; for ultraviolet photoelectron spectroscopy, see 95, 96). Importantly, the
absorption and emission spectra of an isolated dipole-allowed electronic transition can be derived
exactly within the Holstein Hamiltonian [independent boson or displaced oscillator model (63)]
through the transition spectral density:

σ (E) =
∑
nn′

ρn〈n|n′〉δ(E − Enn′ ) ≡ 1
2π�

∫ ∞

−∞
σ̂ (τ )eiτ E/� dτ , (9)

where ρn is the population of the initial vibrational state n, the prime denotes the final state of
the transition, 〈n|n′〉 is the Franck–Condon factor, Enn′ is the electronic plus vibrational transition
energy, and σ̂ (τ ) is the phonon correlator in the time domain, σ̂ (τ ) = 〈eiτ H vib/� e−iτ H ′

vib/�〉. For
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the displaced oscillator model,

σ̂ (τ ) = exp

[∑
α

Sα

(
coth

�ωα

2T
(cos ωατ − 1) − i sin ωατ

)
− iω00τ

]
δ̂(τ ), (10)

where ω00 is the frequency of the 0-0 transition, and δ̂ is the Fourier transform of the lineshape
function. The choice of the latter should not influence the result, especially for such large molecules
as R24, whose low-frequency quasi-continuum of vibrational modes serves as a thermodynamic
bath. Figure 3d shows simulated UV-Vis spectra for the R24 molecule in a solution. It is clearly
seen that vibronic couplings are highly sensitive to the choice of the density functional. Vibronic
mixing (the nontrivial Duschinsky matrix) is usually neglected for conjugated molecules (20, 92–
94). However, there exists a generalization of Equation 10 for this case (97). Anharmonism may
be important to explain the asymmetry between absorption and emission spectra (94).

Two important parameters can usually be robustly estimated from the experimental spectra of
molecules in solution: the intramolecular polaron relaxation energy, λ, and vibrational bandwidth,
W:

2λ = Ēabsorption − Ēemission = 2
∑

α

Sα�ωα, (11)

W 2 =
∫

σ (E)(E − Ē)2 dE =
∑

α

Sα�
2ω2

α coth
�ωα

2T
, (12)

where Ē = ∫
σ (E)E dE.

For multimers and solids, the calculation of vibrationally resolved spectra is complicated (rel-
ative to the independent boson model) by the presence of closely spaced multiple excitations (see
17, figure 1) coupled through electron-phonon interaction. The most illustrative example is a
symmetric dimer in an H- or J-aggregate configuration: One of the two excited states has a zero
transition dipole in the equilibrium geometry of the dimer but quickly gains the dipole moment
upon geometry fluctuations (the intermolecular Herzberg–Teller effect). Spectra in such cases
can be evaluated by considering only strongly coupled quantum modes and only limited popu-
lation of each of these modes (34). In particular, for dimers, the experimentally observed S1/S2

splitting follows the polaron renormalized intermolecular couplings given by Equation 8 (98).
NAMD-based calculations of spectra can reproduce most of the spectral shape features, includ-
ing vibrational broadening, Stokes shift, asymmetry between absorption and emission spectra,
and Davydov splitting, but typically cannot address Franck–Condon progressions due to strongly
coupled quantum modes.

4.5. Exciton and Charge Carrier Transport

Studies of energy and electron transfer in molecular systems have a long history (99). In most
materials used in OPVs, the exciton and charge carrier transport proceeds through small polaron
hopping. Although quantum correlations or coherences usually have minor effects in this process,
there are strong classical correlations due to slow modes. NAMD can account for the latter, barring
possible systematic errors in calculations of hopping probabilities. For the Holstein model in the
MFP approximation, the hopping rates can be easily calculated using the perturbation theory over
the intermolecular electronic couplings t (Fermi’s golden rule):

w = 2π

�
|t|2 K , (13)
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where K is the so-called spectral overlap:

K =
∫

σD(−E)σA(E) dE ≡ 1
2π�

∫ ∞

−∞
σ̂D(τ )σ̂A(τ ) dτ , (14)

where D/A represents the donor/acceptor. A simplified approach to account for nonlocal cou-
plings is to replace |t2| by its average value (100). However, slow modes do not have time to
equilibrate between hopping events (see Equation S7 in the Supplemental Appendix). The
transport coefficients can then be calculated either by kinetic Monte Carlo simulations or by di-
rect formulas. In the simplest case of a primitive lattice crystal, the diffusion tensor is given by
D = (1/2)

∑
j w0 j r0 j ⊗ r0 j . The zero-field mobility can be obtained from D by using the Einstein

relationship μT = e D. For the general case, readers are referred to Reference 20.
Band-like transport is expected for pure crystals at low-enough temperatures. The MFP ap-

proximation can describe both hopping and band-like motion on the same footing (85). Here
polaron and phonon Hamiltonians are separated. As a result, the formula for zero-field mobility
is the same as for hopping but with a modified spectral overlap:

K = 1
2π�

∫ ∞

−∞
σ̂D(τ )σ̂A(τ )σ̂polaron(τ ) dτ , (15)

where the polaron correlator in the case of a primitive lattice is given by (85)

σ̂polaron(τ ) = 1
N cells

∑
k,k′

ρ(k) exp
[

i
ε(k) − ε(k′)

�
τ

]
. (16)

Here ε(k) = ∑
j tpolaron

0 j e−ikr0 j is polaron dispersion, and ρ(k) is the normalized thermal population
(usually Boltzmann distribution). Both σ̂polaron(τ ) and σ̂phonon(τ ) = σ̂D(τ )σ̂A(τ ) at small τ decay
as exp(−W 2τ 2/2�

2), where W is the corresponding bandwidth. The phonon bandwidth in the
Holstein model is given by Equation 12. The polaron bandwidth is W 2

polaron = 〈�ε〉2 + 〈�ε〉2
T ,

where the brackets with T represent the bandwidth of thermally populated states [weighted with
ρ(k)]. Therefore, if Wpolaron � Wphonon, then we have band-like transport. In the opposite case,
we have small polaron hopping. Inhomogeneous broadening, scattering by static disorder, can
be incorporated phenomenologically through the introduction of an empirical lineshape function
δ̂(τ ) into the integral in Equation 15 (e.g., the Gaussian function in 85).

