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Organic photovoltaic (OPV) technology promises a relatively inexpensive option for the solar energy
conversion, provided its efﬁciency increases beyond the current level (  7–8%) along with signiﬁcant
improvement in operational lifetime. To achieve this high efﬁciency/reliability, a systematic theoretical
approach is required to optimize the underlying device fabrication process. In this article, we use an
anneal-time dependent process-device co-simulation framework (the phase-ﬁeld model for phase
separation coupled with the self-consistent drift-diffusion transport for free carriers) to explore the
effects of the process conditions (e.g., annealing temperature, anneal duration) on the performance of
organic solar cells. Our results explain experimentally observed annealing effects on the solar cell
performance, namely, (i) peak of the short circuit current, (ii) insensitivity of the open circuit voltage,
(iii) low ﬁll factor, etc., that would otherwise be deemed anomalous from the perspective of
conventional solar cells. As such, this work offers a detailed analysis of the effects of annealing on
OPV morphology and its electrical performance. This work also provides a theoretical framework for
the optimization of process conditions, which might eventually lead to higher efﬁciency/reliability of
the organic photovoltaic technology.
Published by Elsevier B.V.
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1. Introduction and background
The low-temperature, solution-based, inexpensive manufacture [1] of the organic solar cell makes it a promising alternative
to the classical photovoltaic technologies based on crystalline and
amorphous silicon. As the low-temperature process is also compatible with ﬂexible light-weight substrates such as plastics,
organic photovoltaic (OPV) technology reduces installation cost
and would conform to novel, non-traditional surfaces [2]. These
well known advantages of economic processing, however, are
offset by equally well known issues of poor efﬁciency [3–5], high
process sensitivity [6,7], and rapid performance degradation at
the operating conditions [8]. Many research groups are exploring
various material systems to improve the performance and stability of OPV, but, irrespective of the material choice, optimization
of the fabrication process remains a key challenge for the success
of OPV technology.
Performance of the bulk heterojunction (BHJ) type OPV critically depends on various process parameters [6,7] such as the
blending ratio of donor (D) and acceptor (A) materials, the solvent
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in which they are mixed, the annealing conditions (anneal time
and temperature) of the solution, etc. In the last few years, a
number of experiments have tried to systematically deconvolve
the effect of the each process variable on the ultimate efﬁciency of
the cell [6,7]. These experiments show that the cell performance
is highly sensitive to the anneal duration [9–12]. Moreover,
careful physical characterizations (optical microscopy, small and
wide angle XRD, TEM images) [13,14] show that change in
annealing conditions signiﬁcantly alters the nature of the underlying active layer morphology, and the morphology is correlated
to the cell performance. Recently many experiments [6,7,9–12]
have systematically explored the optimum anneal condition for
speciﬁc material systems. Thus, the importance of annealing in
the fabrication of OPV is well established, but still there is no
theoretical framework to explore its effects for a generic material
system. Indeed, there remain many unanswered questions
regarding the time evolution of the various solar cell parameters
(short circuit current (JSC), open circuit voltage (VOC), ﬁll factor
(FF)) during the annealing process [6,7,9–12]. One such puzzling
aspect, common to many reports in the literature, is the insensitivity of the open circuit voltage with annealing, even though JSC
varies signiﬁcantly with anneal duration [6,7,9–12] (see Fig. S1 in
the Supplementary material).
From the theoretical side, there has been signiﬁcant progress
over the last few years on the transport simulation of the BHJ

