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Inexpensive solution processing of bulk heterojunction (BHJ) type organic photovoltaic (OPV) cells
offers an attractive option for the low cost solar energy conversion. Solution processing creates a
disordered morphology consisting of two organic semiconductors, intermixed randomly within the
light-absorbing layer of the cell. In this paper, we use a detailed three-dimensional process-device comodeling framework to show that in spite of the inherent structural randomness of the morphology,
the efﬁciency of solution-processed BHJ cells is nearly optimal – close to those of the perfectly ordered
structures. In addition, we show that the morphological randomness by itself does not increase the
performance variability of large-area cells. Both the results indicate that the inexpensive solution
processing of BHJ cells imposes no inherent limitation on the performance/variability and the ultimate
efﬁciency of such solution-processed ﬁlms should compare favorably to the other ordered OPV cells
fabricated by more expensive techniques. Finally, we explore the theoretical optimum morphology for
BHJ cells and ﬁnd that ﬁll factor is the only parameter through which efﬁciency can be enhanced by
morphology engineering. We conclude by exploring the performance gains/limits of organic solar cells
with the improvement in transport parameters.
Published by Elsevier B.V.
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1. Introduction and background
Since the invention of planar heterojunction (PHJ) based organic
solar cells [1], the efﬁciency of organic photovoltaic (OPV) technology has improved continuously, and currently it exceeds 8% for
bulk heterojunction (BHJ) OPV[2]. The PHJ cells consist of a simple
two layer stacked structure of donor (D) and acceptor (A) type
organic semiconductors (Fig. 1a). The innovation of such stacked
structure (or heterojunction) facilitated the efﬁcient dissociation of
photo-generated excitons at the planar D–A interface. However,
the short circuit current density ðJSC Þ of PHJ cell is low, primarily
because most of the photo-generated excitons self-recombine
before being harvested by the D/A heterointerface. In fact, only
those excitons generated within a diffusion length ðLex  10 nmÞ
from the planar HJ can contribute to photo-current (see Fig. 1a).
This problem of poor exciton collection (or low J SC ) was later
solved by the bulk heterojunction (BHJ) morphology [3], where the
junction between the donor and acceptor materials is distributed
randomly throughout the volume of the cell, see Fig. 1b. Regardless
the point of photo-excitation, this distributed D/A junction can
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harvest excitons efﬁciently, and hence BHJ–OPV cells have high J SC .
Unfortunately, the BHJ–OPV suffers from higher recombination [4]
of the photo-generated carriers at the increased donor/acceptor
interfacial area. Thus, even though BHJ solar cells have achieved
close to 100% internal quantum efﬁciency for JSC [5], the interfacial
recombination loss reduces its open circuit voltage ðV oc Þ and the ﬁll
factor (FF) signiﬁcantly.
Many groups [6–10] have explored in great detail the transport and recombination of excitons, electrons and holes in BHJ
solar cells by numerical simulations. These studies conﬁrm that
the performance of the BHJ–OPV is strongly correlated with
the underlying morphology. However, a statistical analysis of
the performance of BHJ cells as a function of the degree of
randomness of its morphology has not been reported in the
literature. Thus, despite many recent reports of performance
gains of ordered heterojunction OPV (OHJ-OPV, see Fig. 1c) cells
fabricated by various top–down approaches (e.g., nano-imprint,
templating, etc.) [11–13], it is fair to ask if one could achieve
similar performance gain by optimizing the inexpensive solution
based fabrication process [14–17]. Indeed, there is no convincing
theoretical/numerical argument to show that the intrinsic random morphology of BHJ–OPV must necessarily lead to inferior
performance compared to OHJ–OPV created by sophisticated
fabrication methods. There is also very little discussion regarding
the performance variability of the solution-processed BHJ cells
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efﬁciency, and we ﬁnd the limits of efﬁciency enhancement by
improving the transport parameters like mobility, exciton diffusion length, etc.
The paper is organized as follows: We ﬁrst describe the
process and device modeling approach used in this analysis. Then
we present a detailed comparison between the performance of
ordered and random BHJ cells. Next we discuss the performance
variability of BHJ cells due to its morphological randomness.
Finally, we formulate the design rules for the optimal morphology
and discuss the performance gain/limit with the improvement of
various transport parameters like exciton diffusion length, charge
carrier mobility, etc.