An important conclusion of the MFP formula discussed above for zero-field mobility is that
hopping models can be used far beyond their applicability (beyond the hopping regime) provided
that the spectral overlap is properly rescaled to account for particle delocalization. In fact, on
length scales larger than the scattering length, both the hopping and band models have the same
diffusive limit (101). Moreover, in the case of narrow bands, �J can be interpreted as the polaron
scattering time by comparing a mobility derived within the singe scattering time approximation
(102) with that obtained within the MFP approach.

5. ORGANIC SOLAR CELLS AND THEIR MODELING

As mentioned in Section 1, this review does not aim to provide comprehensive coverage of OPVs.
Rather, it complements a set of largely nonoverlapping excellent reviews (2, 103–105) with an
emphasis on recent progress.

An organic solar cell is a complex system with structural inhomogeneity on scales from tenths
to hundreds of nanometers, involving physical processes on scales from femtoseconds to at least
nanoseconds (see Figure 1c). A complete description of this system requires a multiscale modeling
approach. A typical implementation of this approach in OPVs is as follows: On the scale of a few
molecules, DFT is the best tool we currently have. To move to a larger scale, one can use a model
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Hamiltonian, whose parameters are determined from DFT calculations. Next, for modeling of
electronic processes in complex mesoscale structures, a master equation is appropriate, whose rates
are determined through the model Hamiltonian. Usually, at this scale, the only way to obtain the
geometry is via classical MD. Finally, at scales at which the microscopic details are completely
washed out, continuum models can be applied.

There are a lot of studies investigating organic semiconductors and solar cells on each of these
scales separately. The main challenge in first-principles multiscale modeling is to seamlessly com-
bine different approaches on various scales (i.e., to perform coarse graining). Because a multitude
of uncontrolled approximations are present at each scale, it is not easy to control the final ac-
curacy of the calculated macroscopic quantities of interest. Presently, we have reliable schemes
for two-scale modeling that allow for an evaluation of the exciton diffusion length and charge
carrier mobility in bulk single-phase, chemically pure organic semiconductors. The next mile-
stone, three-scale modeling, requires “molecule as a site” first-principles coarse graining. Such a
routine is well established for large-scale MD and other simulations of structural properties (106).
However, attempts to incorporate electronic processes have only recently been reported (107).

At the device scale, the methodological difference between organic and inorganic materials
vanishes: The description is based on a diffusion equation for exciton or charge carrier transport
and a Poisson equation for electrostatics. For this reason, we omit a discussion of this scale modeling
and refer the readers to other works/reviews (3, 4, 103, 108).

5.1. Design of Organic Photovoltaic Materials

So far, the most successful and productive use of first-principles modeling in OPVs lies in the
evaluation of structural and electronic properties of photovoltaic materials. The practical need
requires not only the characterization of existing materials, but also the prediction of new ones.
An illustrative example is the Harvard Clean Energy Project Database, containing two million
candidate compounds for OPVs with calculated HOMO/LUMO energies (5). There are two
basic approaches explored here: the analysis of intramolecular properties relying on the existence
of structure-property relationships between single-molecule and bulk material properties and the
direct modeling of the latter (e.g., the exciton diffusion length or charge carrier mobility).

The simplest, and very efficient, implementation of the first approach is to use HOMO/LUMO
energies and the optical band gap of a molecular donor for the optimization of ηabs(Eg) and Voc of
the device (1, 5). There are hundreds of compounds already synthesized with these two parameters
nearly fully optimized. Thereby, the main efforts should now be put into improving Jsc and the fill
factor, which strongly depends on the intermolecular and mesoscopic structure of the material.
This calls for an experiment-based investigation of structure-property relationships between the
chemical structure and macroscopic characteristics, with an emphasis on how small changes in
the chemical composition can drive large changes in the physical properties of bulk materials
(109, 110). Evidently, the molecular shape is an important factor influencing the intermolecular
packing. Theoretical studies may help to uncover possible mechanisms of controlling the shape
of flexible molecules by tuning the energetics of dihedral degrees of freedom (111).

The main challenge of bulk material modeling is the prediction of intermolecular packing.
Even for molecular crystals, the intrinsic disorder, polymorphism, and dependence on the fabri-
cation process severely complicate an accurate prediction of realistic structures (112). Modeling
amorphous molecular and polymer solids is even more challenging. An instructive example comes
from inorganic semiconductors: Amorphous silicon models correctly reproducing the structure
factor have existed for decades, yet over all this time they have been improving in order to explain
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a full set of experimental data (113). A stumbling block in the organic semiconductor realm is
the strong dependence of charge carrier transfer rates on the intermolecular geometry. For these
reasons, it is important to compare theoretical predictions with experimentally observed structures
whenever possible (110, 114).

If the underlying structure is known, an evaluation of the exciton diffusion length and charge
carrier mobility becomes a relatively routine procedure within the Holstein–Peierls Hamiltonian
framework. As a result, the mechanisms and microscopic details of charge transport in organic
semiconductors have been thoroughly investigated using first-principles modeling (20, 31, 64, 65,
102, 115–117). To discuss charge carrier (and exciton) mobility in molecular systems, we find it
convenient to use an exact expression for the zero-field mobility with nearest-neighbor hopping
on a primitive lattice (20):

μ0 = 2πe
�

fa2t2 K (T )
T

≈ f × (a[Å] · t)2 × K (T )
T

cm2

V · s
, (17)

where f is the lattice form factor; a and t are the nearest-neighbor distance and electronic cou-
pling, respectively; K is the spectral overlap; and T is the temperature. First-principles calculations
allow us to evaluate all these parameters to understand the main factors influencing charge car-
rier mobility. In particular, the lattice form factor varies from 1 for π-stacks (e.g., R24), 3/2
for herringbone lattices (e.g., pentacene), and 2 for close packings (e.g., fullerene) to somewhat
larger values for a long-range transfer (e.g., ∼7 for excitons in R24). The hopping distance,
a, can be as small as van der Waals distances (e.g., 3.5 Å for nonshifted π-stacks and 5 Å for
close-packed herringbone lattices). Slip π-stacks and large molecules allow for larger values [e.g.,
10 Å for a polymorph of R24 (110) and fullerene]. The polaron wave-function size sets the up-
per limit for a. Intermolecular couplings of the order of 100 meV are routinely reported for
good organic semiconductors. The last factor, K(T )/T, is responsible for the temperature de-
pendence and is the only factor evading an accurate description and thorough understanding.
At room temperature, the hopping approximation is valid for most organic semiconductors, so
Equation S4 in the Supplemental Appendix gives a rough upper limit for K. Assuming W ∼
0.2 eV and considering the values discussed above for the rest of the parameters, we end up with
the charge carrier mobilities in the range 1–100 cm2/V/s for good organic semiconductors, which
correspond to measured values. In other words, based on the current knowledge of conjugated
molecules, there are no theoretical premises for small-molecule crystals to have mobilities much
higher than 100 cm2/V/s.

