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ABSTRACT: We present results obtained using a drift-diffusion model for the structure-property
correlations in photovoltaic devices based on self-assembly of rod-coil block copolymers. We use a self-
consistent field theory model to generate the self-assembly morphologies of rod-coil block copolymers in
confined situations. The density andorientational order parameter profiles so-obtained are then used as input
to a recently proposed drift-diffusionmodel which predicts the photovoltaic device characteristics. The latter
model allows for prescription of arbitrary morphologies of donor and acceptor phases while simultaneously
incorporating the role of anisotropic charge transport of holes and excitons that arise in the ordered phases of
rod-coil block copolymers. We present results elucidating the role of morphology of self-assembly,
orientation of lamellar phases, domainwidths, and the degree of phase separation and orientational ordering,
upon the photovoltaic device characteristics.

I. Introduction

Photovoltaics and solar cells are emerging as attractive candi-
dates for tapping into sources of renewable energy. Conventional
solar cells based on crystalline silicon are highly efficient but
are accompanied by the disadvantage of being expensive to
fabricate.1,2 Recently, polymeric and organic solar cells have
emerged as attractive alternativeswhich are relatively inexpensive
and allow fabrication onto flexible substrates using high through-
put solution processing techniques.1,2 However, presently, the
best available polymer solar cells still lag behind that of conven-
tional silicon devices in their efficiencies, and hence there is a need
to understand the relationship between microstructure of such
polymeric devices and their final properties to facilitate the design
of efficient polymer photovoltaic devices.

There are many key issues regarding the design of polymeric
photovoltaic (PV) devices which need to be addressed. We note
that the mechanism of photovoltaic operation in polymer solar
cells is different compared to conventional solar cells. Conjugated
(or semiconducting) polymers are electronically active because of
their highly polarizable π-electrons.2 However, while in silicon
devices photon absorption leads to the generation of free charge
carriers (electrons and holes), in contrast, in conjugated polymers
bound electron-hole pairs known as excitons are generated.1-3

These pairs are bound together by a high Coulombic binding
energy (relative to inorganic materials) of the order of 0.1-1.4
eV.2 Such excitons can dissociate into electron and hole pairs at
an interface between two materials having different electron
affinities, thereby necessitating at least two chemical components
in the fabrication of polymeric electronic devices.1,4 The material
with higher electron affinity is conventionally termed the acceptor
(A), while the material with lower electron affinity is called the
donor (D). The transport of the electrons and the holes to the
respective electrodes constitutes useful power generated from the
system. The latter transport process competes with a possibility
for the electron-hole pairs to recombine as well as the decay of
the original exciton after diffusion over a decay length.1,2 It is

evident then that an optimal length scale of phase separation
between the two components may be required to balance the
preceding transport processes in order to obtain high photocur-
rents.5,6 Not surprisingly, understanding and controlling the
distribution of the donor-acceptor interface within the device
is an actively pursued strategy to improve the efficiency of the PV
device.7,8

From the above discussion it is evident that the simplest device
structures one might envision, viz., a bilayer device (or planar
heterojunction) of a layer of donor and acceptor materials
sandwiched between two electrodes, is not expected to be very
efficient as PV device.4,9,10 Indeed, due to the exciton decay
process mentioned above, only excitons generated within a layer
of∼10 nm from the D-A interface can contribute to generation
of charge carriers. Hence, the active layer region in such bilayer
devices is small compared to the typical device thickness (which is
of the order of 100-500 nm).1,11,12 Consequently, most organic
PV efforts focus on bulk heterojunction devices (BHJ) where
interfaces between donor and acceptor material are distributed
throughout the device.1 In such a case, achieving donor and
acceptor domains with a length scale of ∼10 nm would ensure
that almost all photogenerated excitons diffuse to interface and
dissociate to form free charge carriers (electrons and holes). This
reasoning has motivated researchers to exploit thermodynamic
phase separation of two chemically incompatible components as
a potential route to achieve BHJ devices. The most common
materials that have been studied in this context are blends of
conjugated polymer such as poly(phenylenevinylene) (PPV) or
poly(3-hexylthiophene) (P3HT) acting as donors mixed with
either fullerene derivatives like (6,6)-phenyl C61-butyric acid
methyl ester (PCBM) or inorganic materials like CdSe or titania
acting as electron acceptors.13-17 In these materials, efficiencies
in the range 4-5% have been demonstrated, rendering them
competitive with silicon solar cells.1,14

A potential issue with using donor-acceptor blends for the
above applications is that the intermixing between the two
components leads to macrophase separation. In such a case, the
domain sizes are larger and due to kinetic effects may form dead
ends and bottlenecks which prevent the transfer of charges to*Corresponding author. E-mail: venkat@che.utexas.edu.
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appropriate electrodes. Consequently, it is harder to exercise
complete control over the resulting morphologies and domain
sizes. Not surprisingly, a number of physical parameters which
typically modulate the kinetics of the phase separation processes,
such as the choice of casting solvent, have been shown to play an
important role in the efficiency of the resulting device.14 Conse-
quently, there is a need for ordered heterojunctions where the
length scale for phase separation is controllable and smaller and
in which continuous pathways exist for the charge carriers to
reach the appropriate electrodes.1,12

Recently, semiconducting block copolymers have emerged as a
promising alternative which can avoid the shortcomings noted in
the context of blends.12,18-22Most such block copolymers consist
of a conjugated polymer (donor), typically rodlike in conforma-
tion, linked to a flexible coil block. The flexible block is usually
functionalized by electron-accepting moieties such as fullerene
(C60) or oxadiazole molecules.18,23 Because of the chemical
incompatibility between the two blocks, the block copolymers
microphase separate into equilibrium ordered heterojunction
structures which can potentially alleviate the kinetic issues noted
in blends. Indeed, experiments have shown that the do-
nor-acceptor block copolymer may actually exhibit enhanced
photovoltaic efficiency relative to a blend of its individual
polymers.18,19