2. Process device co-modeling of BH–OPV

Fig. 1. Structures of various organic solar cells. (a) Planar heterojunction (PHJ),
(b) Bulk heterojunction (BHJ), and (c) ordered heterojunction (OHJ) OPV cell in the
chronological order of development. (d) Comparison of typical J–V characteristics
for various OPV geometries.

originating from the inherent structural randomness and the
implications of such variability for large-area modules. A systematic understanding and statistical analysis of such variability
are important to predict/improve the panel efﬁciency of seriesconnected cells [18]. Finally, even though there are several recent
works on the optimum geometry for OPVs [19–21], it remains
unclear if such structures provide signiﬁcant efﬁciency gain over
that of random BJH-OPV (for comparable transport/recombination parameters). In the absence of such explicit comparison, it is
difﬁcult to predict the circumstances for which engineering
ordered morphology may be appropriate.
In this paper, we address the above mentioned issues through
a computational framework (based on transport simulation of
excitons, electrons and holes) which connects the morphology of
an OPV to its efﬁciency. We have four major conclusions: (1) We
ﬁnd that the regularization of BHJ morphology does not improve
the OPV efﬁciency signiﬁcantly. Instead, we show that efﬁciency
of random BHJ cells, fabricated by inexpensive solution-based
processing (with optimum mixing ratio and anneal duration), is
close to that of the perfectly ordered structures. (2) We also
demonstrate that even though the morphology of BHJ cells is
inherently random, this intrinsic structural randomness does not
affect the performance of large-area cells. However, precise
control of various process parameters related to extrinsic variability remains a signiﬁcant concern. (3) Next, we show that
instead of the fully ordered structure (Fig.1c), a ﬁn-like geometry
(Fig. 4a), whose dimensions have been optimized for a given
combination of material parameters, offers the highest efﬁciency.
(4) Finally, we explain how the transport parameters affect OPV

In order to explore the effect of bulk heterojunction morphology on the device performance, we ﬁrst simulate the random BHJ
morphology by the phase ﬁeld approach. Speciﬁcally, we use the
Flory–Huggins free-energy formulation within the Cahn–Hilliard
transport model [22] to describe the spinodal decomposition
of the respective donor–acceptor organic semiconductors. The
details of the process model equations and the model parameters
[23,24] are summarized in Tables 1 and 2. More sophisticated
phase-ﬁeld models and kinetic Monte Carlo approaches [8] have
also been used by many groups to describe the ﬁner features of
the morphology. Since our goal is to explore the generic impact of
morphology on efﬁciency of OPV cell, a simpler description of
phase segregation based on the Cahn–Hilliard model, analogous
to those used in Ref. [6,7], is adopted. Once the morphology is
simulated, it is characterized by an average domain size [25], W,
as shown in Fig. 2a. Unlike the BHJ morphology, the planar
heterojunction (PHJ) and the ordered heterojunction (OHJ) structures are simulated not from a process model, but with ﬁxed
geometrical dimensions associated with the top–down fabrication process.
The transport of carriers (excitons, electrons, and holes) on the
simulated morphology is modeled by the drift–diffusion formalism (see Eqs. (3–10) in Table 1). Optical absorption is considered
only in the donor material, as is typical for P3HT:PCBM based
system [26]. However, the key conclusions will not change if both
donor and acceptor absorb photons. The absorption proﬁle is
assumed uniform with an effective exciton generation rate in the
donor material (details on absorption proﬁle are described in
[26,27]). We then solve the steady state exciton diffusion equation in the distributed donor regions. We assume that the
efﬁciency of exciton dissociation at the donor–acceptor heterointerface is very high and is independent of ﬁeld at the interface
[28,29], so that the exciton concentration at the D–A boundary
can be set to zero regardless the operating conditions. In recent
years, the model for exciton transport has been generalized to
include hopping transport and more complex dissociation
dynamics [30], but we adopt a simpler semi-classical approach
for this ﬁrst discussion regarding the efﬁciency/variability of
BHJ–OPV due to the randomness in the morphology.
The solution of exciton transport equation gives the exciton
dissociation ﬂux at the D–A interface, which we use as the charge
carrier generation term in the electron and hole continuity
equations [6,7]. The recombination term in the continuity equations is implemented to reﬂect a bi-molecular recombination
process at the D/A interface [31]. Even though there is a debate
in the literature regarding the dominant recombination mechanism at the hetero-interface [32], the key conclusions in the paper
do not depend sensitively on the details of the recombination mechanism. Since the D–A interface is the only region
where free carriers can be generated from excitons and the free
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Fig. 2. Morphology evolution with anneal duration. (a) Three distinct morphologies of the active layer are plotted with increasing anneal duration. For clarity, the metal
electrodes and the blocking layers of the complete cell have not been shown. (b) The average cluster size ðWÞ of the simulated morphologies are plotted with anneal time
(log–log plot). (c) Interfacial area of the 3D morphologies are plotted with anneal duration.