For amorphous solids, K and t are effectively renormalized by on-site and off-diagonal disor-
der, respectively. As a result, macroscopic charge carrier mobilities in disordered, impure, and
polycrystalline semiconductors are usually orders of magnitude smaller than those in the corre-
sponding chemically pure single crystals, again in full accordance with observations. The situation
with polymers is different: The intrinsic intrachain charge carrier mobility exceeds the observed
bulk mobility by many orders of magnitude (102, 118). Therefore, with technological advances
in obtaining better morphology of bulk polymer semiconductors, we may expect mobilities larger
than those in small-molecule crystals (119). First-principles modeling of noncrystalline and im-
pure organic semiconductors is still lacking robust quantitative accuracy, and empirical hopping
models (120–122) remain very useful for the description of phenomena intrinsic to disordered
systems, such as the Poole–Frenkel law for the field dependence of mobility (123).

A similar analysis can be performed for the exciton diffusion length. The calculated length
exceeds 100 nm for perfect crystals (20, 124) and is reduced for disordered systems mainly by
on-site energy variation (125). Experiments typically give substantially lower values (126, 127),
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implying that exciton diffusion is trap limited. This fact is consistent with the observation that the
concentration of exciton quenchers (for amorphous solids) is nearly universal, approximately one
trap per (20 nm)3 (128). Consequently, this value roughly sets the limit for the maximum domain
size in bulk heterojunction solar cells.

5.2. Organic-Organic Donor-Acceptor Interfaces

Electronic dynamics at heterojunction interfaces are critical for OPVs. Experimental and theoret-
ical investigations of bulk heterojunctions are very limited because of the multiscale complexity of
a real three-dimensional interface. Much simpler, although microscopically equivalent, is a pla-
nar donor-acceptor interface, allowing for full control and thorough analysis on the mesoscale at
least. From a theoretical standpoint, such a one-dimensional inhomogeneity allows for a simpli-
fied formulation of atomistic (129) and continuum (108) models. In first-principles photovoltaic
simulations, one needs to calculate the energies of CT states on an interface and to estimate
the rates of two processes: CT state formation from an exciton that arrived at the interface by
diffusion (exciton dissociation) and complete spatial separation of charges starting from that CT
state (charge separation). These rates are to be compared with competing processes resulting in
radiative or nonradiative electron-hole recombination (including triplet states). The generation
of CT states directly through light absorption or by ultrafast relaxation from an excited state is
possible (2) but not particularly efficient (130).

The main challenge for the atomistic modeling of interfaces is the same as for bulk materi-
als: generating representative geometries (129). A macroscopically planar interface between two
molecular crystals is not just a superposition of two crystals: Phase intermixing (131, 132) and
molecular interdiffusion (133) are observed in MD simulations. In addition, electronic structure is
sensitive to molecular orientation and thermal fluctuations. Therefore, calculated properties must
be properly sampled statistically (129, 134, 135). The level of theory used in interface modeling
varies from ab initio wave-function methods (136), NAMD (21, 137), and quantum dynamics
(138) for model geometries to classical MD and simplified electronic Hamiltonians for statisti-
cally sampled simulations (134, 135, 139). Transfer integrals for exciton dissociation are usually
evaluated as LUMO transfer integrals because all the LUMOs, anion natural orbitals, electron
natural transition orbitals, and natural orbitals (singlet or triplet) have essentially the same spatial
form of the wave function (see Supplemental Figure 4).

The results of calculations show that electronic properties for molecules at the interface differ
from those in the bulk material because of geometry modulations by incommensurate lattices
and the local electrostatic field by a built-in interfacial dipole (129, 140–142). The latter may
induce bending of electronic levels of the order of tenths of an electron volt, extending to sev-
eral nanometers in depth (141). The energy of CT states, ECT, with respect to the bulk exciton,
Eexc � Eg (here the difference results from exciton relaxation), and the charge separated state,
ECS � eVoc (here the difference results from generation-recombination balance), is crucial for
photovoltaic performance. A high fill factor necessitates ECT � ECS to separate charges without
an external field (130). In contrast to some inorganic interfaces in which ECT is expected to be
relevant to the HOMO/LUMO of the donor/acceptor, such a simple picture is hardly applicable
to the OPV case due to strong Coulomb interactions, built-in electric fields, and other effects
of the local environment. A high Jsc (low recombination) requires Eexc − ECT � T provided
that the CT state itself does not have fast recombination channels. At the same time, Eexc − ECT

must be low enough to have a high eVoc/Eg ratio. The best trade-off value of Eexc − ECT has
been found empirically to be a few tenths of an electron volt (1, 143). This value is similar to the
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reorganization energy for an exciton-to-CT reaction, so the exciton dissociation proceeds reso-
nantly in the Marcus formula (i.e., at the maximum possible rate) (see Supplemental Figure 1).
The average electron transfer integrals are moderate (∼10 meV) (134), but the resonance and mul-
tiple channels (especially into PCBM) make the exciton dissociation a very fast process (<1 ps) (21).
In contrast, charge separation is orders of magnitude slower (144). Three strategies are known
to produce the required countergradient to overcome the strong long-range Coulomb attraction
between an electron and a hole in low–dielectric constant materials and have ECT � ECS (140, 145,
146): an interfacial dipole, phase intermixing (147), and an entropic factor (148). Additionally, the
introduction of a spacer layer between the donor and acceptor materials can significantly suppress
recombination (149).