Success in the above efforts requires a fundamental under-
standing of the self-assembly morphologies in rod-coil block
copolymers under confinement (mimicking device conditions)
and the correlations between the structure and the device proper-
ties. The morphological aspects of self-assembly of rod-coil
block copolymers have been studied extensively in a number of
theoretical24-26 and experimental researches.27-29 Some of the
unique morphological features observed experimentally for
rod-coil diblock copolymers that are not seen for flexible block
copolymers include zigzag,27 wavy lamellar,27 arrowhead
phases,27 stripe, and puck phases.28,30 In our earlier work, we
developed a self-consistent field theory (SCFT) model for pre-
dicting the self-assembly morphologies of rod-coil block copo-
lymers.24 We delineated a morphological phase diagram within
the context of two-dimensional phases which included smectic A
and smectic C lamellar phases and hockey-puck-like cylindrical
phases. Subsequent experiments of Segalman and co-workers
have examined the phase diagram of rod-coil block copolymers
systematically and have confirmedmany of the predictions of the
theory.29,31 More recently, we have extended the preceding
framework to address the effect of confinement on the self-
assembly morphologies. In the latter work, we confirmed the
existence of equilibrium self-assembly morphologies similar to
bulk systems, with an additional possibility of the lamella phases
being oriented either parallel or perpendicular to the confining
surfaces depending on the interaction of the different blocks with
the surfaces.32

In this article, we seek to extend our above researches on
morphology predictions to address the property characteristics of
PV devices consisting of rod-coil block copolymers. For this
purpose, we adapt a continuum formalism termed the drift-
diffusion model which characterizes the transport of excitons,
electrons, and holes under photoadsorption to render predictions
regarding the device characteristics. Such drift-diffusion models
have been utilized in earlier researches to study the photovoltaic
properties of bilayer devices10 and bulk heterojunctions.33 Most
pertinent to the present article, in a seminal work, Buxton and
Clarke used such a framework to study the device characteristics
of thin film morphologies of flexible block copolymers.12

In this work, we extend the above researches by focusing on
following aspects:

(i) Incorporating features inherent to the semirigid or rodlike
nature of most of the donor molecules used in the experimental

studies: Specifically, the nature of charge transport in such
semirigid conjugated polymers is expected to be anisotropic.1,34

Indeed, experimental evidence exists to show that the transfer of
electronic excitation energy is predominantly intrachain (along
the length of polymer backbone) as compared to interchain
(hopping between different polymers) in the extended conforma-
tions of conjugated polymers.35,36 Manifestations of this feature
have been observed indirectly in experiments which have shown
that an increase in crystallinity (concomitant with an increase in
the orientational ordering of the chains) of conjugated polymer
P3HT chains leads to increase in photocurrent.37,38 Another set
of experimental studies have shown that the hole mobility is
enhanced when polymer is infiltrated into titania nanopores due
to the alignment of polymer chains in the charge transport
direction.34 In the context of thin film field-effect transistors,
Siringhaus et al. observed that mobility of charge carriers can
vary by a factor of 100 depending on the nature of orientation of
P3HT crystalline lamellae inside the film.39 Also, Kinder et al.
observed that intrachain hole mobility along polymer backbone
was higher by a factor of 6.5 than the perpendicular direction in
thin film transistors.40 Quantum mechanical calculations have
confirmed that while the charge transport in the interchain
direction due to π-π stacking of crystalline chains (of P3HT)
can contribute to charge transport, this contribution is less
dominant than the one in the intrachain direction (along polymer
backbone).41

Motivated by the above results, in a recent article we proposed
an extension of the drift-diffusion models to account for the
possible anisotropy in mobility of holes and excitons. In the
formalism we proposed, we modeled the anisotropy effect by
rendering the mobility of holes and excitons to be anisotropic
tensors whose values are determined by the average orientational
order parameter of the rodlike donor molecules. Subsequently,
by using several “simulated” model morphologies, we demon-
strated that the anisotropy effect can have important conse-
quences in determining the PV device characteristics. In the
present article, we elaborate the details of our model and
simultaneously adapt it to study the device properties of rod-coil
block copolymers. We present the model details and the relevant
parameters in section II.

As an aside we note that our drift-diffusion model is not
restricted to block copolymers and in general accommodates the
characteristics of BHJ devices with a continuous spatial variation
of themorphologies and orientations of donor and acceptors and
wherein the donor phases are assumed to be characterized by
anisotropic hole and exciton mobilities. In fact, in different
sections we consider several “simulated” morphologies to under-
stand the physics underlying the results for rod-coil block
copolymers.

(ii) We use morphologies generated from a SCFT model of
rod-coil block copolymers under confinement to study their
device characteristics. While a description of SCFT model and
a discussion of the morphological phase diagram (for confined
systems) is presented in a different article,32 the results in this
section demonstrate that the device characteristics of realistic
systems employing donor-acceptor materials of rod-coil
block copolymers involve a complex interplay of several
features including the orientation of domains, domain widths,
the degree of phase separation, and the orientation of rodlike
domain molecules in influencing the PV characteristics of the
device.

The rest of the article is arranged as follows: In section II, we
elucidate the key features of the drift-diffusionmodel to study the
photovoltaic characteristics of devices based on self-assembly of
rod-coil block copolymers. In section III, we provide results for
photovoltaic properties of different morphologies exhibited by
rod-coil block copolymers. We also discuss the role of domain
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widths, degree of phase separation, thickness of device, and
anisotropy in charge transport on photovoltaic properties.

