CIS

A RTTCUL E S

Published on Web 10/07/2009

Exciton-Dissociation and Charge-Recombination Processes in
Pentacene/Cg, Solar Cells: Theoretical Insight into the Impact
of Interface Geometry

Yuanping Yi, Veaceslav Coropceanu,* and Jean-Luc Brédas*

School of Chemistry and Biochemistry and Center for Organic Photonics and Electronics,
Georgia Institute of Technology, Atlanta, Georgia 30332-0400

Received July 17, 2009; E-mail: coropceanu @ gatech.edu; jean-luc.bredas @ chemistry.gatech.edu

Abstract: The exciton-dissociation and charge-recombination processes in organic solar cells based on
pentacene/Cqgo heterojunctions are investigated by means of quantum-mechanical calculations. The electronic
couplings and the rates of exciton dissociation and charge recombination have been evaluated for several
geometrical configurations of the pentacene/Cgsy complex, which are relevant to bilayer and bulk
heterojunctions. The results suggest that, irrespective of the actual pentacene—fullerene orientation, both
pentacene-based and Cgp-based excitons are able to dissociate efficiently. Also, in the case of parallel
configurations of the molecules at the pentacene/Cg interface, the decay of the lowest charge-transfer
state to the ground state is calculated to be very fast; as a result, it can compete with the dissociation
process into mobile charge carriers. Since parallel configurations are expected to be found more frequently
in bulk heterojunctions than in bilayer heterojunctions, the performance of pentacene/Cg, bulk-heterojunction
solar cells is likely to be more affected by charge recombination than that of bilayer devices.

1. Introduction

Organic solar cells are currently attracting significant interest
due to their potential advantages in terms of low cost, flexibility,
large-area capability, and easy processing.' ~'* The active layers
typically consist of two components, an electron-donor (D) and
an electron-acceptor (A) material, assembled either into a bilayer
structure or in the form of a blend. In both instances, the
mechanism of photocurrent production is based on initial
generation of excitons by sunlight absorption, followed by
diffusion of these excitons to the D/A interface and their
dissociation into separated charge carriers (electrons and holes),
which migrate to and are collected at the electrodes.

The optimization of organic solar cells requires a fine
balancing act. It involves finding the optimal compromise among
a combination of material characteristics that sometimes happen
to work in opposite directions. As an example, the local D/A
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interface geometry or morphology can have a positive impact
on both exciton dissociation (which produces the photocurrent
and needs to be maximized) and the recombination of charge-
transfer states formed after exciton dissociation (which decreases
the photocurrent and needs to be minimized), as well as on the
magnitude of the reverse saturation current in the dark (which
needs to be minimized to increase the open-circuit voltage).'' 2

Here, we investigate the charge-transfer (CT) and charge-
recombination (CR) processes in organic solar cells based on
pentacene/fullerene (P/Cqg) heterojunctions. Recently, the P/Cg
system has received much attention as a model for small-
molecule organic photovoltaic (OPV) cells.'*"?” The most
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Figure 1. Illustration of the pentacene/Cqy configurations used in the
calculations, where the intermolecular distance d;, the lateral displacement
diy, and the rotation angle of pentacene ¢ are varied. In configuration 1A
or 1B [2A or 2B], the pentacene molecule is perpendicular [parallel] to a
carbon—carbon double bond or hexagon of Cg.

investigated P/Cqy OPV devices are based on a bilayer hetero-
junction configuration. Device characterizations and atomic force
microscopy measurements underline that films with a more
regular crystalline structure lead to higher device performance.*!
Ordered pentacene films usually grow with the pentacene long-
axis oriented perpendicular to the substrate (c-axis oriented
crystal), for instance, indium—tin oxide glass (ITO)/poly(3.,4-
ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:
PSS).2! This molecular orientation is in fact less favorable for
hole transport since intermolecular electronic couplings are
weaker along the c-axis.”® In addition, in a bilayer P/Cy
heterojunction, a significant number of P/Cg pairs find them-
selves in a perpendicular orientation (Figure 1); as will be shown
below, this intermolecular orientation is less favorable for
efficient exciton dissociation. Therefore, it can be surprising that
P/C¢ bilayer OPV devices present a reasonably high power
conversion efficiency (PCE) of about 2% (under 1 sun AM1.5G
illumination).'*!?