6. PERSPECTIVE

OPV technologies have come a long way due to groundbreaking advances in materials synthe-
sis, experimental characterization, and theoretical modeling. Our progress in simulating organic
semiconducting materials and electronic devices has reached the level of quantitative accuracy for
ordered systems (single crystals, crystal-crystal interfaces). Similarly, first-principles modeling has
become at least qualitative for disordered materials (thin films, bulk heterojunctions), and a detailed
empirical description has emerged for device architectures (solar cells, light emitters). Table 1
demonstrates that, compared to traditional photovoltaic technologies, further improvements in
OPV most likely can be achieved with quantum efficiency (Figure 1b). This requires a fundamen-
tal understanding of various physical mechanisms leading to carrier losses and would particularly
benefit from advanced theoretical simulations. Driven by this challenge, further progress is antici-
pated in extending multiscale modeling to larger scales (e.g., coarse graining to statistical hopping
models) while improving the predictability of both first-principles and empirical approaches.

Advances in the underlying theoretical methodologies and the development of more efficient
and flexible quantum-chemical and MD codes parallel to progress in computer technologies are
important for the overall success of predictive materials design. In particular, more accurate density
functional models for electronic structure calculations as well as force fields for structure and mor-
phology prediction are being developed worldwide. Faster and more accurate NAMD approaches
(e.g., correctly describing tunneling processes) are emerging. Nevertheless, accurate solvers of
the Holstein–Peierls Hamiltonian for π-conjugated molecular systems have yet to be developed.
Simulated amorphous and bulk heterojunction morphologies have yet to be thoroughly tested to
determine if they are statistically equivalent to real materials. Many other technical challenges are
discussed above.

On the way to the acceptance of OPV technologies, despite multiple technological and funda-
mental limitations, numerous electronic properties of organic semiconductors and devices remain
far from their theoretical maxima, such as solar cell PCE, the conductivity of polymers, and the
exciton diffusion length in crystals. Even though many structure-property relationships and de-
sign rules have already been established for OPV materials, in our modeling we have yet to obtain
answers to a practically important question: What is the maximum PCE that can be achieved for
a device based on a given molecule(s)?
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S1 Extended list of references used in the review

• Organic electronics (1; 2; 3).

• Organic photovoltaics (4; 5; 6; 7; 8; 9; 10; 11; 12; 13; 14; 15; 16), commercial devices (17; 18), stability (19).

• General photovoltaics (20; 21; 22), PCE limit (23; 24; 25; 21; 26), improving light collection (27; 28),
regularly updated data for PCE records (29), AM1.5G solar spectrum (30) in W/m2/nm.

• Energy and electron transfer in molecular systems (31; 32; 33; 34; 35; 36; 37; 38).

• Surface hopping (39; 40; 41; 42; 43; 44; 45).

• Organic semiconductors modeling: HOMO/LUMO energies and optical bandgap for solar cells (46; 47; 48;
49), charge transport (50; 51; 52; 53; 54; 55; 56; 57; 58; 59; 60; 61; 62), bulk-heterojunction morphology
(63; 64).

• Experiment vs. theory: UV-Vis spectra (65; 66; 67; 62), UPS spectra (68; 69; 70; 71; 72).

• Experimental investigations of organic photovoltaic materials: structure-property relationships (73; 74; 75;
76; 77; 78; 79), rational design (80; 81; 82; 83), processing additives (81; 84; 85; 86).

• Structure and polymorphism of molecular crystals (87; 88; 89; 90; 91).
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Figure S1: Exciton spectral overlap for R24 calculated by classical and quantum formulas.

S2 Technical challenges: quantum modes, slow modes, electron-phonon co-
herences

S2.1 Quantum modes

To understand how the classical treatment of quantum modes influences the calculated exciton/charge transport
parameters we start with considering the example of R24 molecule, whose distribution of intramolecular vibronic
couplings is shown in Fig. 3a. In the corresponding molecular crystal the transport of excitons and charge carriers
can be correctly described by the small polaron hopping. In this case the difference between classical and quantum
treatment of vibrations appears in the spectral overlap. The classical description is provided by Marcus formula,
the quantum formula is given by Eq. (14). The results of comparison is given in Fig. S1, where it can be clearly
seen that neglecting quantum effects may result in orders of magnitude errors in calculated transport properties,
especially at large energy level offsets (56; 92; 93).

In a general case the above results can be rationalized in the two cases: small energy offset and maximum
spectral overlap (both are marked in Fig. S1). In the first case the spectral overlap can approximated as follows
(62):

J ≈ 1√
4πTλ′

exp

[
−(λ′ + ∆E0−0)2

4Tλ′
− S′′

]
, for |∆E0−0| . λ′, (S1)

where λ′ is the molecular reorganization energy due to classical modes and S′′ is the total Huang–Rhys factor due
to quantum modes, they are given by

λ′ =
∑
α

Sα~ωα
εα

sinh εα
, S′′ =

∑
α

Sα tanh
εα
2
− λ′

4T
, where εα =

~ωα
2T

. (S2)

Now it is easy to show that the purely classical Marcus formula underestimates transfer rates exponentially:

rate(exact)

rate(Marcus)

∣∣∣∣
∆E0−0=0

= exp

[∑
α

Sα

(εα
2
− tanh

εα
2

)]
≈ exp

[
S′′
(
~ω′′

4T
− 1

)]
, (S3)

that gives a factor of 3 for ~ω′′ = 0.2 eV and S′′ = 1. In the classical description of a quantum mode the transition
is overbarrier with the factor e−λ

′′/4T instead of e−S
′′

due to quantum tunneling. The formula (S1) shows that
the Marcus formula still may be used if corrected for quantum modes.

In the region of maximum spectral overlap the two overlapping spectra can be approximated by the gaussians.
For two identical gaussians their overlap is given by

J ≈ 1√
4πW 2

, (S4)
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Figure S2: Shown are 1 ps MD histogram for C-C stretching mode (fast mode) and 10 ps MD histogram for
dihedral across a single π-conjugated bond in R24 molecule (slow mode).

where W is given by Eq. (12), yielding

rate(exact)

rate(Marcus)

∣∣∣∣
∆E0−0=−λ

≈

√ ∑
α λα∑

α λαεα coth εα
∼ 1√

1 + λ′′

λ

(~ω′′
2T − 1

) . (S5)

Therefore in this case the Marcus formula overestimate transfer rates but not as dramatically as for the zero offset
case. Importantly, because of the normalization condition for a spectral overlap,

∫
J(∆E0−0) d∆E0−0 = 1, the

Marcus formula works well in the wide region around the maximum transition rate (57).