electron/holes can recombine with each other, the generation and
recombination terms in the e–h continuity equations are nonzero only at the D–A interfacial nodes. Electron and hole transport
are modeled by the drift-diffusion formalism. While the drift–
diffusion equation cannot explicitly account for complex charge
transport in polymeric crystals [33], most groups adopt this
approach to explore the broad aspects of carrier transport within
the OPV structures.
The boundary conditions for carrier densities at the metal–
semiconductor contact are determined by the equilibrium carrier
densities (deﬁned by the metal work function, the HOMO and
LUMO energy levels, and the corresponding effective density of
states). Numerical values of all these parameters are tabulated in
Table 5. Finally, we assume that the charge-density is low enough
so that the Poisson equation need not be solved explicitly but can
be approximated by a constant ﬁeld deﬁned by the built-in
voltage (Vbi), applied voltage (V), and device thickness (Tﬁlm),
i.e., E ¼ ðV bi VÞ=T film . While the validity of the approximation can
be easily established for relatively high mobility OPV cells,
its application to very low mobility OPV devices requires additional care. We wish to mention explicitly that the transport
model used in this paper follows Refs. [6,7]. We claim no new
contribution to model development; rather, we use this wellknown, well-calibrated, and well-tested process-device model to
explore the implications of morphology on the efﬁciency of
organic solar cells.
For a given OPV structure (Fig. 1(a–c)), we solve the coupled
transport equations for excitons, electrons, and holes self-consistently at each bias condition to construct the current-voltage
characteristics of the solar cell, see Fig. 1d. Based on the J–V
characteristics so generated, we calculate efﬁciency as well as
other solar cell parameters such as short circuit current density,
open circuit voltage, and FF. The short circuit current in the J–V
curve is deﬁned as the current at the zero terminal voltage, i.e.,
J SC  JðV ¼ 0Þ, the open circuit voltage is deﬁned as the terminal
voltage for which current from the cell is zero, i.e., V OC  VðJ ¼ 0Þ,
and the FF is calculated by the formula FF ¼ J m V m =ðJ SC V OC Þ, where

Jm and V m are the current density and voltage at the maximum
power point of the J–V curve, respectively.

3. Results and discussion
With the model system described in the previous section, we
now explore how the efﬁciency of a cell depends on its morphology. Although we choose typical values for the model parameters
(see Tables 1 and 2) based on P3HT:PCBM system to illustrate our
approach, the conclusions are general and should apply to a broad
range of polymeric OPV.
3.1. Comparison of ordered and random BHJ cells
Let us ﬁrst consider how the randomness of the OPV morphology affects the key device parameters such as efﬁciency, JSC ,V OC ,
and FF. To quantify the structural randomness of OPV, we
generate a series of three dimensional (3D) BHJ morphology for
different anneal duration (ta) and temperature (Ta); the details of
process simulation are described in Ref. [6,7]. The initial condition
(ta ¼0) for simulating the morphology is a structure with random
composition ﬂuctuation around a mean composition value given
by the mixing ratio of the D–A molecules. This random initial
condition implies that even if the anneal duration and temperature are identical, the morphologies generated from different
initial conditions will be structurally different. Thus, the randomness in OPV morphologies has two distinct sources: one comes
from the initial/starting random composition and the other is
from process variation (ta, Ta).
In Fig. 2(a), we show the time evolution of BHJ morphology,
simulated on a 3D domain of 100  100  100 grid points with
uniform grid spacing of 1 nm. Once the morphology is simulated,
we characterize it by the average cluster size, W (see Fig. 2a). The
time evolution of W is plotted in Fig. 2b. We also plot in Fig. 2c
the evolution of the total D/A interfacial area of the simulated
morphology. Each point in Figs. 2b and 2c represents a distinct
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Fig. 3. Performance comparison of ordered heterojunction (OHJ, solid line), random
bulk heterojunction (BHJ, symbols) and planar heterojunction (PHJ, dashed line) solar
cell. The performance metrics are (a) open circuit voltage (VOC), (b) ﬁll factor (FF),
(c) short circuit current density (JSC), and (d) efﬁciency (Z). Each scattered symbol
corresponds to a particular random morphology (BHJ) with an average domain size
oW4 (x-axis). (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article).