3288

B. Ray et al. / Solar Energy Materials & Solar Cells 95 (2011) 3287–3294

solar cell. Koster et al. [15] modeled the transport and recombination in the BHJ-OPV using a 1D homogenized effective media
approach. This approach was later extended for the transport
simulation in 2D disordered device structure of BHJ solar cell
[16,17]. With regard to the process-device co-modeling, several
groups have explored the effect of nano-morphology on the
performance of solar cell by cellular automata approach
[18–20]. While these studies sensitize the community of the
importance of morphology on solar cell performance, none of
these works explicitly correlate the process conditions, such as
anneal time and temperature, to the time evolution of morphology and hence cannot predict the anneal-time dependent device
performance. Recently, Buxton and Clarke [17] reported detailed
device simulation on a phase-segregated morphology of BHJ solar
cells. They simulated the phase-segregated morphology of diblock copolymer solar cells using the Flory–Huggins free energy
within the Cahn–Hilliard formalism. Drift-diffusion equations
were solved on the meso-structure so created to obtain the I–V
characteristics. The key focus of their study was the relative
performance improvement as the morphology evolves from
random to ordered geometry. However, the question of time
evolution of morphology during annealing and its effect on the
subsequent device performance remain generally unexplored.
Although fabrication of ordered structures for OPV devices is
an active area of research [21–23], tailoring the morphology
through process conditions like annealing time and temperature
remains the key for improving the efﬁciency of the traditional
solution-processed BHJ-OPV. In this context, we generalize the
work of Buxton and Clarke [17] to develop a computational
framework that connects various process variables to the device
characteristics so that the performance of the solar cell is
optimized and its efﬁciency is improved. Using the process model,
we ﬁrst explain the systematic evolution of the active layer
morphology as a function of anneal duration (Fig. 2). We also
uniquely characterize the morphology by two geometric parameters: interface width (Wit) and average domain size (WC) and
discuss their inﬂuence on the device characteristics. Second, using
the process-device co-simulation, we study the effects of anneal
duration on the cell performance (JSC, VOC and FF). This analysis
allows us to explain the insensitivity of VOC with anneal duration,
even as JSC decreases rapidly with longer annealing (see Fig. S1 in
the Supplementary material for a summary of reported experiments). Third and ﬁnally, we explain that annealing beyond the
optimum duration (topt) degrade the output current signiﬁcantly,
and this non-optimal annealing has direct implication on the
intrinsic reliability of OPV cells.
The paper is organized as follows: We ﬁrst describe the device
structure and the working principle of OPV. Next, the process and
device modeling approaches are described. The process-device
simulation framework is then applied (Section 4) to study the
anneal time dependence of the current–voltage characteristics,
short circuit current, open circuit voltage, ﬁll factor, etc. Finally,
we discuss the optimization of annealing conditions and the
intrinsic reliability of the OPV cell.
1.1. Morphology and working of OPV
The schematic of an OPV cell, shown in Fig. 1, indicates that
the organic solar cell is morphologically distinct from the
conventional, single-crystalline or thin-ﬁlm (e.g., a-Si, CIGS, or
CdTe) solar cells. The conventional solar cell operates as a vertical
PN (or PIN) junction diode with stacked layers of p and n doped
regions. Instead, for the OPV cells, the interface between the two
interpenetrating organic semiconductors (called electron donor
(D) and electron acceptor (A)) is neither vertical nor lateral, but is
randomly dispersed throughout the volume of cell (hence the

Al (Cathode)

(2)
1) Photon Absorption
+
2) Exciton Diffusion
3) Charge Transfer

(3)
+

-

(1)
(4)

4) Carrier Transport
ITO (Anode)
Fig. 1. Schematic of donor/acceptor bulk heterojunction solar cell. The blue region
is the acceptor phase (PCBM) and the brown region is the donor phase (P3HT).
Excitons (denoted by an oval with þ and  sign) are generated in the polymer
and they separate into free charges at the interface. Charge carriers are denoted by
circles with minus sign for electron and plus for hole. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