II. Drift-Diffusion Modeling of Device Characteristics

A.Model. In this section, we present the formalism used to
study the device characteristics of photovoltaic cells. The
model we employ falls in the general category of drift-
diffusion models, which captures within a continuum reac-
tion-diffusion framework the generation of excitons, their
dissociation into electrons and holes, and the subsequent
transport of electrons and holes to the electrodes. Drift-
diffusion models yield the spatial variation of electric field
and densities of electrons, holes and excitons.3,42 Below, we
present our adaptation of such a formalism to incorporate (i)
the anisotropic mobility of charge carriers and (ii) the
morphologies resulting from SCFT calculations. The former
aspect constituted the focus of an earlier short communica-
tion article.43 Below, we elaborate on the details of themodel
and the parameters used in its solution. Subsequently, we
discuss the numerical methods used to solve the resulting
equations.

The drift-diffusion model consists of the following equa-
tions governing the exciton (x), electron (n), and hole (p)
concentrations and the electrostatic potential (ψ):3,12,42
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Equations 1-3 represent continuity equations for exciton,
electron, and hole concentrations. Equation 4 represents the
Poisson’s equation relating the electrostatic potential (ψ) to
the local difference in concentrations of electrons (n) and
holes (p). ɛ denotes the permittivity of the medium, and
q denotes the unit of elementary charge.

In eq 1, the first term represents the transport due to
diffusion of excitons and the mobility coefficient is denoted
as μx. The terms Rd(x), G(r), and D(E,x) represent respec-
tively the rates of decay, photogeneration, and dissociation
of excitons. The functional forms for these rates are assumed
to be similar to those adopted in earlier works.3,10,12 To
maintain completeness, we present a brief compendium of
the relevant equations below. The decay rate of excitons
Rd(x) is assumed to be of the form Rd(x) = x/τx, where τx is
the average lifetime of exciton chosen such that the diffusion
length of exciton is 10 nm. The term G(r) is assumed to be of
the form

GðrÞ ¼
X
i

ΦiðνiÞRiðνiÞ exp½-RiðΔ-yÞ� ð5Þ

whereΦi(νi) represents the frequency (νi) dependent incident
photon flux.44 The incident power is obtained by summing
over the intensities at different frequencies. The frequency

dependent absorption coefficient (Ri) is assumed to have a
Gaussian distribution as a function of the frequency, νi.

3,12

The photogeneration of excitons have been assumed to have
an exponential dependence on the distance from the trans-
parent top electrode, (Δ - y).3,12

The dissociation of excitons D(E,x) is modeled through
Onsager’s theory of electrolyte dissociation45

DðE, xÞ ¼ xNf
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0
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where kD is the electric field dependent rate constant given by
Braun:46
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with

KR ¼ qμavg=E ð8Þ

b ¼ q3jEj=8πEkB2T2 ð9Þ
where μavg is the averagedmobilities of electrons and holes at
that point in space. The dissociation rate is integrated over a
Gaussian distribution of separation distances (a), specified
by F(a). The exciton binding energy is denoted as Eb0. The
term R(n,p) represents the recombination rate of electrons
and holes which is assumed to be a bimolecular reaction
described by aLangevin recombination term.Only a fraction
(1/4) of electrons and holes are assumed to recombine to
form singlet excitons.47

Rðn, pÞ ¼ qðμn þμpÞpn=E ð10Þ

where μn and μp represent the mobilities of electron and
holes, respectively.

In eqs 2 and 3, the first term represents the flux (current
density) of the charge carriers which are assumed to be of the
form

Jn ¼ -qnμn 3rψþ kBTμn 3rn ð11Þ

Jp ¼ -qpμp 3rψ-kBTμp 3rp ð12Þ
In the above, the mobilities of electrons and holes are
denoted by μn and μp, respectively. The above fluxes
can be seen to consist of two contributions: a diffusive
flux arising from the concentration gradient and a drift
term arising from the influence of electric field (since
exciton is neutral, eq 1 does not have a drift term). Prior
researches which have used the above formalism
have assumed that the (electric-field-dependent) mobili-
ties μi(i = n, p) are isotropic and are given by the
Poole-Frenkel form

μi ¼ μ0i expðγ
ffiffiffiffiffiffi
jEj

p
ÞI ð13Þ

where μi
0 is the zero field mobility and the field-dependent

mobility parameter is represented by γ.
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To adapt the above formalism to the systems of interest in
this article, a fewmodifications are needed. On the one hand,
the above equations need to be recast in a form which
accounts for the input spatial morphologies of the donor-
acceptor system. In the present work, we assume the
morphologies are characterized by the fields which denote
the volume fraction profiles of the donor (φD(r)) and accep-
tor (φA(r)). Most polymeric systems are assumed to be
incompressible, where the constraint φD(r) þ φA(r) = 1
holds. In the systems of interest in this article, the exciton
undergoes dissociation at the donor-acceptor interface,
where the binding energy is reduced by the difference in
electron affinities of the two materials.

A second feature relates to the issue discussed in the
Introduction that experimental evidence points to the fact
that the mobilities of holes and excitons not only depend on
the spatially varying density profiles and electric fields but
also are expected to be anisotropic and in general different
along the backbone of the donors compared to perpendicu-
lar to it. To account for the latter feature, we generalize the
above function forms (eq 13) to allow the mobilities μx and
μp to be anisotropic tensors which depend on the average
state of orientation of the rods. We further assume that
the information regarding the average state of orientation
of the rods is available (as output of a morphological
model) and characterized by an orientational order para-
meter S(r).24,48,49 The magnitude of orientational order
parameter (S(r)) is obtained by evaluating the maximum
eigenvalue of the tensorial order parameter.