morphology corresponding to the anneal duration shown in
x-axis. The spread in the domain size (or interfacial area) for a
given anneal duration reﬂects the randomness in the OPV morphology. For each of the simulated morphology, characterized by its
domain width W, we calculate the J–V characteristics by following
the procedure described in section 2. From the J–V characteristics,
we compute all the solar cell performance metrics and plot them as
a function of morphology-speciﬁc parameter W as open circles in
Fig. 3(a–d). The scatter of the points reﬂects randomness of the
morphology resulting from initial conditions as well as ﬂuctuation
in anneal temperature, anneal time, etc. Generally speaking, we ﬁnd
that an optimized BHJ–OPV cell with the speciﬁed parameters
(Tables 2–5) can achieve average efﬁciency of Z  5:5% with
J SC  14 mA cm2 , V OC  0:62 V, FF  0:63.
Next, we deﬁne a series of ordered morphology (OHJ) with the
domain width ðWÞ and domain height equal to the ﬁlm thickness
(see Fig. 1c). Unlike the C–H process model for BHJ–OPV, these
ordered OPV structures are created mechanically with ﬁxed
geometric dimensions. In practice, these structures could be
fabricated by stamping or lithography [12,13]. We assume minority carrier blocking at both contacts. We calculate the J–V
characteristics of this series of ordered structures using exactly
the same transport equations and boundary conditions as we did
for the BHJ–OPV. Finally, we plot the corresponding quantities of
V OC , FF, JSC , and efﬁciency as a function of W as solid blue lines in
Fig. 3(a–d). For completeness, we also plot the solar cell performance metrics for PHJ cell (dashed red lines) in Fig. 3(a–d).
How does the random OPV compare with the ordered OPV?
First, among the PV parameters, the open circuit voltage is found
least sensitive to morphology and is mainly determined by the
material constants (see Fig. 3a). In Fig. 3a we plot V OC variation for
random BHJ, OHJ, and PHJ cells, which shows that V OC value is
almost same for all these morphologies. This insensitivity of VOC
with geometry can be understood from the fact that both JSC and
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recombination current are proportional to the interfacial area
[34]. Since VOC is determined by the ratio of these two currents,
the interfacial area dependence cancels out and VOC becomes
insensitive to morphology (detailed discussion on the insensitivity of VOC is given in Ref.[7]).
Second, the ﬁll-factors calculated from numerical simulation
for both ordered and random morphologies are close and vary in
the range of 0.55–0.65. The experimentally reported FF BHJ values
for P3HT:PCBM based BHJ cells are slightly lower compared to the
simulation, typically in the range of  0.5–0.6 [35]. It is interesting that these FFs are much lower than that of PHJ cell (FF PHJ  :8
in Fig. 3b). There are many experimental evidences for this higher
FF of PHJ cells, where typically FF PHJ is measured in the range of
 (0.6–0.7) [36]. Although speciﬁc values are slightly different,
our conclusion of higher FF for PHJ geometry compared to the
random BHJ/OHJ structures is broadly consistent with experiment. We attribute the lower FF of BHJ/OHJ cells to the higher
intrinsic series resistance associated with the percolating paths of
the device. Among the various OPV structures, the average carrier
extraction length in PHJ is the lowest and hence it offers the
lowest intrinsic series resistance, which makes its FF higher than
BHJ/OHJ OPV especially for high-mobility materials.
Third, we ﬁnd that the real advantage of OHJ morphology over
the random BHJ structures lies in the enhancement of short
circuit current density (see Fig. 3c) for smaller W (or early anneal
phase). More fundamentally, this higher J SC of ordered cells for
lower W arises from the fact that the ordered morphology
operates above the percolation threshold for all domain width
W and volume ratio of the polymers, see Fig. 1c. Thus, the
generated charge carriers always ﬁnd continuous pathways for
coming out of the cell. For random BHJ cells, at the early phase of
annealing (this corresponds to the lower value of W in Fig. 3), the
active layer contains large number of ﬂoating islands of D/A
phases and the heterointerfaces between the D–A regions are not
well formed. Hence J SC of BHJ cells is lower compared to OHJ cells
for smaller W as shown in Fig. 3c (detailed discussion of annealing effect on the J SC of BHJ cell is given in [7]). With the increase in
domain size W (late annealing phase), the interfaces form sharp
heterojunction and the ﬂoating islands in the active layer
disappear by merging into percolating paths between the electrodes.
Given the optimum 1:1 D-A mixing ratio (by volume), both the
donor and acceptor phase volumes exceed the 3D site percolation
threshold of 31%. It is well known that for such conditions, the
donor and acceptors belong to their respective percolation clusters
and there are very few isolated ﬂoating islands in the morphology.
Thus, J SC of BHJ cells approaches the corresponding value of OHJ
cells for larger W (or late annealing phase).
Since V OC and FF of both OHJ and BHJ cells are similar, the
efﬁciency comparison follows the analogous trend of JSC , as
shown in Fig. 3d. The ﬁgure clearly shows that efﬁciency of
random BHJ cells is very close to that of perfectly ordered (ideal)
structures. Thus, the plot conﬁrms that there is no fundamental
limitation related to morphology arising from the inexpensive
solution-based processing of BHJ cells, provided that the process
variables such as mixing ratio, anneal temperature, anneal duration, etc. have been chosen optimally.
Finally, we analyze the performance variability of random BHJ
cell for a series of 3D morphologies. Fig. 3d might suggest that the
efﬁciency of the random BHJ cells could vary considerably (1% in
absolute terms) depending on the cluster size and structural
randomness. This variability in efﬁciency is mainly due to the
structural randomness originated from the initial composition.
However, we ﬁnd that the scatter in efﬁciency reﬂects ﬁnite size
of the simulation domain, i.e., 100 nm  100 nm  100 nm. In supplementary material, we plot the efﬁciency variation for the
structures with the same thickness but increasing area to show that
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Fig. 4. Design rules for fabricating the optimum morphology (FIN–OPV). (a) The structure of the optimum morphology. For Hfin ¼ 0 the structure corresponds to PHJ cell
and for Hfin ¼ T film , it is an OHJ. (b) Efﬁciency variation of FIN-OPV is plotted for the various ﬁn heights. The ﬁn width is kept ﬁxed to the value of W fin ¼ Lex . We ﬁnd
optimum ﬁn height to be Hfin ðoptÞ  T flim xLex , where x is a number in the range (1 o x o 2). The variation of other solar cell performance metrics, i.e., JSC, VOC, and FF are
plotted in (c), (d), (e), respectively.