More recently, solar cells based on P/Cg, bulk heterojunctions
were also studied.”?? The main advantage of a bulk hetero-
junction over a planar bilayer heterojunction is that excitons
can dissociate throughout the bulk; i.e., a bulk heterojunction
allows for a larger D/A interfacial area.’® In the case of P/Cg
bulk heterojunctions, a significant number of P/Cg pairs can
be expected to be in a parallel orientation (Figure 1), a
configuration more suitable for strong electronic coupling
between the pentacene and Cg electronic states and, conse-
quently, for efficient exciton dissociation. However, although
devices based on P/Cg bulk heterojunctions yield a slightly
higher open-circuit voltage than bilayer devices, the short-circuit
current density and the overall PCE of bulk-heterojunction
devices are about 6 times lower than those of planar-hetero-
junction devices.”**° It was suggested that this difference in
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performance could be due to the substantial phase separation
observed in P/Cg bulk heterojunctions leading to a large size
of the crystalline domains, high surface roughness, and possible
electrical shorts between electrodes.?*?’

It is our primary goal in this contribution to investigate the
role of the P/Cy interface geometry on the efficiency of both
exciton-dissociation and charge-recombination processes and to
rationalize some of the differences in performance between the
bilayer- and bulk-heterojunction architectures. Using a meth-
odology that we recently developed,’’ we investigate these
processes for the configurations illustrated in Figure 1.

2. Methodology

The geometry optimizations of the isolated pentacene and
fullerene (Cgp) molecules were performed at the density functional
theory (DFT) B3LYP level using the 6-31G(d,p) basis set as
implemented in the Gaussian03 package.’”> Based on the DFT-
optimized geometries, the excited-state energies were evaluated both
at the time-dependent (TD) DFT/B3LYP 6-31G(d,p) level of theory
and by means of the intermediate neglect of differential overlap
(INDO) Hamiltonian** coupled to a single configuration interaction
(SCI) scheme. To analyze the electronic couplings (V,,) between
the lowest intramolecular (local) singlet/triplet states and the lowest
CT states, we used the approach recently developed in our group;
the methodology is based on the construction of local ground and
excited states (WLE) and CT states (W§T) as spin-adapted antisym-
metrized products of the isolated donor (P) and acceptor (1)
wave functions:®'

V,, = (W HIWET) (1)

WEESM) = 3 CM sy WPSMDN M) @)

MM;

WETSM) = Y O WP SMOYL S, M) (3)

MM,

Here, S and M denote the total spin and spin projection for the
donor—acceptor complex; S, and M,, are the corresponding variables
for the isolated donor and acceptor molecules (D and A) and their
oxidized and reduced states, D* and A~. The C ?}1\\44‘5,-1\4] terms
represent the Clebsch—Gordan (CG) coefficients, which ensure that
the linear combination of the isolated wave function products is
the eigenstate of the total spin. These calculations were performed
at the INDO level of theory with the Mataga—Nishimoto potential
to describe the Coulomb repulsion term.>**> All the z-type
molecular orbitals (MOs) were taken into account to construct the
CI active space for pentacene (11 occupied and 11 unoccupied
MOs) and Cg (30 occupied and 30 unoccupied MOs). Due to the
three-fold degeneracy of the LUMO in Cg, three negatively charged
configurations were used as the reference determinants to calculate
the anionic states for Cgy.

The rates of exciton dissociation and charge recombination were
evaluated using the Marcus semiclassical model:*®

)
kab - Vab

T CPC(AG + W4T (4)
B
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Table 1. Excitation Energies for the Lowest Singlet and Triplet
Excited States and lonization Energies in Pentacene and Cg (in
eV)

Ceo pentacene
state INDO DFT state INDO DFT
‘Tlg 2.24 2.11 By, 2.62 1.95
‘ng 2.26 2.11 ‘Bl 0.41 0.59
1Gg 2.28 2.10
3ng 1.19 1.60

EA (°Ty) —148  —2.0/-2.10° 1P (*By) 595 5.95/5.85°

“Based on the optimized geometry of the charged state (adiabatic
values).

Here, A is the reorganization energy, AG the Gibbs free energy
(driving force), kg the Boltzmann constant, and 7 the temperature.