To illustrate the above modifications, we explain how the
hole mobility is influenced by the density variations and
orientational ordering of one of the species. Explicitly, the
hole mobility is assumed to be of the form

μpðrÞ ¼ μIpðrÞIþμSp ðrÞSðrÞ ð14Þ

where μp
I and μp

S denote the isotropic and anisotropic term,
respectively, and I denotes the identity matrix. The coeffi-
cients μp

I(r) and μp
S(r) (in eq 14) are in turn assumed to be

dependent on the volume fractions of the donor and acceptor
species as

μjpðrÞ ¼ μjpAðEÞφAðrÞþ μjpDðEÞφDðrÞ ðj ¼ I ,SÞ ð15Þ

Each of the above coefficients μpA
j and μpD

j are in turn assu-
med to be of the Poole-Frenkel form (eq 13). We note that
the above assumption for volume fraction dependence is
valid for the extreme cases of pure phases and phase mixed
cases, and hence the linear relation of mobility coefficients is
akin to a simplistic ideal gas mixing rule. Unfortunately, at
the level of our modeling, we cannot prove this relationship
and hence adopt it as the simplest possible one among a class
ofmixing rules.Wequantify the anisotropy in themobility of
the holes by a single parameter

μR ¼ μS0p =μI0pD ð16Þ

where the “0” superscript indicates zero-field mobilities
(eq 13).

The above generalized drift-diffusion formalism allows us
to account for spatially varying morphologies and the ani-
sotropy in charge transport within an internally consistent
framework for donor-acceptor mixtures characterized by a
continuous spatial variation of the morphologies of donor
and acceptors, with the donor phases assumed to be char-
acterized by anisotropic hole and exciton mobilities. We

emphasize that the above model only requires as input
the volume fraction profiles and the orientational order
parameter in the donor phase and accommodates both
donor-acceptor blends and block copolymers. We believe
ourmodel is a significant improvement over previousmodels
and allows us to account for the effects of orientation and
(potentially) crystallization of donors in prediction of photo-
voltaic properties. As noted in the Introduction, Buxton and
Clarke introduced a formalism for flexible block copolymers
which in many respects is similar except in not incorporating
the effects of anisotropic mobility.12 Since not all equations
were detailed in their article, we are unable to present a
detailed comparison of the functional forms they used to
modify their equations to account for compositional inho-
mogeneities.

The output of the above equations are the spatially vary-
ing electron, hole, exciton densities, the fluxes of electrons,
holes, and excitons, and the electrostatic potentials. The
photovoltaic response is measured in terms of a current-
voltage (J-V) curve. The total current density (J= Jnþ Jp)
comprising both electron and hole current density is evalu-
ated as a function of applied voltage (V) between the two
electrodes. The quantities typically of interest are (i) the
short-circuit current (JSC) which is obtained at zero voltage
condition and is the maximum current obtainable from the
solar cell and (ii) open-circuit voltage VOC which is the
condition where the output current is zero and represents
the maximum voltage obtainable from the solar cell. The
photovoltaic efficiency is given by:-η=(JV)max/Pin, where
Pin is the input power of photons and (JV)max is maximum
power obtainable from the device. High values of JSC and
VOC are desirable for efficient solar cell devices. In our
results, the open-circuit voltage (VOC) was observed to not
change significantly (a result which is consistent with the fact
that the VOC is strongly dependent on the electrode
characteristics). Hence, all our subsequent results are dis-
cussed in terms of short-circuit current (JSC) only.

B. Boundary Conditions and Numerical Details. The above
equations (eqs 1-4) are supplemented by boundary condi-
tions for charges at the electrodes. We adopt the thermionic
injection and recombination models used in previous re-
searches in this context.10,50,51 The drift-diffusion equations
are numerically discretized using Scharfetter-Gummel
scheme.52 The conjugate gradient method is used to evolve
the Poisson’s equation while the Crank-Nicholson method
is used to obtain electron, hole, and exciton densities at each
new time step.53 The spatial discretization used is 1 nm.

C. Parameters. The model detailed in the previous section
involves a number of parameters. In this work, we fixedmost
of the device parameters and mainly focus on the interplay
between morphologies, anisotropic mobilities, and device
characteristics. Most of the following parameters have been
taken from the paper of Buxton and Clarke.12 The zero field
mobilities of electron in acceptor and donor regions are
taken to be 1 � 10-8 and 1 � 10-11 m2 V-1 s-1, respectively
(μnA

0 and μnD
0 ). The zero field mobilities of holes in the donor

and acceptor regions are taken to be 1� 10-8 and 1� 10-11

m2 V-1 s-1, respectively (μpD
0 and μpA

0 ). The excitonmobility,
μx, is fixed at 3.86� 10-9 m2 V-1 s-1 and has a lifetime, τx, of
1 μs, unless otherwise stated. The field dependent mobility
parameter is taken to be γ=5� 10-4m1/2 V-1/2 (eq 13). The
exciton binding energy is taken to be 0.5 eV, and the Schottky
barrier height for injection of charge carriers is taken to be
0.5 eV. The built-in voltage is assumed to be 0.5 V.12

D. SCFT Model for Donor-Acceptor Morphologies. To
model the self-assembly of confined rod-coil block copoly-
mers, we use the model of Pryamitsyn and Ganesan24 which
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utilizes self-consistent field theory (SCFT) to model the self-
assembly of rod-coil block copolymers in the bulk. Along
lines similar to the earlier work on flexible block copoly-
mers,54 we extended the model to incorporate the effects of
confinement and surface interactions upon self-assembly.
The details of our model and the resulting self-assembly
behavior will be presented in a separate publication.32