the spread in efﬁciency decreases monotonically with larger cell
area. Thus, even for the smallest practical device dimensions (e.g.,
1 mm  1 mm  100 nm), such spread in efﬁciency disappears and
only the mean efﬁciency will be realized. Hence the main conclusion
of this study is that the inherent structural randomness of BHJ cells is
not a concern for the performance variability of BHJ–OPVs. It is
important to note that a 2D analysis of such geometrical randomness overestimates the performance variability of BHJ–OPV [37],
because the 2D percolation threshold of 50% incorrectly suggests
signiﬁcant number of ﬂoating islands even for 1:1 mixing ratio (by
volume). However, for the large area cells (fabricated by roll-to-roll
or other technique), there will be extrinsic variation in process
parameters such as anneal temperature, mixing ratio, etc., which
will lead to variation in average cluster size W (and hence efﬁciency)
among the cells. This extrinsic process variation might induce
signiﬁcant performance variability even for a large area cells. Other
sources for variability in performance can arise from metal deposition and shunt formation [38], variability in the thickness of the
blocking layers, etc. Thus, performance variability for BHJ cells
remains a signiﬁcant concern for achieving higher panel/module
efﬁciency, even though our analysis shows that intrinsic morphological randomness does not contribute to this variability.
3.2. Design rules for optimum morphology
In this section, we explore the theoretical optimum morphology of OPV cells for the same set of transport parameters
discussed in the previous section (see Table 2). The discussion
in the previous section clearly indicates that it is difﬁcult to
improve JSC and V OC by engineering morphology, because V OC is
morphology insensitive and JSC is almost optimal for average
domain width W  Lex . Thus, FF is the only parameter through
which efﬁciency can be enhanced by morphology engineering.