3. Results and Discussion

3.1. Molecular States. The calculated excitation and ionization
energies are given in Table 1. The Cgy molecule belongs to the
icosahedral (,) point group; its electronic ground state presents
A, symmetry. The lowest four singlet excited states (' Ty, 'Tay,
'G,, 'H,) originate from a 15-fold degenerate HOMO
(h,)—LUMO (t;,) configuration. As a result of such a symmetry,
one-photon optical transitions from the ground state to these
excited states are forbidden and can take place only by means
of vibronic coupling.’” As can be seen from Table 1, the T},
'T,,, and 'G, states are practically degenerate; it was suggested
that the fluorescence spectra observed in inert matrices made
of noble gas atoms represent a mixing of contributions from
these three states.*®° The analysis of the fluorescence spectra
suggests that the electronic origin (0—O0 transition) of the lowest
singlet state S; of Cg in the gas phase is about 1.94 eV.>” As
can be seen from Table 1, both the TD-DFT and INDO estimates
of the S| energy, though somewhat higher, agree very well with
the experimental value. In the solid state, the S; energy in Cg
is estimated to lie about 1.70 eV above the ground state.** The
lowest triplet state T, of Cg belongs to the T, irreducible
representation; according to optical measurements, it has an
energy of ca. 1.55 eV.”” The TD-DFT estimate is in excellent
agreement with experiment, while the INDO calculations
underestimate the T, energy.

The closed-shell ground state of pentacene belongs to the A,
irreducible representation of the D,;, molecular point group of
symmetry. The energy of the first excited singlet state ('Bj,)
measured from the absorption spectrum in a dichlorobenzene
solution is 2.10 eV*' and red-shifts to 1.85 eV in the solid
state.*>*> The lowest triplet state (°By,) is located about 0.86
eV above the ground state.** As can be seen from Table 1, the
TD-DFT estimates (obtained for an isolated molecule) of S,
and T, energies compare well with experiment, while again the
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Figure 2. Energy diagram for the monomer and charge-transfer states used
in the calculations of the exciton-dissociation and charge-recombination
rates.

INDO calculations overestimate the S; energy and underestimate
the T, energy.

The lowest diabatic CT state (CTj) is described as the direct
product of the ground state of the radical cation of pentacene
(*B,,) and the ground state of the radical anion of Ce (*T}y).
The energies of these two states can be obtained experimentally
by means of photoelectron and inverse photoemission spec-
troscopies by measuring the first ionization potential (IP) of
pentacene and the electron affinity (EA) of Cg. In the gas phase,
IP,.((P) = 6.59 eV* and EA,(Cgo) = —2.68 eV.* In the solid
state, these quantities are substantially modified due to polariza-
tion contributions: IP(P) = 5.1 eV*’ and EA(Cg) = —3.5
eV.*® The lowest excited CT states (CT;, CT,) arise from the
first excited state of the radical anion of Cgy and the cation of
pentacene; from electronic absorption spectra, these two states
are located 1.15 eV*>°° and 1.31 eV,>! respectively, above the
corresponding ground states of the charged species. Because
the CT; and CT), states are much higher in energy than the CT,
state, the latter state is expected to play the most significant
role in the exciton-dissociation process, as detailed below. In
the calculations of the exciton-dissociation and charge-
recombination rates, we have made use of the experimental
values for the energies, as estimated in the solid state; the related
energy diagram is shown in Figure 2.

3.2. Electronic Couplings. The ground, local-excited, and CT
states of the P/Cq, complex obtained from a ! state of
pentacene and a ¥ state of Cg are denoted here as P ®yFe;
for instance, the CT, state is represented as 2Ba," T®T), 0.
As discussed above, the CT state as well as local excited states
of Cg are orbitally degenerate. Therefore, for a full character-
ization of the electronic interaction between a CT state and a
local state, it is necessary to provide gcr®g matrix elements,
where ger and g denote the respective multiplicity of the
involved states. We note, however, that CT and CR rates
according to eq 4 depend on an effective electronic coupling
Vet that accounts for all gcr®g; elements:
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Interestingly, the calculations show that the effective elec-
tronic couplings between the CT, and any of the Tz, T, and
G, states that contribute to the formation of the S; state in Cg
are all very similar [see Table S1 in the Supporting Information
(SD)]. Therefore, it can be assumed without any loss of generality
that the S; state of Cg arises simply from one of these three
terms; we chose here to deal with state lTlg.