S2.2 Slow modes

See also Refs. (94; 95; 96; 97). Modes whose vibrational relaxation time (98) is smaller than the timescale for
dynamic electronic processes of interest (quasiparticle hopping time) interact with the electronic subsystem in
a mean field fashion, that can be accurately described in MFP approach. At the very end are quantum modes
evolving coherently with the quasiparticles and rarely changing their quantum state upon energy or electron
transfer. In contrast, slow modes have no time to equilibrate between sequential electron transfers, see Fig. S2,
resulting in strong statistical correlations between the latter. At the very end are nearly “frozen” classical modes
creating an effective static disorder. This disorder allows for a mean field description, the so called effective
medium approximation (99; 100; 101), which however is very different from a thermally averaged MFP. The true
challenge is to describe all the modes in a unified approach. Estimation of the vibrational relaxation time is also
nontrivial. The primary thermalization mechanism is anharmonism and mode coupling (98; 102; 103) as well as
other many-body interactions (104) and coupling to the environment.

Quantitative estimates of the effect can be made for classic modes. In fact, at not too low temperatures all
slow modes are classical. Let consider two identical molecules with one mode per each molecule. For the displaced
oscillator in the ground state the phonon correlator is given by

σ̂1(t) =
〈

eiωtξ0(ξ1−ξ0/2)−iω00t
〉
, (S6)

where ξ0 is the displaced minimum, ξ2
0 = 2S, and the averaging procedure will be discussed below. In the

excited/charged state the coordinate is shifted by ξ0 so that the total correlator is

σ̂(t) = σ̂1(t)σ̂2(t) =
〈

eiωtξ0(ξ1−ξ2)
〉
. (S7)
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Figure S3: Intramolecular phonon correlator at 300 K for R24 molecule (left panel) and pentacene (right panel).

Here ~ωξ0(ξ1 − ξ2) is the energy misfit between the two configurations. In the equilibrium the first coordinate is
distributed according to

ρ1(ξ1) =
1√
πa2

e−ξ
2
1/a

2
, where a2 =

2T

~ω
, (S8)

whereas the distribution of the second coordinate is just shifted by ξ0. If we average (S7) using these equilibrium
distributions we obtain the usual result: the Stokes shift by λ = 2S~ω and the spectral broadening by 2λT . In
the limiting case when the donor has no time to relax and the distributions of ξ1 and ξ2 are the same, the spectral
broadening remains the same whereas the Stokes shift is absent.

S2.3 Short-time electron-phonon coherences

Short-time electron-phonon coherences appears as population oscillations in energy or electron transfer frequently
observed in pump-probe experiments (105). These oscillations can be described only by high-level solvers of the
Holstein Hamiltonian, which actually is a strongly correlated electron-phonon system. It is unclear how these
correlations may impact the applicability of the rates calculated by the small-polaron hopping formula. However
for large molecules with quasicontinuous distribution of electron-phonon couplings spread across hundreds of
vibrational modes there should be no population oscillations at all due to ultrafast decay of phonon correlator.
Such molecules are typical for organic photovoltaics, e.g. for R24 molecule, whose mode distribution is given in
Fig. 3a, the phonon correlator indeed decays in few femtoseconds, see Fig. S3. This is to be contrasted with small
symmetric molecules with few dominant strongly coupled modes, like pentacene whose phonon correlator shows
long-time oscillations. In practice this means that for large molecules exciton or charge carrier can hop between
molecules with tens of femtoseconds inverse rate and it is still can be incoherent hopping (62).
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S3 Additional formulas

S3.1 Mean field polaron approximation for nonlocal couplings

If nonlocal couplings are present in Eq. (5), the formulas (7) and (8) remain the same but with Sαij =
∑

k gαikgαkj
(note that λ acquires two indexes) and 2Rαij = |gαi− gαj |2 +

∑
k 6=i,j(g

2
αik + g2

αjk) (106). Also, a phonon-mediated
polaron-polaron interaction arises, which may be important for superconductivity, but within the framework of
effective one-particle Hamiltonian entering Eq. (5) that interaction just renormalizes H1p (106).

S3.2 Relation between transition spectral density and UV-Vis spectra

Iabs(E) =
4π2E

3~c
|d|2σground(E), Iemi(E) =

4E3

3~4c3
|d|2σexcited(−E), (S9)

where d is the electronic transition dipole assumed to be constant during the transition, E is the photon energy,
and σ(E) is the transition spectral density. The normalization for I(E) is as follows:

∫
Iemi(E) dE gives the

number of emitted photons per second (the inverse of the radiative lifetime); for a given spectral density of photon
flux, F = dN

dS dtdE , the integral
∫
Iabs(E)F (E) dE gives the number of absorbed photons per second.
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S4 Additional figures

HOMO LUMO

ground state
nh = 2
ne = 0

hole NO electron NO

cation/anion
nh/e = 1

∆n2 = .07/.06

singlet exciton
nh = 1 + .12
ne = 1 − .12

triplet exciton
nh = 1 + .17
ne = 1 − .18

hole NTO electron NTO

singlet transition
nh/e = 1 ± .17

triplet transition
nh/e = 1 ± .25

Figure S4: Various types of molecular orbitals of R24 molecule corresponding to HOMO and LUMO.
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Figure S5: The most delocalized eigenfunction in 20 nm crystal (periodic boundary conditions) of R24 molecules.
See also Fig. 3c.

Figure S6: Solid line: empirical distribution over 67 organic solar cells provided by J. McClean (Harvard Clean
Energy Project (47)). Dots correspond to refinement of R24:PCBM system (84; 76).