term bulk heterojunction (BHJ)). Moreover, unlike classical solar
cells, both the donor and the acceptor materials of an OPV cell are
simultaneously connected to the top and the bottom electrodes,
making it necessary that the anode and cathode electrodes have
different work functions for the collection of charge carriers by the
respective contacts. In addition, blocking layers [24] are often used
so that the carriers cannot escape through the wrong contact.
To appreciate the importance of complex morphology of OPV
cells, let us brieﬂy review the four well-known sequential processes deﬁning the electrical operation of the BHJ solar cell
(Fig. 1). First, when the photon transmits through the substrate
and the electrode (TCO), it is absorbed in the active layer
consisting of the D–A blend, generating a strongly bound
electron–hole pair ðEb  0:11 eVÞ called exciton. Next, these
excitons diffuse within the disordered active layer morphology
deﬁned by respective phases: if they ﬁnd the donor/acceptor
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
interface within its diffusion length (Lex ¼ Dex tex  510 nm),
they are dissociated into free charge carriers by the quasi-electric
ﬁeld at the heterojunction (step 3 in Fig. 1); otherwise, the
excitons are irreversibly lost to self-recombination with corresponding reduction in PV efﬁciency. Therefore, the distributed
donor/acceptor interface is the key innovation of BHJ-OPV
because regardless of the origin of an exciton within the active
volume, the exciton ﬁnds the distributed interface within the
diffusion length (Lex) so that they may be dissociated into free
charge-carriers with very high probability. After exciton dissociation, electrons are transferred to the acceptor material, while
holes remain in the donor region. Once electrons and holes are
spatially separated, in the fourth and ﬁnal step, the built-in
electric ﬁeld (created by the difference in work functions of the
front and back electrodes) sweeps the free electrons and holes to
the respective contacts, and eventually to the load connected to
the solar cell (step 4 in Fig. 1). Note that unlike the beneﬁcial role
in exciton dissociation, the complexity in the morphology has a
detrimental effect on the electron/hole collection efﬁciency. Thus,
the performance of the solar cell is dictated by the counter-balancing
impact of the active layer morphology on exciton dissociation and
charge transport. Therefore, it has always been a challenge to ﬁnd
the optimum process conditions that ensure the maximum
efﬁciency of the cell.
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2. Process model

3. Device model

Spin coating is a popular ﬁlm forming technique for the
fabrication of the bulk heterojunction type organic solar cells. In
this technique, the donor and the acceptor materials are mixed
with solvent and the solution is then applied to a rotating
substrate. The ﬁlm is then thermally annealed so that the solvent
is evaporated out and the phase segregated interpenetrating
structure emerges within the D–A mixture. The important process
variables that affect the shape/structure of this phase segregated
nano morphology are anneal temperature, anneal time, mixing
ratio of the D–A molecules, nature of the solvent, etc. These
process variables dictate ultimate cell performance by controlling
the morphology of the phase-segregated D–A blend. Therefore, it
is important to model the morphology as a function of process
variables systematically and comprehensively.

For a given morphology of the active layer, the steady state
current–voltage (I–V) characteristic of the cell is calculated by
solving the following set of coupled equations [16,17]:

2.1. Phase ﬁeld approach to model phase separation
The time evolution of the active layer morphology depends on the
phase separation kinetics of donor–acceptor blend, which is modeled
here by the Cahn–Hilliard (C–H) equation [25] as given below


@|
@f
¼ M0 r2 2kr4 | :
@ta
@|

ð1Þ

Based on the minimization of the total energy, C–H equation
evaluates the change of local composition (f(x,y,x,t)) with anneal
time. The ﬁrst term on the right hand side of Eq. (1) depends on
the free energy of mixing (f), and the second term accounts for the
surface tension effect due to the formation of the diffused interface [27]. The material speciﬁc parameters in Eq. (1) are M0, the
effective mobility parameter (dictated by nature of solvent and
the anneal temperature T) and k, the gradient energy coefﬁcient.
The free energy (f) term in Eq. (1) can be modeled by the Flory–
Huggins mean ﬁeld theory [26] as follows
f¼



kB T | lnð|Þ ð1|Þ lnð1|Þ
þ
þ w|ð1|Þ :
vsite
ND
NA

ð2Þ

Here vsite is the volume of the reference site in the Flory–Huggins
lattice model, ND and NA are the relative sizes of donor and
acceptor molecules, respectively and w is the enthalpy interaction
parameter, also known as Flory mixing parameter. The composition term, f, deﬁnes the morphology and its value varies between
zero (acceptor molecule) and one (donor molecule). The values for
the model parameters in Eq. (1) and (2) are given in Table 1. These
parameters can be accurately determined experimentally for a
given donor/acceptor material [28,29]. Note that our approach
mirrors that of Buxton and Clarke [17] except that we explicitly
retain the anneal time (ta) evolution of the process dynamics. The
basic free energy function described above can be generalized to
include the effects of the substrate strain, elasticity or the solvent
evaporation, multi-component phase-segregation, etc. by appropriately modifying the free energy function [29]. For the broad
class of BH solar cells, however, this simple form of free energy
(Eq. (2)) provides the essential description of the evolution of
morphology as a function of process conditions.
We solve the time dependent C–H (Eq. (2)) equation on an
80  80  80 3D grid with zero-ﬂux boundary conditions. The initial
condition for Eq. (1) is deﬁned by fðt a ¼ 0Þ  0.5; denoting a
random composition ﬂuctuation in a homogenized D–A mixture.
Spectral method is used to solve the C–H equation (details of
numerical implementation are described in the literature [29]).