In Fig. 4a we show an interpenetrating ﬁn like structure (FinOPV), which optimizes the FF without affecting the V OC and JSC
and thus maximizes the OPV efﬁciency. However, the dimensions
of the Fin-OPV need to be optimized as a function of the transport
parameters such as exciton diffusion length, mobility and the
recombination strength.
As shown in the Fig. 4a, the Fin-OPV has four independent
geometrical dimensions, namely, the donor ﬁn width (WD),
acceptor ﬁn width (WA), donor offset height (HD) and acceptor
offset height (HA). For simplicity, we assume the structure is
symmetric with equal volume of donor and acceptor material, so
that W A ¼ W D ¼ W fin and HA ¼ HD ¼ ðT flim Hfin Þ=2, with two independent variables of ﬁn height (Hfin Þ and ﬁn width (W fin ) available for optimization. The general problem of optimizing partially
ordered OPV with unequal volume fraction is left as an open
problem for future work.
The proposed ﬁn-like morphology in Fig. 4a uniﬁes both the
PHJ ðHfin ¼ 0Þ and the fully ordered ðHfin ¼ T flim Þ structure within a
common geometrical construct. The reason for the existence of an
optimum ﬁn height is as follows: the PHJ structure is excellent for
charge carrier transport, but has a very poor efﬁciency for exciton
collection. On the other hand, the ordered BHJ collects almost all
the excitons, but the large surface area increases interface
recombination and longer carrier extraction length increases
‘series’ resistance, therefore, the structure is non-optimal for the
charge transport. The ﬁn-like morphology balances the two
desirable properties of OPV: excellent carrier transport in the
PHJ cell and the exciton collection property of ordered cell. In
Fig. 4b, we plot the efﬁciency of FIN–OPV as a function of ﬁn
height. The ﬁgure clearly shows that the maximum efﬁciency is
close to Zmax  6.5%, corresponding to Hfin ðoptÞ  75 nm. The
optimum ﬁn dimension and the corresponding efﬁciency depend
on material parameters such as mobility and recombination
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In this section, we extend the efﬁciency analysis by exploring
the impact of the transport parameters on the optimum design of
Fin-OPV. In Fig. 5a, we study the effect of mobility improvement
on the optimum ﬁn height (other transport parameters are kept
same at typical values). We ﬁnd that improvement in mobility has
a signiﬁcant effect on the efﬁciency of OHJ/BHJ structure, whereas
it has very little effect on the PHJ geometry. The ﬁgure shows that
with improved mobility, the optimum ﬁn height approaches the
ﬁlm thickness, i.e., OHJ. This is easily understood because increasing ﬁn-height improves exciton collection, while the high mobility ensures that the FF is not compromised.
In Fig. 5b, we study the effect of excition diffusion length on
the optimum ﬁn height ðHfin Þ, and we ﬁnd that Hfin ðoptÞ reduces
with higher value of Lex . This is an intuitive result: with higher
value of Lex (comparable to donor layer thickness), all the photogenerated excitons are collected irrespective of the ﬁn height.
Since lower ﬁn height improves the ﬁll factor (Fig. 4e), a optimum
morphology with higher Lex should have lower Hfin . In fact, Lex is a
real bottleneck for PHJ cells, where the exciton collection volume
is limited by Lex . For OHJ or BHJ cell, once Lex exceeds the domain
width W, no further improvement in exciton collection (and
hence efﬁciency) is possible. Hence in Fig. 5b, we ﬁnd that Lex
affects PHJ cell efﬁciency signiﬁcantly, while it has very little
effect on the ordered BHJ structure.
Finally, we explore the efﬁciency limits of OPV with respect to
improved mobility. A number of recent publications have suggested
the possibility of enhancing the mobility by increasing the nanoscale crystallinity and molecular packing of the polymer ﬁlm
[39,40]. Silva et al. have shown that ‘doping’ of polymers by carbon
nanotubes can enhance carrier extraction rate by improving the
effective carrier mobility [41] in the ﬁlm. Thus, it is important to
study the effect of the improved mobility on the efﬁciency gain/
limits of OPV cells with different morphologies. In Fig. 6a, we plot
the efﬁciency enhancement for both PHJ and OHJ cells with
improved mobility. The corresponding performance metrics, i.e.,
JSC, VOC, and FF are also plotted in Fig. 6(b–d). Remarkably, we ﬁnd

8

0.8
0.6

FF

constant at the interface. In general, Hfin ðoptÞ  T flim xLex where x
is a number in the range (1 o x o 2) depending on the values of
the transport parameters such as Lex , m, and g (typical values are
given in Table 2). The choice of W depends primarily on the
efﬁcient exciton collection, which is guaranteed if W fin  Lex ,
consistent with results in Fig. 3d. Given the transport parameters,
the PHJ OPVs (Z  3.5%) are far from optimal, a well known result
for traditional material systems [36].