S7



References

[1] Klauk H. 2012. Organic Electronics II: More Materials and Applications. Wiley

[2] Heeger AJ. 2010. Semiconducting polymers: the third generation. Chem. Soc. Rev. 39:2354

[3] Skotheim T, Reynolds J. 2007. Handbook of conducting polymers. CRC Press

[4] Heeger AJ. 2014. 25th anniversary article: Bulk heterojunction solar cells: Understanding the mechanism
of operation. Advanced Materials 26:10

[5] Brabec C, Scherf U, Dyakonov V. 2014. Organic photovoltaics: Materials, device physics, and manufacturing
technologies. Wiley

[6] Dou L, You J, Hong Z, Xu Z, Li G, et al. 2013. 25th anniversary article: A decade of organic/polymeric
photovoltaic research. Advanced Materials 25:6642

[7] Zhou H, Yang L, You W. 2012. Rational design of high performance conjugated polymers for organic solar
cells. Macromolecules 45:607

[8] Schlenker CW, Thompson ME. 2011. The molecular nature of photovoltage losses in organic solar cells.
Chem. Commun. 47:3702

[9] Lunt RR, Osedach TP, Brown PR, Rowehl JA, Bulovic V. 2011. Practical roadmap and limits to nanos-
tructured photovoltaics. Advanced Materials 23:5712

[10] Roncali J. 2011. Single material solar cells: the next frontier for organic photovoltaics? Advanced Energy
Materials 1:147

[11] Brunetti FG, Kumar R, Wudl F. 2010. Organic electronics from perylene to organic photovoltaics: painting
a brief history with a broad brush. J. Mater. Chem. 20:2934

[12] Hains AW, Liang Z, Woodhouse MA, Gregg BA. 2010. Molecular semiconductors in organic photovoltaic
cells. Chemical Reviews 110:6689

[13] Deibel C, Dyakonov V. 2010. Polymerfullerene bulk heterojunction solar cells. Reports on Progress in Physics
73:096401

[14] Brabec CJ, Gowrisanker S, Halls JJM, Laird D, Jia S, Williams SP. 2010. Polymerfullerene bulk-
heterojunction solar cells. Advanced Materials 22:3839

[15] Kippelen B, Bredas JL. 2009. Organic photovoltaics. Energy Environ. Sci. 2:251

[16] Brabec C, Dyakonov V, Scherf U. 2008. Organic photovoltaics: Materials, device physics, and manufacturing
technologies. Wiley

[17] Gaudiana R. 2012. Organic photovoltaics: Challenges and opportunities. Journal of Polymer Science Part
B: Polymer Physics 50:1014

[18] Baeg K, Caironi M, Noh Y. 2013. Toward Printed Integrated Circuits based on Unipolar or Ambipolar
Polymer Semiconductors. Adv. Mater. 25:4210

[19] Jorgensen M, Norrman K, Gevorgyan SA, Tromholt T, Andreasen B, Krebs FC. 2012. Stability of polymer
solar cells. Advanced Materials 24:580

[20] Green MA. 2006. Third generation photovoltaics: advanced solar energy conversion. Birkhauser

[21] Markvart T, Castaner L. 2005. Solar cells: materials, manufacture and operation. Elsevier

S8



[22] Wuerfel P, Wuerfel U. 2009. Physics of solar cells: from basic principles to advanced concepts. Wiley

[23] Nayak PK, Cahen D. 2014. Updated Assessment of Possibilities and Limits for Solar Cells. Adv. Mater.
26:1622

[24] Giebink NC, Wiederrecht GP, Wasielewski MR, Forrest SR. 2011. Thermodynamic efficiency limit of exci-
tonic solar cells. Phys. Rev. B 83:195326

[25] Koster LJA, Shaheen SE, Hummelen JC. 2012. Pathways to a New Effi ciency Regime for Organic Solar
Cells. Adv. Energy Mater. 2:1246

[26] Shockley W, Queisser HJ. 1961. Detailed balance limit of efficiency of p-n junction solar cells. J. Appl. Phys.
32:510

[27] Karatay DU, Salvador M, Yao K, Jen A, Ginger DS. 2014. Performance limits of plasmon-enhanced organic
photovoltaics. Appl. Phys. Lett. 105:033304

[28] Jageler-Hoheisel T, Selzer F, Riede M, Leo K. 2014. Direct Electrical Evidence of Plasmonic Near-Field
Enhancement in Small Molecule Organic Solar Cells. J. Phys. Chem. C 118:15128

[29] National Center for Photovoltaics at NREL: Research Cell Efficiency Records.
http://www.nrel.gov/ncpv/images/efficiency chart.jpg

[30] Reference Solar Spectral Irradiance: Air Mass 1.5. http://rredc.nrel.gov/solar/spectra/am1.5/

[31] Nitzan A. 2006. Chemical dynamics in condensed phases. Oxford University Press

[32] May V, Kuhn O. 2004. Charge and energy transfer dynamics in molecular systems. Wiley

[33] Jortner J, Bixon M. 1999. Electron transfer–from isolated molecules to biomolecules, vol. 106-107 of Advances
in Chemical Physics. Wiley

[34] Barbara PF, Meyer TJ, Ratner MA. 1996. Contemporary issues in electron transfer research. J Phys Chem
100:13148

[35] Newton MD. 1991. Quantum chemical probes of electron-transfer kinetics: the nature of donor-acceptor
interactions. Chem. Rev. 91:767

[36] Van Voorhis T, Kowalczyk T, Kaduk B, Wang LP, Cheng CL, Wu Q. 2010. The diabatic picture of electron
transfer, reaction barriers, and molecular dynamics. Annual Review of Physical Chemistry 61:149

[37] Akimov AV, Neukirch AJ, Prezhdo OV. 2013. Theoretical Insights into Photoinduced Charge Transfer and
Catalysis at Oxide Interfaces. Chem. Rev. 113:4496

[38] Subotnik JE, Vura-Weis J, Sodt AJ, Ratner MA. 2010. Predicting accurate electronic excitation transfer
rates via Marcus theory with Boys or Edmiston-Ruedenberg localized diabatization. J. Phys. Chem. A
114:8665

[39] Nelson T, Fernandez-Alberti S, Roitberg AE, Tretiak S. 2014. Nonadiabatic Excited-State Molecular Dy-
namics: Modeling Photophysics in Organic Conjugated Materials. Acc. Chem. Res. 47:1155

[40] Tully JC. 1990. Molecular dynamics with electronic transitions. J. Chem. Phys. 93:1061

[41] Drukker K. 1999. Basics of surface hopping in mixed quantum/classical simulations. J Comput Phys 153:225

[42] Plasser F, Lischka H. 2011. Semiclassical dynamics simulations of charge transport in stacked π-systems. J.
Chem. Phys. 134:034309

S9



[43] Shenvi N, Subotnik JE, Yang W. 2011. Simultaneous-trajectory surface hopping: A parameter-free algorithm
for implementing decoherence in nonadiabatic dynamics. J. Chem. Phys. 134:144102

[44] Yarkony DR. 2012. Nonadiabatic Quantum Chemistry - Past, Present, and Future. Chem. Rev. 112:481