Briefly, the key ingredients utilized in our SCFTmodel are
the Flory-Huggins interactions to model the repulsive
interactions between the rod and coil block, Gaussian
stretching energy for the coil block, and Maier-Saupe
potential to describe the orientational ordering between
liquid crystalline rod molecules. The phase diagram in
thin-films of rod-coil block copolymers is affected by
volume fraction of one of the blocks (f), the Flory-Huggins
interactions parameter (χN), the Maier-Saupe parameter
(ωN), the size asymmetry ratio β, and the surface interac-
tions.24,28,29,55 We utilize this model to obtain the densities
and orientational order parameters (φA(r), φD(r), and S(r))
which are in turn utilized as input to our photovoltaic model.
All the length scales in the SCFT model are normalized by
radius of gyration of the coil block, Rg. For using these
morphologies in our photovoltaic model, we use a conver-
sion factor of Rg = 3.33 nm.

III. Results and Discussion

A. Influence of the Morphology of Self-Assembly upon
Device Characteristics. In Figure 1a, we display two repre-
sentative morphologies arising from the self-assembly of
rod-coil block copolymers in confined situations. These
are lamellar morphologies which are oriented parallel and
perpendicular to the confining surfaces. The molecular
parameters (χN, ωN, f, and β) for both parallel and perpen-
dicular lamellae were kept the same. However, the case of
perpendicular lamellae corresponds to the situation in which
the confining surfaces had no preferential interactions with
either of the polymers. In contrast, the parallel morphology
was achieved for the case when the anode surface was
assumed to prefer the rod (donor) phase, whereas the coil
(acceptor) was favored at the cathode. In both the parallel
and the perpendicular morphologies, the conditions were
such that the rodswere aligned perpendicular to the interface
between rods and coils (smectic A morphology).

From Figure 1b, it is evident that the device having perpen-
dicular lamellae (η=0.75%) exhibits better performance than
parallel lamellar morphology (η = 0.16%). Indeed, the per-
pendicular lamella phase benefits from several factors that are
key for better performance of polymer solar cell devices. On
the one hand, direct pathways exist for both electrons and
holes to reach the respective electrodes. Moreover, since the
rods are aligned perpendicular to the lamellar interface, the
excitons are able to reach the D-A interface easily because
of the preference for transport of excitons along the backbone
of the donor molecules. In contrast, the device possessing
parallel lamellae benefits only from the donor-acceptor
microphase separation and the fact that rods are aligned
perpendicular to the surface of electrodes. The latter furnishes
higher charge transport rates for holes to travel to the anode.
However, the major disadvantage of parallel lamellae is that
the layers of donors (rod phase) and acceptors (coil phase) act
as blocking layers for electrons and holes, respectively. There-
fore, in parallel lamellae, the donor-acceptor interfaces closer
to the electrodes contribute toward charge generation and
photocurrent, whereas the charges generated at other inter-
faces are mostly blocked by the alternating donor-acceptor
lamellaes.

In general, by carefully tuning the surface interactions
and/or by applying external fields, it is possible to align
the layers of block copolymers to be oriented parallel or
perpendicular to the electrode interfaces. This raises the
question, “in general, what is the role of the influence
of orientation of the domains (relative to the electrodes) in
influencing the device PV characteristics?” We note that
in the example considered above these considerations
were complicated by the occurrence of multiple domains
(which act as blocking layers) and the presence of aniso-
tropic charge transport. Of interest is the specific influ-
ence of the orientation of the lamellae upon the PV device
characteristics.

To study the effect of domain orientation on photovoltaic
properties, we considered two model morphologies. In
Figure 2a, we show the schematics of parallel and perpendi-
cular bilayer devices considered. To isolate the effects arising
just from the orientation of the bilayers, we switch off the
effects arising from the anisotropic mobilities (equivalently,
we set μR = 0 in eq 16). In Figure 2b, we display the J-V
curves for the two cases illustrated in Figure 2a. It is seen
from the results that even for the case of a single
donor-acceptor interface, having domains oriented per
pendicular to the electrodes exhibits better performance
relative to the parallel domains. Moreover, the reasoning
discussed above is confirmed in the results for electron
densities for parallel and perpendicular bilayers plotted in
Figure 2. We observe in Figure 2c that there is a continuous
generation of electrons (and equivalently holes) throughout
the device in perpendicular domain orientation. Since more
excitons can dissociate throughout the device, charges are
generated throughout the device between the electrodes, and
such a configuration leads to higher short-circuit current
(JSC). In contrast, in the parallel bilayer, only excitons
generated within the exciton diffusion length scale of
the donor-acceptor interface are seen to diffuse to the
donor-acceptor interface and result in production of
electrons and holes. Consequently, only a small fraction of
photons get converted to charge carriers.With this reasoning, it

Figure 1. (a)Density profiles for donor andacceptor phases for parallel
lamellae and perpendicular lamellae. The coil block is shown in red, and
the rod block is shown in the blue phase. The parameters are χN= 10,
f = 0.40, ωN = 30, and β = 6. The anisotropy in charge transport is
μR=0.67. (b) J-V curves for theprecedingphases.The units areAm-2

for current density (J) and volts for voltage (V).
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is also evident that the efficacy of the parallel bilayer device
would increase upon decreasing the thickness of the PV
device.