Efficiency (%)

Fig. 5. Variation of optimum ﬁn-height (of the Fin-OPV) with improved transport parameters. (a) Effect of carrier mobility and (b) effect of exciton diffusion length.
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Fig. 6. Effect of improved carrier mobility on various solar cell performance
metrics: (a) efﬁciency ðZÞ, (b) short circuit current density ðJ SC Þ, (c) open circuit
density voltage ðV OC Þ, and (d) ﬁll factor ðFFÞ.

that increasing material mobility improves the efﬁciency to  8%.
However, beyond a critical value of m  102 cm2 V1 s1 , further
improvement in mobility is not reﬂected in higher efﬁciency of the
cell. The initial improvement in efﬁciency with high carrier mobility
can be traced to the signiﬁcant improvement in FF, see Fig. 6d.
Since the FF improvement saturates to a value of 85% with
m  102 cm2 V1 s1 , any further improvement in mobility does
not increase the cell efﬁciency. However, the current material
systems have m  104 103 cm2 V1 s1 , with the corresponding
FF of 0.4–0.6 [35]. Therefore, improvement in mobility is still an
important research objective for achieving higher FF and cell
efﬁciency.

4. Conclusion
In this paper, we show that the efﬁciency of the solutionprocessed BHJ cells (with random morphology) is very close to
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the perfectly ordered structures, which suggests that the
inexpensive solution based processing of BHJ cells imposes no
inherent limitation on the cell efﬁciency (associated with
morphology) compared to the ordered OPV cells fabricated by
more expensive techniques. We also show that the inherent
structural randomness of solution-processed BHJ cells is not a
concern for the performance variability of large-area cells.
However, precise control of process variables remains a signiﬁcant concern for extrinsic performance variability of OPV.
Finally, we explore the problem of optimal morphology as a
function of material parameters. We ﬁnd that the optimal
morphology resembles the interpenetrating ﬁn-like architecture with the exact dimensions optimized for a given set of
transport parameters. These results establish the future prospects and fundamental limits of performance gain that can be
obtained by tailoring the morphology of a given pair of D/A
material systems.
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Appendix A
(See Tables 1–5 for more details)

Table 1
Summary of model equations.
Equations for process model:
Free energy of mixing:
f mix ¼



kB T a |lnð|Þ ð1|Þlnð1|Þ
þ
þ w|ð1|Þ
ND
NA
vsite

Cahn–Hilliard (C–H) equation:



@|
@f
¼ M 0 r2 mix 2kr4 |
@t a
@|

ð2Þ

Equations for exciton transport:
Exciton continuity equation:

ð3Þ

Dex r2 nex ¼ Gex ðx,y,zÞ2Rex ðnex Þ
Rex ¼

nex

tex

; Gex ¼ unif ormðassumptionÞ

ð4Þ

Equations for charged carrier transport:
Poisson equation:
Continuity equation:
Drift-diffusion equation:

ð1Þ



rðEr E0 rcÞ ¼ qðnh ne Þ

ð5Þ

rJe,h ¼ 8 ðGe,h ðnex ÞRe,h ðne ,nh ÞÞ

ð6Þ

Je,h ¼ me,h ne,h ðrcÞ 7 De,h rne,h

ð7Þ

Re,h ðne ,nh Þ ¼ gðne ,nh n2int Þ

ð8Þ

Recombination equation:
Electron boundary condition:



F LUMOA
rne 9z ¼ 0 ¼ 0; ne ðz ¼ T film Þ ¼ Nc exp  c
kT

Hole boundary condition:



Fa HOMOD
nh ðz ¼ 0Þ ¼ N v exp 
; r nh 9 z ¼ T ¼ 0
film
kT

ð9Þ

ð10Þ

Table 2
Process simulation parameters and variables (see Eqs. (1) and (2) in Table 1).
Parameter

Symbol

Numerical values/units

Description

Composition
Anneal temperature
Anneal time

f
Ta
ta

(0–1)
393 K
s

Flory parameter

w

Depends on T a A
representative value of
0:09 is used in simulation

Gradient energy
coefﬁcient
Effective mobility

k

1011 J=m

M0

1026 m5 J1 s1

Donor volume fraction
Volume of the reference
site
Size of Donor molecules
Size of acceptor
molecules
Free energy of mixing

ZD

0:5

vsite

1029 m3

This the composition variable which deﬁnes the morphology.
The temperature at which the phase segregation takes place
This the independent variable in the process model,
representing the anneal duration.
This is interaction parameter between the donor and the
acceptor molecules [23,24]. For PS/PMMA polymeric system ,
w  ð00:1Þ.
It characterize the energy contribution due to the formation of
diffused interface [23].
This the diffusive mobility of the organic molecules in the
mixture [23].
It is same as the mixing ratio of the donor acceptor molecules.
This is the reference volume in the Flory–Huggins lattice model.