[45] Yonehara T, Hanasaki K, Takatsuka K. 2012. Fundamental Approaches to Nonadiabaticity: Toward a
Chemical Theory beyond the Born-Oppenheimer Paradigm. Chem. Rev. 112:499

[46] Scharber MC, Muhlbacher D, Koppe M, Denk P, Waldauf C, et al. 2006. Design rules for donors in bulk-
heterojunction solar cellstowards 10% energy-conversion efficiency. Advanced Materials 18:789

[47] Hachmann J, Olivares-Amaya R, Atahan-Evrenk S, Amador-Bedolla C, Sanchez-Carrera RS, et al. 2011.
The harvard clean energy project: Large-scale computational screening and design of organic photovoltaics
on the world community grid. The Journal of Physical Chemistry Letters 2:2241

[48] Boyle NM, Campbell CM, Hutchison GR. 2011. Computational design and selection of optimal organic
photovoltaic materials. J. Phys. Chem. C 115:16200

[49] Pandey L, Risko C, Norton JE, Bredas JL. 2012. Donor-Acceptor Copolymers of Relevance for Organic Pho-
tovoltaics: A Theoretical Investigation of the Impact of Chemical Structure Modifications on the Electronic
and Optical Properties. Macromolecules 45:6405

[50] Andrienko D. 2014. Simulations of morphology and charge transport in supramolecular organic materials.
RSC Smart Materials Series accepted

[51] Grozema FC, Siebbeles LDA. 2008. Mechanism of charge transport in self-organizing organic materials. Int.
Rev. Phys. Chem. 27:87

[52] Coropceanu V, Cornil J. 2007. D A da Silva Filho, Y Olivier, R Silbey, J L Bredas, Charge transport in
organic semiconductors. Chem. Rev. 107:926

[53] Bredas JL, Beljonne D, Coropceanu V, Cornil J. 2004. Charge-transfer and energy-transfer processes in
π-conjugated oligomers and polymers: a molecular picture. Chem. Rev. 104:4971

[54] Shuai Z, Geng H, Xu W, Liao Y, Andre J. 2014. From charge transport parameters to charge mobility in
organic semiconductors through multiscale simulation. Chemical Society Reviews 43:2662

[55] Ortmann F, Bechstedt F, Hannewald K. 2011. Charge transport in organic crystals: Theory and modelling.
physica status solidi (b) 248:511

[56] Troisi A. 2011. Charge transport in high mobility molecular semiconductors: classical models and new
theories. Chemical Society Reviews 40:2347

[57] Ruhle V, Lukyanov A, May F, Schrader M, Vehoff T, et al. 2011. Microscopic simulations of charge transport
in disordered organic semiconductors. J. Chem. Theory Comput. 7:3335

[58] Viani L, Olivier Y, Athanasopoulos S. 2010. D A da Silva Filho, J Hulliger, J L Bredas, J Gierschner,
J Cornil, Theoretical characterization of charge transport in one-dimensional collinear arrays of organic
conjugated molecules. ChemPhysChem 11:1062

[59] Letizia JA, Rivnay J, Facchetti A, Ratner MA, Marks TJ. 2010. Variable temperature mobility analysis of
n-channel, p-channel, and ambipolar organic field-effect transistors. Adv Funct Mater 20:50

[60] Kwiatkowski JJ, Nelson J, Li H, Bredas JL, Wenzel W, Lennartz C. 2008. Simulating charge transport in
tris(8-hydroxyquinoline) aluminium (Alq3). Phys. Chem. Chem. Phys. 10:1852

S10



[61] Kwiatkowski JJ, Frost JM, Nelson J. 2009. The Effect of Morphology on Electron Field-Effect Mobility in
Disordered C60 Thin Films. Nano Lett 9:1085

[62] Zhugayevych A, Postupna O, Bakus II RC, Welch GC, Bazan GC, Tretiak S. 2013. Ab initio study of a
molecular crystal for photovoltaics: Light absorption, exciton and charge carrier transport. The Journal of
Physical Chemistry C 117:4920

[63] Heiber MC, Dhinojwala A. 2014. Efficient Generation of Model Bulk Heterojunction Morphologies for Or-
ganic Photovoltaic Device Modeling. Phys. Rev. Applied 2:014008

[64] Koster LJA. 2010. Charge carrier mobility in disordered organic blends for photovoltaics. Phys. Rev. B
81:205318

[65] Karabunarliev S, Baumgarten M, Bittner ER, Mullen K. 2000. Rigorous franck–condon absorption and emis-
sion spectra of conjugated oligomers from quantum chemistry. The Journal of Chemical Physics 113:11372

[66] Dierksen M, Grimme S. 2004. The vibronic structure of electronic absorption spectra of large molecules: A
time-dependent density functional study on the influence of ”exact” hartree-fock exchange. The Journal of
Physical Chemistry A 108:10225

[67] Heimel G, Daghofer M, Gierschner J, List EJW, Grimsdale AC, et al. 2005. Breakdown of the mirror image
symmetry in the optical absorption/emission spectra of oligo(para-phenylene)s. J. Chem. Phys. 122:054501

[68] Kera S, Yamane H, Ueno N. 2009. First-principles measurements of charge mobility in organic semiconduc-
tors: Valence hole-vibration coupling in organic ultrathin films. Prog Surf Sci 84:135

[69] Coropceanu V, Gruhn NE, Barlow S, Lambert C, Durivage JC, et al. 2004. J-L Bredas, Electronic Couplings
in Organic Mixed-Valence Compounds: The Contribution of Photoelectron Spectroscopy. J. Am. Chem. Soc.
126:2727

[70] Griffith OL, Gruhn NE, Anthony JE, Purushothaman B, Lichtenberger DL. 2008. Electron transfer param-
eters of triisopropylsilylethynyl-substituted oligoacenes. J. Phys. Chem. C 112:20518

[71] Krause S, Casu MB, Scholl A, Umbach E. 2008. Determination of transport levels of organic semiconductors
by UPS and IPS. New J Phys 10:085001

[72] Ueno N, Kera S. 2008. Electron spectroscopy of functional organic thin films: Deep insights into valence
electronic structure in relation to charge transport property. Prog Surf Sci 83:490

[73] Coughlin JE, Henson ZB, Welch GC, Bazan GC. 2014. Design and Synthesis of Molecular Donors for
Solution-Processed High-Efficiency Organic Solar Cells. Acc. Chem. Res. 47:257