We note that other “nonlayered” self-assembly morpholo-
gies are also possible in confined films of rod-coil block
copolymers.24,28 Figure 3 displays one such case termed the
puck phase (η = 0.31%) and compares its device character-
istics to the parallel and perpendicular lamellar phases. The
puck phase morphology is achieved in rod-coil block co-
polymers at high volume fractions of the coil block. In
comparing the device characteristics of puck phases to the
earlier-discussed lamellar morphologies, it is seen that the
puck phases exhibit performance intermediate to parallel and
perpendicular lamellae. Indeed, while puck phases offer the
advantage of high interfacial area between rods and coil
blocks, they suffer from the absence of continuous pathways
for holes to reach the anodes. While the former facilitates
exciton dissociation and leads to higher production of free
charges, the latter hinders hole transport. Another interesting
thing to note is that whereas J-V curves for the lamellae
are convex-shaped, the J-V response for the puck phase
morphology has a concave shape. This arises due to the
presence of the acceptor phase at the anode which results in
a buildup of electron charge at the wrong electrode. Such
charge accumulation at organic layer-electrode interface has
been documented to result in concave-shaped J-V curve.56,57

Recently, it has been shown in experiments in the context
of rod-coil block copolymer solar cells that cylindrical
nanostructures aligned parallel to the confining surfaces7 were
less efficient relative to other morphologies. Our results are
consistent with these experimental observations.

In summary, our analysis suggests that for efficient charge
transport and efficiencies the donor and acceptor phases
should have continuous nanochannels between the two
electrodes. For the same reason, lamellar morphologies

observed in rod-coil block copolymers exhibit more desir-
able characteristics than the nonlamellar morphologies in
dispersed phases like puck phases. In all our results, the
open-circuit voltage (VOC) was observed to not change
significantly. Hence, all our subsequent results are discussed
in terms of short-circuit current (JSC) only.

B. Effect of Domain Sizes. Donor-acceptor block copo-
lymers offer unique advantages in the ability to control the
domain sizes resulting from self-assembly. Indeed, this is
most easily accomplished by either using longer block copo-
lymers and/or mixing with a third component. In contrast,
the domain sizes achieved in blends of donors and acceptors
tend to be much larger and usually controlled by the kinetics
of the phase separation process. These considerations moti-
vate the question, “what is the influence of the domain sizes
upon the PV device characteristics?” Specifically, of interest
is whether there is an “optimum” domain size for achieving
the best PV device characteristics.

At the outset, we address the above issue in the context of
morphologies of rod-coil block copolymers. One possible
means to modulate the domain sizes in rod-coil block
copolymers is to vary the size asymmetry ratio β. β is a
nondimensional parameter quantifying the length of the rod
unit. In the case of smectic A morphology formed by the
rod-coil block copolymers, the domain width is directly
proportional to the value ofβ.24 InFigure 4, we plot |JSC| as a
function of the β parameter. To isolate the effects arising
from the domain widths, the displayed device characteristics
were specifically computed within the framework of the
isotropic transport model (μR = 0). We observe that the
short-circuit current correlates inversely with the length of
the donor units and the thickness of the domains. Smaller
rod units facilitate more interfaces between the rod and coil
phases and in turn leads to enhanced production of electrons
and holes. The overall behavior is governed by higher exciton
capture due to presence of more number of interfaces. In the
perpendicularly oriented lamellae, these charge carriers have
direct access to the electrodes and therefore enhance the
overall efficiency of the PV device.

Figure 2. (a)Schematics for parallel bilayer and perpendicular bilayer
morphology. The red phase is the acceptor layer, and blue layer is the
donor phase. (b) Effect of domain orientation on the J-V response. The
units are A m-2 for current density (J) and volts for voltage (V). (c)
Electron density (n) for parallel and perpendicular bilayer morphology.
V = 0.45 V, Δ = 100 nm.

Figure 3. (a) Density profiles for donor and acceptor phases for puck
phases. The parameters are χN= 16, f=0.6,ωN= 64, and β=10. (b)
J-V curve for puck morphology compared with J-V curves for
parallel and perpendicularmorphology.Theunits areAm-2 for current
density (J) and volts for voltage (V).
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The above-noted increase in JSC cannot continue indefi-
nitely to very small domain spacings. Indeed, at very small
domain widths, there is an unfavorable propensity of elec-
trons and holes to undergo recombination and reduce the
efficiency. An optimal condition is expected to be realized
when the interfaces are spaced far enough to diminish the
recombination effect, but while the interfaces are close
enough to capture most of the excitons being generated.
Consequently, with increasing decay length of the excitons
the “optimal” domain width at which highest JSC is achieved
is expected to manifest at larger domain spacings. To verify
this reasoning, we considered simulated morphologies with
prescribed domain widths to explore the interplay between
recombination rates, domain widths, and exciton decay. A
schematic of such perpendicular multilayer morphology is
shown inFigure 5a. In Figure 5b, we display the JSC values of
as a function of both the domain widths and the exciton
lifetimes (τx).Note that the exciton diffusion length scale lD is
related to the exciton lifetimes τx through lD ∼ √

τx. We
observe that indeed for the smallest values of τx the results
are very similar to those presented in Figure 4, with JSC
monotonically decreasing with increasing domain widths
(the optimal domain width is at much smaller domain
thicknesses and is not within the range of displayed results).
However, for larger values of τx we observe that there is
indeed an optimal width at which the highest photocurrent is
achieved. Moreover, it is evident that the optimal domain
widths increase with increasing τx, consistent with our above
reasoning that the optimal domain widths should scale with
the exciton diffusion length scales.