The calculated electronic couplings involving CT, for the
perpendicular and parallel configurations of the P/Cgy complex
are given in Figures 3 and 4, respectively. The results confirm
that the electronic couplings significantly depend on both
intermolecular distance and relative molecular orientations. For
the same intermolecular distance (d;), the electronic couplings
obtained in the case of parallel configurations are significantly
larger than in the case of perpendicular orientations; for the
intermolecular distance corresponding to the sum of the van
der Waals radii of the closest atoms of pentacene and Cg
molecules (which represents the smallest intermolecular distance
considered here), the electronic coupling can be as large as 600
cm™ L

Except for the case of orientation 1A (pentacene perpendicular
to a C=C edge, see Figure 1) where, due to symmetry reasons,
there is no interaction between the ground state and the CT,
state, the respective coupling is significant in all other cases. In
the case of perpendicular orientations, there is also a significant
coupling between the CT, state and the first excited state of
pentacene. For parallel orientations, the first excited states of
both pentacene and Cgy exhibit similar couplings to the CT,
state.

The electronic couplings for all states show the expected
exponential dependence on intermolecular distance d;. The
oscillatory dependence of V¢ on lateral distance is due to the
modulation of the bonding/antibonding pattern of the involved
molecular orbitals. A similar oscillatory dependence was found
previously for electronic couplings related to charge transport
in organic systems.’>>>

The electronic couplings between the lowest local-excited
states and the lowest excited CT states (CT, and CT,) show
trends very similar to those derived for CT, (see Figures S1—S4
in SI for more detail).

3.3. Exciton-Dissociation and  Charge-Recombination
Rates. In order to evaluate the CT and CR rates according to
eq 4, in addition to the electronic couplings, we also need to
estimate the Gibbs free energy, AG, and the reorganization
energy, A. AG is approximated here as the energy difference
between the involved local and CT states of the P/C¢y complex.
Since experimental data are available, the energies of the local
excited states of the P/Cgy complex are taken to correspond to
the energies of the related intramolecular states measured in
the solid state. The energy of the CT) state (in eV) is estimated
as

ECT = IPSS(P) + EASS(CGO) + ECoul(P+/C60_)
= 1.6 + Eq,,(P"/Cq,)  (6)

(52) Brédas, J. L.; Beljonne, D.; Coropceanu, V.; Cornil, J. Chem. Rev.
2004, 104, 4971-5003.

(53) Brédas, J. L.; Calbert, J. P.; da Silva, D. A.; Cornil, J. Proc. Natl.
Acad. Sci. U.S.A. 2002, 99, 5804-5809.
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Ecou(PT/Cg7) represents the Coulomb interaction energy be-
tween the cation of pentacene and anion of Cgg and is computed
as

ECoul =

Y @ailery) (7)

geP,he Cqyp

where g, and g, are the partial charges (obtained via an INDO
Mulliken population analysis) on atoms g and & of the pentacene
cation and the Cy anion, respectively, 7, is the distance between
these atoms, and ¢ is the dielectric constant; here, we have taken
& = 4, which represents an average between the typical values
reported for Cg and pentacene.’*>°

The results for Ec,, are shown in Figure 5. The electrostatic
energy leads to a significant stabilization of the CT states, by
up to 0.3 and 0.5 eV in the case of perpendicular and parallel
orientations, respectively. The increase of d, [d),] from 3.5 to 6
A [0 to 12 A] (the upper limit is where the electronic coupling
vanishes) results in a decrease in the absolute value of Ecy by
about 0.1 eV [0.2 eV].

In eq 6, for simplicity, we assumed that the electronic
polarization contribution to the CT state is equal to that in bulk
materials. Clearly, a more refined approach that considers the
dependence of electronic polarization energy and effective local
dielectric constant on intermolecular distance and heterojunction
morphology is needed.*® It is, however, important to note that
photoelectron spectroscopy measurements show that the relative
positions of the frontier electronic states of pentacene and Cgg
in bilayer and bulk heterojunctions are very similar.?* These
findings suggest that, at least in the present case, the hetero-
junction morphology has only a small effect on the electronic
polarization energy. We also point to the fact that the expected
increase in electronic polarization stabilization with the inter-
molecular distance between the cation of pentacene and anion
of Cgo should go in parallel with an increase in the effective
local dielectric constant, which in turn will reduce the electro-
static energy. Since these two contributions act in opposite
directions and tend to compensate one another, eq 6, in spite of
the crude approximations that are made, is expected to provide
a reasonable description of the dependence of the CT energy
on intermolecular distance.