[74] Welch GC, Bakus RC, Teat SJ, Bazan GC. 2013. Impact of regiochemistry and isoelectronic bridgehead
substitution on the molecular shape and bulk organization of narrow bandgap chromophores. J. Am. Chem.
Soc. 135:2298

[75] Liu J, Zhang Y, Phan H, Sharenko A, Moonsin P, et al. 2013. T-Q Nguyen, Effects of Stereoisomerism on
the Crystallization Behavior and Optoelectrical Properties of Conjugated Molecules. Adv. Mater. 25:3645

[76] Takacs CJ, Sun Y, Welch GC, Perez LA, Liu X, et al. 2012. Solar cell efficiency, self-assembly, and dipole-
dipole interactions of isomorphic narrow-band-gap molecules. J. Am. Chem. Soc. 134:16597

[77] van der Poll TS, Zhugayevych A, Chertkov E, Bakus II RC, Coughlin JE, et al. 2014. Polymorphism of
crystalline molecular donors for solution-processed organic photovoltaics. J. Phys. Chem. Lett. 5:2700

[78] Olivier Y, Niedzialek D, Lemaur V, Pisula W, Mullen K, et al. 2014. High-Mobility Hole and Electron
Transport Conjugated Polymers: How Structure Defines Function. Adv. Mater. 26:2119

S11



[79] Giri G, Verploegen E, Mannsfeld SCB, Atahan-Evrenk S, Kim DH, et al. 2011. Tuning charge transport in
solution-sheared organic semiconductors using lattice strain. Nature 480:504

[80] Liu F, Gu Y, Jung JW, Jo WH, Russell TP. 2012. On the Morphology of Polymer-Based Photovoltaics. J
Polym Sci Part B Polym Phys 50:1018

[81] Beaujuge PM, Frechet JMJ. 2011. Molecular design and ordering effects in pi-functional materials for tran-
sistor and solar cell applications. J. Am. Chem. Soc. 133:20009

[82] Li G, Zhu R, Yang Y. 2012. Polymer solar cells. Nat Photonics 6:153

[83] Chen L, Hong Z, Li G, Yang Y. 2009. Recent progress in polymer solar cells: manipulation of poly-
mer:fullerene morphology and the formation of efficient inverted polymer solar cells. Adv. Mater. 21:1434

[84] Sun Y, Welch GC, Leong WL, Takacs CJ, Bazan GC, Heeger AJ. 2012. Solution-processed small-molecule
solar cells with 6.7% efficiency. Nat Mater 11:44

[85] Kaake LG, Welch GC, Moses D, Bazan GC, Heeger AJ. 2012. Influence of processing additives on charge-
transfer time scales and sound velocity in organic bulk heterojunction films. J. Phys. Chem. Lett. 3:1253

[86] Davey RJ, Schroeder SLM. 2013. J H ter Horst, Nucleation of Organic Crystals - A Molecular Perspective.
Angew Chem Int Ed 52:2166

[87] Price SL. 2014. Predicting crystal structures of organic compounds. Chemical Society Reviews 43:2098

[88] Desiraju GR. 2013. Crystal Engineering: From Molecule to Crystal. J. Am. Chem. Soc. 135:9952

[89] Bond AD. 2009. Polymorphism in molecular crystals. Current Opinion in Solid State and Materials Science
13:91

[90] Braga D, Grepioni F, Maini L, Polito M. 2009. Crystal Polymorphism and Multiple Crystal Forms. Struct
Bond 132:25

[91] Bernstein J. 2002. Polymorphism in Molecular Crystals. Oxford University Press

[92] Lee MH, Dunietz BD, Geva E. 2013. Calculation from First Principles of Intramolecular Golden-Rule Rate
Constants for Photo-Induced Electron Transfer in Molecular Donor-Acceptor Systems. J. Phys. Chem. C
117:23391

[93] Asadi K, Kronemeijer AJ, Cramer T, Koster LJA, Blom PWM. 2013. D M de Leeuw, Polaron hopping
mediated by nuclear tunnelling in semiconducting polymers at high carrier density. Nat Comm 4:1710

[94] Devreese JT, Alexandrov AS. 2009. Froehlich polaron and bipolaron: recent developments. Rep. Prog. Phys.
72:066501

[95] Troisi A, Orlandi G. 2006. Charge-Transport Regime of Crystalline Organic Semiconductors: Diffusion
Limited by Thermal Off-Diagonal Electronic Disorder. Phys. Rev. Lett. 96:086601

[96] Troisi A. 2011. The speed limit for sequential charge hopping in molecular materials. Organic Electronics
12:1988

[97] Cheng YC, Silbey RJ. 2003. D A da Silva Filho, J P Calbert, J Cornil, J L Bredas, Three-dimensional band
structure and bandlike mobility in oligoacene single crystals: A theoretical investigation. J. Chem. Phys.
118:3764

[98] Califano S, Schettino V. 1988. Vibrational relaxation in molecular crystals. Int. Rev. Phys. Chem. 7:19

S12



[99] Hughes BD. 1996. Random walks and random environments. volume 2: Random environments. Clarendon
Press, Oxford

[100] Bouchaud JP, Georges A. 1990. Anomalous diffusion in disordered media: Statistical mechanisms, models
and physical applications. Physics Reports 195:127

[101] Haus J, Kehr K. 1987. Diffusion in regular and disordered lattices. Physics Reports 150:263

[102] Piryatinski A, Tretiak S, Sewell TD, McGrane SD. 2007. Vibrational spectroscopy of polyatomic materials:
Semiempirical calculations of anharmonic couplings and infrared and Raman linewidths in naphthalene and
PETN crystals. Phys. Rev. B 75:214306

[103] Franco I, Tretiak S. 2004. Electron-vibrational dynamics of photoexcited polyfluorenes. Journal of the Amer-
ican Chemical Society 126:12130

[104] Rigol M, Dunjko V, Olshanii M. 2008. Thermalization and its mechanism for generic isolated quantum
systems. Nature 452:854

[105] Scholes GD, Smyth C. 2014. Perspective: Detecting and measuring exciton delocalization in photosynthetic
light harvesting. J. Chem. Phys. 140:110901

[106] Hannewald K, Stojanovic VM, Schellekens JMT, Bobbert PA, Kresse G, Hafner J. 2004. Theory of polaron
bandwidth narrowing in organic molecular crystals. Phys. Rev. B 69:075211

S13