Exciton transport:
2

Dex r nex ¼ Gex ðrÞ2Rex ðnex Þ,

ð3Þ

Poisson’s equation:

rðer e0 rcÞ ¼ qðnh ne Þ,

ð4Þ

and electron–hole transport:

rðme,h ne,h ðrcÞ 7 De,h rne,h Þ ¼ 8ðGe,h ðnex ÞRe,h ðne ,nh ÞÞ:

ð5Þ

The transport equations are based on well-known drift-diffusion formalism and have previously been used for OPV in Refs
[16,17]. In Eq. (3) nex(r) is the exciton density (cm  3) at the point
r  (x,y,z) of the active layer morphology, Dex is microscopic
exciton diffusion constant. Exciton generation (Gex) is considered
only in the donor material with a uniform spatial distribution, and
the exciton self-recombination term is modeled as Rex ¼ nex/tex,
where tex is the exciton lifetime in the organic material. In
Eqs. (4) and (5) subscript ‘h’ stands for hole while subscript ‘e’
denotes electron, c is the electrostatic potential, er is the relative
dielectric constant for organic materials, ne,h is carrier density, me,h
is carrier mobility, De,h is carrier diffusivity, Ge,h is the (free)
carrier generation rate, and Re,h is (free) carrier recombination
rate. The positive sign in Eq. (5) denotes the electron current and
the negative sign is for the hole current. The generation of
electron and hole (Ge,h) is calculated from the exciton ﬂux at the
D/A interface, assuming that the probability of exciton dissociation at the D–A interface is unity. The recombination of charge
carriers is modeled as Re,h ¼ gðne ðsÞnh ðsÞn2int ðsÞÞ, where, s(x,y)
stands for the points on the interfacial surface of the donor/
acceptor region, nint ¼ Nc expðEgap =2 kTÞ is the intrinsic carrier
concentration at the interface, Egap ¼ LUMOA  HOMOD and g is the
recombination strength. The boundary conditions for the set of
equations at the electrodes are obtained from the equilibrium
carrier concentrations. We assume cathode is grounded and a
positive voltage is applied at anode. For all other open boundaries,
we assume a zero-ﬂux boundary condition.
3.1. Implementation and validation
We adopt the ﬁnite difference method along with the wellknown Scharfetter–Gummel’s discretization scheme [30] to solve
the drift-diffusion equations. We ﬁnd that the electric ﬁeld in the
device remains essentially constant and is given by Ez ¼(Vbi  V)/
Tﬁlm; where Vbi is the built-in potential, V is the applied voltage,
and Tﬁlm is the active layer thickness. The assumption of the
constant electric ﬁeld is justiﬁed because the intrinsic nature of
the organic semiconducting materials suggests that the solution
of the Poisson’s equation remains essentially linear. In general,
the active layer may contain electrically ﬂoating islands trapped
within the companion phase (see Fig. 2(a c)) and these islands
will not contribute to the steady state output current. Hence, once
we simulate the active layer morphology, we identify the regions
that are electrically connected to the correct electrode through a
percolating network of uninterrupted paths, and solve the carrier
transport equations numerically only in these regions.
4. Results and discussion
Given the simulation infrastructure, we explore the performance of the cell as a function of the process conditions, more