The energies of the lowest excited CT states can be estimated
in a similar way. Our calculations show that the Coulomb energy
for CT, and CT, is similar to that of CTy; as a result, these two
states are located above the lowest local-excited states for all
P/Cg configurations we considered. Therefore, we will restrict
our discussion of the CT and CR processes to those involving
the CT, state.

We now turn to the reorganization energy, which consists of
intra- and intermolecular contributions; the former reflects
changes in the geometry of individual molecules and the latter
in the polarization of the surrounding molecules upon going
from the neutral to the charged state and vice versa. The
intramolecular reorganization energy, 4;, can be easily estimated
from adiabatic potential energy surfaces of the molecular states
involved in the considered electron-transfer process. For in-
stance, A; for the transition from the ground state of the P/Cg

(54) Ruoff, R. S.; Tse, D. S.; Malhotra, R.; Lorents, D. C. J. Phys. Chem.
1993, 97, 3379-3383.

(55) Dressel, M.; Gompf, B.; Faltermeier, D.; Tripathi, A. K.; Pflaum, J.;
Schubert, M. Opt. Express 2008, 16, 19770-19778.

(56) Verlaak, S.; Beljonne, D.; Cheyns, D.; Rolin, C.; Linares, M.; Castet,
F.; Cornil, J.; Heremans, P., submitted.
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complex to its lowest CT state is equal to the sum of the

relaxation energies upon oxidation of pentacene and reduction
of Cgp. DFT calculations yield a very small value of 0.1 eV for
A; in the case of the 'AS®!

u g
state (*B, ;" T®T,“") for parallel orientations 2A and 2B of Figure 1, as a function of intermolecular distance (plots a and b, respectively) and as a function

Coo — 2B,,P*®2T;, @™ transition

we expect similar values of A; for local-excited states. The
intermolecular contribution to A is equal to the change in

electronic polarization that arises as a result of intermolecular
geometric relaxation

Unfortunately, there are currently no
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straightforward models to accurately estimate this coupling for
nonpolar systems. Therefore, we assume here a value of 0.5
eV for the overall reorganization energy, A. This value is similar
to that estimated for the CT and CR processes recently
investigated in the case of corrole—fullerene dyads in nonpolar
solvents.””

The calculated CT and CR rates are shown in Figures 6 and
7. Figure 6 highlights that, for typical intermolecular distances
of ~3.5—4.5 A between adjacent molecules, the electron-transfer
rates from local (intramolecular) excited states to the lowest
CT state can be very large. These rates can reach ~10'°—10"?
s~! even in the case of perpendicular configurations of the P/Cy
complex that do not lead to large electronic couplings; the results
indicate that, for such orientations, pentacene-based excitons
dissociate at least 10 times faster than fullerene-based excitons.
When going from perpendicular to parallel configurations, there
occurs a significant increase in the dissociation rate for fullerene-
based excitons that comes from an increase in the related
electronic coupling and driving force. In the case of electron
transfer from the lowest excited state of pentacene, the CT rate

(57) D’Souza, F.; Chitta, R.; Ohkubo, K.; Tasior, M.; Subbaiyan, N. K.;
Zandler, M. E.; Rogacki, M. K.; Gryko, D. T.; Fukuzumi, S. J. Am.
Chem. Soc. 2008, 130, 14263-14272.
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Figure 7. Dependence of the CT rates [from local-excited states
'A,P®'T, % (solid lines) and 'B;,"®'A,“» (dashed lines) to the lowest CT
state, By’ "®T;, %0~ ] and CR rates [from the lowest CT state to the ground
state, 2B,,"T®T,“0~ — 1A P®' A, (dotted lines)] as a function of lateral
displacement for orientations 2A (blue lines) and 2B (red lines) with d; =
35A.

significantly increases for the “hexagon”-type parallel geometry
(2B); for the “edge”-type configuration (2A), the rate is similar
to that in the perpendicular orientation (1A).