ND
NA

33
33

This is the relative size of the organic molecule (donor).
This is the relative size of the organic molecule (acceptor).

f mix

J/m3

This is the free energy density function describing the entropy
and enthalpy of the mixture.
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Table 3
Exciton transport parameters (see Eqs. (3–4) in Table 1).
Parameter

Symbol

Numerical values/units

Description

Exciton recombination time
Exciton diffusion coefﬁcient

tex

1 ns

Dex

Exciton recombination time.
Effective diffusion coefﬁcient for the exciton transport.

Exciton
Exciton
Exciton
Exciton

Lex ¼
Rex
Gex
nex

107 cm2 =s
10 nm

diffusion length
recombination rate
generation rate
concentration

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dex tex

This
This
This
This

cm3 s1
cm3 s1
cm3

is
is
is
is

the diffusion length, the photo-generated excitons travel in its lifetime.
a position dependent variable representing exciton self-recombination rate.
a position dependent variable representing exciton generation rate.
a position dependent variable representing the steady state exciton density.

Table 4
Charged carrier transport parameters (see Eqs. (5–8) in Table 1).
Parameter

Symbol

Numerical values/
units

Description

Charge of an electron
Carrier mobility (‘e’ stands for
electron and ‘h’ for holes)

q

1.6  10  19 C

me,h

me ¼ 103 cm2 V1 s1
mh ¼ 104 cm2 V1 s1

Charge of an electron
Mobility of electrons in the acceptor material and mobility of holes
in the donor material.

Carrier diffusion coefﬁcient

De,h

kb T
q

Bimolecular based interfacial
recombination strength
Intrinsic carrier density at the D–A
interface
Relative permittivity
Electro static potential
Carrier concentration

g

ð109 1011 Þ cm3 =s

nint

1011 cm3

Er
ne:h

3–4
V
cm3

Carrier recombination rate
(‘e’ stands for electron and ‘h’ for
holes)

Re,h

cm3 s1

Carrier generation rate

Ge,h

cm3 s1

Current density

J e,h

A=cm2

c

me,h

Diffusion coefﬁcients of electron and holes in acceptor and donor
respectively. Electronic charge is ‘q’, kb is the Boltzmann constant,
and T is temperature.
This is the bimolecular recombination strength. Carrier
recombination takes place only at the donor–acceptor interface.
This is the intrinsic carrier density at the donor-acceptor interface
in the active material.
This is the relative permittivity of the organic materials.
This is the electrostatic potential inside the solar cell.
This is a position dependent variable representing the e/h density.
Generally, electrons ﬂow in the acceptor and holes ﬂow in donor.
This is a position dependent variable representing e/h
recombination rate. e/h recombination takes place only at the
interface.
This is a position dependent variable representing e/h generation
rate. e/h generation takes place only at the interface.
This is a position dependent variable representing e/h current
density. Electron current ﬂows in acceptor and hole current in
donor.

Table 5
Boundary condition parameters for the electron–hole densities at the electrode–semiconductor interface (see Eqs. (9–10) in Table 1).
Parameter

Symbol

Numerical values/units

Description

Lowest unoccupied molecular orbital (Donor)
Highest occupied molecular orbital (Donor)
Lowest unoccupied molecular orbital (Acceptor)
Highest occupied molecular orbital (Acceptor)
Effective density of states (HOMOD ,HOMOA ,LUMOD ,LUMOA )

LUMOD
HOMOD
LUMOA
HOMOA
N C ,N v

3:0 eV
4:9 eV
3:7 eV
6:1 eV

Cathode work function (Al)
Anode work function (ITO)

Fc
Fa

3:9 eV
4:7 eV

The chosen numerical values is for P3HT.
The chosen numerical values is for P3HT.
The chosen numerical values is for PCBM.
The chosen numerical values is for PCBM.
Number of energy states available for electron/holes,
at the LUMO/HOMO.
The chosen numerical values is for Al.
The chosen numerical values is for ITO.

Appendix B. Supplementary material
Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.solmat.2011.11.042.
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