The above results point to an interesting design guideline
that to extract the optimal device characteristics, the do-
nor-acceptor domains need to be of the order of the exciton
diffusion lengths. Since the domain widths in the morphol-
ogies achievable in block copolymers typically fall in this
range (and can be tuned by tuning the physicochemical
features of the polymer), block copolymers may prove
especially attractive in the fabrication of organic photovol-
taics. We also note that the above results are consistent with
Monte Carlo simulations that an optimal range of phase
separation is needed for efficient device due to competition
between the exciton dissociation and efficient charge separa-
tion.5 In the same research, it was also observed that optimal
domain width increased upon increasing the exciton life-
times.5

C. Effect of Chemical Incompatibility and Degree of Phase
Separation. The chemical incompatibility between the donor
and acceptor phases is another design parameter which
can be modulated by choosing alternative combinations of

donors and acceptors. Chemical incompatibility in turn
determines features such as the degree of phase separation
and the domain size and also governs the nature of interfacial
widths between the donor and acceptor. In our model, the
chemical incompatibility between the twoblocks of the block
copolymer is embodied in the Flory-Huggins interaction
parameter (χN). In this section, we present results for the
device characteristics for different χN. Tomaintain the focus
on the issue of interest, we use the isotropic transport version
of our model.

In Figure, 6, we display the J-V curves for different values
of χN. The conditions χN = 6 and 8 correspond to systems
which are not microphase separated (as seen from the uni-
form density profiles for χN = 8 in Figure 6a), whereas for
conditions such that χN g 12 the system is observed to be
microphase separated and exhibits perpendicular lamellar
morphology under confinement. Correspondingly, a jump in
photocurrent device characteristics is observed when the
block copolymer undergoes microphase separation. Increas-
ing χN beyond the microphase separation transition is seen
(Figure 6b) to enhance the efficiency of the PV device.

The above results can be rationalized on the basis of two
effects evident in the density profiles for different χNs
(Figure 6a). Higher χN is seen to correlate to more strongly
segregated donor and acceptor phases. In turn, this results in
improved transport properties for holes in the donor (rod)
phase and electrons in the acceptor (coil) phase. A second
effect evident is that increasing the chemical incompatibility
results in a reduction of the interfacial width. This is seen
explicitly in Figure 6c, which displays the variation of
interfacial width (ξ) as a function of the degree of phase
separation (χN). Smaller interfacial widths would facilitate
better charge separation by reducing the propensity for
recombination between electrons and holes and thereby
increase the short circuit current. The increased segregation
and the reduced interfacial widths are expected to act in
unison to result in better overall transport and device
characteristics with increasing chemical incompatibility.

The above results were seen to involve the synergistic
action of two distinct features. To further test our hypothesis

Figure 4. Effect of domain spacing for rod-coil block copolymers on
the short-circuit current. The units are A m-2 for short-circuit current
density (JSC).

Figure 5. (a) Schematic of perpendicular multilayer morphology. (b)
Effect of domain spacing for different exciton lifetimes. The units are
A m-2 for short-circuit current density (JSC).



550 Macromolecules, Vol. 43, No. 1, 2010 Shah and Ganesan

specific to the correlation between the photovoltaic proper-
ties and the interfacial width, we utilized a perpendicular
bilayer morphology (depicted in Figure 2a) and varied the
interfacial width of the donor-acceptor interface. The var-
iation of JSC as a function of the interfacial width for this
simulated morphology is displayed in Figure 6d and con-
firms that reducing interfacial width indeed improves the
photovoltaic properties. These results are also consistent
with experimental observations which have demonstrated
that solvents leading to better phase separation yields higher
short-circuit current and hence higher photovoltaic efficien-
cies.14

D. Influence of Anisotropic Charge Transport Character-
istics. In this section, we consider the interplay between the

anisotropic charge transport characteristics and the orienta-
tion of the donor units in the different self-assembled mor-
phologies. We note that in our SCFT model for rod-coil
block copolymers the propensity for orientational ordering
arises through a Maier-Saupe orientational interaction
term whose strength is quantified by the parameter ωN. To
explore the influence of the degree of orientational ordering
upon the device characteristics, we consider perpendicularly
oriented lamellar morphologies generated with three differ-
ent values of ωN.24 In Figure 7, we display the orientational
order parameters (S(r)) and the rod density profiles (φR(r))
for three values of ωN considered for probing the device
characteristics.ωN≈ 15 corresponds to the onset of orienta-
tional ordering. In Figure 8, we plot the variation of absolute
value of short-circuit current (JSC) as a function of the
anisotropy parameter μR for the three situations depicted
in Figure 7. Near the isotropic-smectic transition (ωN≈ 15,
where S ≈ 0.6), the short-circuit current is seen to increase
monotonically with increasing anisotropy in the mobility.
On the other hand, for larger values of the Maier-Saupe
parameterωN (where the nematic order parameter S>0.9),
there is seen to be an optimal value of anisotropy (measured
by μR) for which JSC is a maximum.

To rationalize the above results, we note that in the
perpendicular lamellae considered in this section the rods
are aligned parallel to the confining surfaces. Increasing μR
increases the mobility along the polymer backbone
(intrachain) and reduces the mobility along the perpendicu-
lar (interchain) direction (refer to eq 14). As the mobility of

Figure 6. (a) Rod density profiles for χN= 8, χN= 12, and χN= 20.
Well microphase separated lamellaes are observed for higher χN value.
(b) J-V curves for different values of phase separation characterized by
χN. Higher degree of segregation implies thinner interfaces which leads
to low values of recombination and efficient charge separation at
interface. The units are A m-2 for current density (J) and volts for
voltage (V). (c) Interfacial width ξ obtained as the full width at half-
maximum of peaks in the product of densities of acceptor and donor
phases, φA(r) � φA(r). (d) Relationship between JSC and ξ (nm) for
artificial perpendicular bilayer morphology.