3290

B. Ray et al. / Solar Energy Materials & Solar Cells 95 (2011) 3287–3294

Fig. 2. Morphology evolution with anneal duration. (a–c) Top view of the morphology of the active layer corresponding to three different anneal time. The dark regions in
the ﬁgure is for acceptor phase (f ¼ fA  0) and the bright regions is for donor phase (f ¼ fD  1). (d) The concentration variation along the 1D cut PQ (the green line in
Fig. 1c) is plotted. Here Wit is the interfacial width and Wc is the average cluster size. (e) The growth of the average domain size (WC) with the stress time is plotted (log–log
plot). The straight line dependence in the log–log plot indicates that WC follows a power law with stress time. The evolution of the diffuse interface (Wint) between the two
phases is shown in the RHS axes of the ﬁgure. The values of the various parameters used to simulate the morphology are listed in Table 1. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 1
Process parameters used for simulation.
Parameter

Symbol

Numerical value

Anneal temperature
Flory interaction parameter
Gradient energy coefﬁcient
Effective polymer mobility
Donor volume fraction
Volume of the reference site
Relative sizes of donor, acceptor molecules

T

393 K
0.09
10  11 J/m
10  26 m5 J  1 s  1
0.5
10  29 m3
33

w
k
M0

ZD
vsite
ND, NA

speciﬁcally anneal duration. While our analysis is applicable to
any D–A material system, here we use typical model parameters
that correspond to P3HT:PCBM system (Tables 1 and 2) to capture
the general trends applicable to a broad class of BHJ solar cell.
4.1. Time evolution of morphology
Fig. 2(a–c) shows the morphology evolution of the phase
segregated BHJ active layer with anneal duration, obtained by
numerical solution of the C–H equation. The ﬁgure illustrates that
the annealed morphology contains two distinct phase-segregated
regions, namely, the donor phase (deﬁned by f ¼ fD  1) and the
acceptor phase (f ¼ fA  0). The exact values of fA and fD depend
on the details of the free energy function. There are many
experimental evidences [13,31] based on TEM and optical microscopy images that corroborate such ‘anneal time dependent’
evolution of morphology. We capture the essential features of

the morphology by two effective parameters: interface width
(Wit) and average domain size (Wc). Later we will show that the
inﬂuence of annealing on the device performance can be intuitively explained as a function of these two parameters (Wc, Wit).
Based on Fig. 2(a–c) it appears that the geometry of the mesostructure lacks any speciﬁc order/shape, and yet we ﬁnd that it
can be characterized by an average domain width, WC(ta), that
increases systematically with anneal time ta (that eventually
leads to Ostwald ripening). We also ﬁnd that the interface
between the donor and the acceptor phases is diffuse in nature
with a ﬁnite width. The width of the diffuse interface (Wint(ta)) is
deﬁned by the region having composition variation between fA
and fD. Both WC and Wint are crucial in determining the device
performance, and hence they are explicitly deﬁned in
Fig. 2(d) with a 1D cut of the actual morphology. In Fig. 2(e) we
show that the time evolution of Wint saturates to a ﬁxed width
(  1 nm), once the initial stage of phase segregation is complete.
We also ﬁnd that the growth of WC(ta) with anneal duration
follows a power law (refer to Fig. 2(e)) that stabilizes with
constant power-exponent within minutes of the initiation of
phase separation. This power law is given by the well-known
Lifshitz–Slyozov law [32] of phase-segregated D–A blend, i.e.,
WC ðta Þ  ½Deff ta n :

ð6Þ

Experimentally, the characteristic length scale of WC is interpreted
as the inverse of the peak-vector (qmax) from the light-scattering
experiments [14], i.e. WC  2p=qmax . Many groups have reported
this anneal time dependent cluster growth (power law (6)) for

B. Ray et al. / Solar Energy Materials & Solar Cells 95 (2011) 3287–3294

3291

Table 2
Device dimensions and transport parameters used for simulation.
Parameter

Symbol

Numerical values

Active layer thickness
Exciton diffusion length
Exciton generation rate (in donor)

Tﬁlm
Lex
Gex

80 nm
5 nm

Electron mobility

5  104 cm2 V1 s1

Recombination strength

me
mh
g

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
NC

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

Fc
Fa

Hole mobility

Exciton Concentration
(steady state)

nex(x,y)

3  1022 cm3 s1
103 cm2 V1 s1
109 cm3 =s
3.0 eV
4.9 eV
3.7 eV
6.1 eV
1021 cm3
3.9 eV
4.7 eV

Carrier Generation G(x,y)

1

(max)