Following the trend observed for Vi, the electron-transfer
rates show an oscillatory dependence as a function of lateral
distance. Interestingly, as can be seen from Figure 7, the exciton
dissociation rates for lateral displacements (d},) in the range of
~0—8 A consistently remain above 10'> s~ for Cg-based
excitons; on the other hand, for pentacene-based excitons, the
rates can vary sharply from 10'? s™' down to vanishing values.
For lateral displacements larger than 11 A, at which point there
is no longer any spatial overlap between Cg and pentacene,
the CT rates display a monotonic exponential decay as a function
of diy. Thus, our calculations suggest that, irrespective of the
geometrical configurations of the P/Cg interface, both types of
excitons, be they formed on pentacene or on Cg, are able to
dissociate efficiently.

It is also important to discuss the CR rates between the lowest
CT state and the ground state. Figures 6 and 7 illustrate that
the CR rates can be very large for parallel configurations of the
P/Cg complex, reaching values over 10" s™!. In the case of
“hexagon”-type perpendicular configurations, the CR rates are
below 107 s~! even for small intermolecular distances. Moreover,
in the case of “edge”-type configurations, as a result of the weak
electronic interactions, the CR rates become vanishingly small.
Very small CR rates are also found for parallel but significantly
displaced configurations of the P/Cgy, complex.

A key feature of the CR process is that it can also take place
via triplet states. The calculated CR rates from the lowest CT
state to local (molecular) triplet states are shown in Figures 8
and 9. Such pathways are especially relevant for perpendicular
configurations of the P/Cgy complex, where a direct transition
to the ground state is not efficient.

In the parallel configurations, the CR rates for “hexagon”-
type configurations are much larger than those for the “edge”-
type configurations, while in the perpendicular orientations these
rates are similar (see Figure 8). Figure 9 shows that, in the same
way as for electron transfer from the local singlet excited states
to the CT state, the CR rates to the local triplet states first display
an oscillatory dependence on lateral displacement and then
decrease exponentially once the overlap between pentacene and
Ceo vanishes. Our results indicate that the electronic coupling
between the CT state and the lowest triplet state of either
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pentacene or Cg is very much the same as that derived for the
corresponding singlet state. However, since the T, state of Cg
lies above the lowest CT state (leading to a positive driving
force), the CR rate to the T, state of Cg is over 4 orders of
magnitude smaller than that of pentacene. The electron-transfer
rate from the CT) state to the triplet state of pentacene is found
to be quite fast and comparable to that for exciton dissociation.
Since the CTy—pentacene T, transition first requires a CT
singlet-to-triplet transition, the overall CR rate via this pathway
is obviously limited by the rate of the intersystem crossing
process.

To summarize, our results suggest that in the case of bilayer
heterojunctions, where pentacene and fullerene molecular pairs

are expected to be mainly in perpendicular or displaced-parallel
orientations, the CR processes from the CT state will play a
less significant role than in the case of P/Cg bulk heterojunc-
tions, where a substantial number of P/Cg, complexes should
be found in parallel configurations. In the latter case, the CR
process could therefore compete efficiently with the dissociation
of the CT states into mobile charge carriers and constitute an
adverse factor limiting device performance.

4. Conclusions

We have investigated the impact of the intermolecular
geometry on exciton-dissociation and charge-recombination
processes for pentacene/Cey complex. We have evaluated the
electronic couplings and the CT and CR rates for several
geometrical configurations of the complex that are relevant to
P/Cg bilayer and bulk heterojunctions.

The results of our calculations suggest that, irrespective of
the intermolecular orientations within the complex, both pen-
tacene-based and Cgp-based excitons are able to dissociate
efficiently. We also found that, in the case of parallel configura-
tions, the decay of the CT state is very fast and could compete
with the dissociation process of the CT state into mobile charge
carriers. Since a more substantial number of P/Cg, complexes
in parallel configurations can be expected in bulk heterojunc-
tions, our results imply that the performance of P/Cqy OPV
devices based on such an interfacial structure can suffer more
considerably from CR processes than devices based on bilayer
heterojunctions.
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