Figure 7. One-dimensional density profiles of orientational order para-
meter (S(r)) and rod density (φR(r)) for three values ofωN: (a) 15, (b) 40,
and (c) 100.
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holes and excitons is rendered more anisotropic, the rate of
excitons traveling to donor-acceptor interface and the sub-
sequent charge separation improves. This is reflected in the
larger efficiencies noted with initially increasing μR and for
morphologies with better orientational ordering (ωN =
40, 100). However, the preceding effects are concomitantly
accompanied by a reduction in the transport of holes to the
anode (in the interchain direction). At large μR, the inter-
chain transport to the anode becomes the rate limiting step,
leading to a lowering of the efficiency. It is evident that the
competition between the transport in the parallel and per-
pendicular directions should depend on the magnitudes of
both μR and S (cf. eq 14). Not surprisingly, in morphologies
with pronounced orientational ordering, the optimal μR
occurs at a smaller value relative to morphologies which
are less ordered.

Since the above reasoning invokes transport to the elec-
trodes as one competing factor, in situations where anisot-
ropy is relevant, the thickness of the device is expected to play
an important role in determining the device characteristics.
In Figure 9, we consider the effect of interplay of anisotropy
and thickness of the device on the short-circuit current. We
consider the case where the rods exhibit strong orientational
ordering (ωN = 40). We plot the value of short-circuit
current normalized by value of JSC at zero anisotropy
(μR = 0) as a function of the degree of anisotropy. It is
observed that the short-circuit current is much higher
for thinner device (80 nm) as compared to the thicker device
(120 nm) for all values of μR considered. Indeed, the 80 nm
device exhibits almost a 5-fold increase in short-circuit
current at the optimal value of anisotropy (μR = 0.67)
compared to the value at zero anisotropy. Moreover, the
nonmonotonicity in JSC is seen to be much less pronounced
for the case of larger thickness. These results can be ratio-
nalized by noting that the charge transport in larger films are

dictated mainly by the thickness of the film and the distance
the charges have to travel to get to the respective electrodes.
In thicker films, the increase in transport rates along intra-
chain direction is compensated by the related factors of the
decrease in the interchain transport and the larger distance
charges have to travel in a thick film. Therefore, the effect of
anisotropic charge transport on photocurrent is much less
pronounced for larger film thickness.

We now discuss the interplay of domain size effects with
the anisotropic transport of charges and excitons (refer to
Figure 10). For this, we considered the same morphologies
used to generate Figure 4 but computed the device curves
with μR=0.67 (for comparison, we also display the isotropic
case, μR = 0). Increasing the degree of anisotropy in charge
and exciton transport is seen to improve the photovoltaic
response compared to the case where the charge transport
was assumed to be isotropic. Interestingly, we observe that
for μR=0.67 there is an optimal domain width for which the
short-circuit current is maximum. This contrasts with the
situation for μR = 0 where the short-circuit current con-
tinuously increased up to the smallest domain sizes we
probed.

As discussed in an earlier section (sectionIII.B), the occur-
rence of an optimal domain width reflects an interplay
between exciton dissociation and recombination. The inclu-
sion of anisotropic charge transport characteristics tends to
shift the optimal domain widths to higher values relative to
the isotropic situation (for μR=0 the optimal domain width
is at much smaller domain thicknesses and is not within the
rangeofdisplayed results). Indeed, forperpendicularlyoriented
donors, increasing the anisotropy is expected to enhance the
exciton transport to the interface in such away that the decay
length becomes anisotropic and considerably enhanced in
the direction perpendicular to the donor-acceptor inter-
faces. As discussed earlier, the exciton decay length lD
correlates with the optimal domain widths, thereby rationa-
lizing our results.

IV. Summary and Outlook

In this research, we developed a model to understand the
photovoltaic properties for polymer devices which consider as
input the density and orientational ordering in donor and
acceptor phases. This model improves upon the previous work
by taking into account the anisotropic nature of charge transport
in conjugated polymers. Our study focuses on self-assembly in
rod-coil block copolymers as means to achieve desirable values
of photovoltaic efficiency. Rod-coil block copolymers derive
their advantages from their ability to formmicrophase-separated

Figure 8. Effect of anisotropic mobility and orientational ordering on
photocurrent.

Figure 9. Effect of anisotropic mobility on photocurrent for two
different thickness, 80 and 120 nm. ωN = 40.

Figure 10. Effect of domain spacing for rod-coil block copolymers on
the short-circuit current. The variation of |JSC| as a function of domain
size is different for isotropic and anisotropic charge transport. The units
of JSC is A m-2.
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morphologies and the capability for the rodlike units to be
orientationally ordered. The perpendicularly oriented lamellar
morphology was shown to be the most desirable morphology for
obtaining high values of photocurrent. Also, the other factors
that can improve the photovoltaic efficiency were a stronger
degree of chemical incompatibility between the donor and
acceptor units and higher value of orientational order parameter.
Such conditions lead to awell-segregatedmicrophase structure of
rod-coil block copolymers having perfectly aligned rod mole-
cules. Within these morphologies we demonstrated that an
optimal domain spacing and optimal degree of anisotropy leads
to the highest efficiencies.

Our model can be utilized to study other systems being
considered for polymer solar cell devices like blends of conjugated
molecules with fullerene derivatives.1,14 Our model provides the
framework to calculate photovoltaic behavior (J-V curve) once
the density of species and orientational ordering of conjugated
molecules are known. Our future studies will address similar
issues in the context of models for such donor-acceptor blends.
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