0.8
0.6

SC

0.5

I

1

0.4
0

0

10
Acceptor

Donor

1

2

10
10
Anneal Time (min)

Fig. 3. Effect of annealing on exciton concentration and its dissociation. (a) The steady state exciton concentration (nex) in the phase-segregated morphology is shown by
color-coding. Dark blue regions of the ﬁgure are the acceptor phase where we assume no exciton is generated. (b) Spatially distributed electron/hole pair generation,
Ge  h(s), is shown by the bright spots. Since exciton dissociates only at the interfacial regions, charges carriers are generated only along those interfacial boundary lines.
(c) The steady state value of maximum short circuit current, ISC(max) is plotted against anneal time after normalizing the current by total exciton generation rate. With
higher anneal duration the morphology coarsens and hence ISC(max) decreases. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

polymer: fullerene material system [13], which also validates the
numerical implementation of the process model.

recombination before they can reach the donor–acceptor interface,
and the exciton collection is rapidly reduced.

4.2. Time evolution of exciton dissociation

4.3. Optimum anneal time for JSC

For a given morphology, the solution of the transport Eqs. (3)–(5)
allows us to evaluate the distribution of carrier (exciton, electron and
hole) densities throughout the device. Fig. 3(a) shows the exciton
density and the corresponding exciton dissociation proﬁle for a given
D/A morphology. Exciton dissociation leads to the generation of
charge carriers (Ge h(s)), which takes place only at the interfacial
nodes. Fig. 3(b) shows a 2D plot of the spatially distributed generation
rate of charge carriers. We numerically integrate this carrier generation rate at every grid point of the D/A interfacial surface throughout
the volume of the cell to calculate the total exciton current, denoted
as ISC(max). Note that this is the maximum limit of the short circuit
current for a given morphology; the loss mechanisms (e.g., interfacial
recombination, ﬂoating island, etc.) will reduce the output current
and are considered later in the paper. The steady state values of
ISC(max) are plotted in Fig. 3(c) as a function of anneal duration. We
ﬁnd that while ISC(max) varies little at the initial phase of annealing, it
decreases rapidly for the morphologies corresponding to higher
anneal duration. This transition reﬂects the coarsening of the morphology beyond the exciton diffusion length: with WC ðta Þ oLex ,
essentially all the excitons are harvested at the D/A interface and
the response is independent of anneal time. On the other hand, for
WC ðta Þ 4 Lex , increasingly larger fraction of excitons are lost to self-

The complete current–voltage (I–V) characteristics for a given
morphology, is simulated by solving Eqs. (3)–(5) self-consistently. In
Fig. 4(b) we plot the I–V characteristics for four different morphologies with increasing anneal times (ta ¼ 4,10,20,100 min) (The
related electron–hole distribution inside the D–A regions are shown
in Supplementary material, Section 2). We ﬁnd that the trends in the
I–V curves are similar to the measured I–V characteristics (see
Fig. 4(a)) as reported by Zeng et al. [9]. We note that while the
short circuit current increases rapidly during initial phase of
annealing, its magnitude reduces after an optimum anneal
time. The results from our numerical simulation (see the full I–V
characteristics in Fig. 4(b)) – obtained using the process-device
co-simulation framework – accurately captures this nontrivial
anneal-time dependent reversal of the short-circuit current.
To illustrate the variation of short circuit current as a function
of anneal time, we plot the value of JSC obtained by numerical
simulation on a number of morphologies corresponding to different anneal times in Fig. 5(b). This plot of JSC clearly shows that
there is an optimum anneal time, which gives maximum short
circuit current. Remarkably, the short-circuit current is low in the
initial phase of annealing despite highly efﬁcient exciton harvest
(see Fig. 3c). This is because in the initial phase of annealing, the
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J (mA/cm2)

0

Simulation
4 min
10 min
20 min
100 min

0

Experiment [9]

-5

-5
4 min
40 min
90 min
120 min

-10

-10
0

0.2

0.4

0.6

0

0.2

0.4

0.6

Voltage (V)

Voltage (V)

Fig. 4. I–V characteristics corresponding to various anneal duration observed in the experiment (a) as well as in simulation (b). Note the similar trend (increase and
decrease in current) of the anneal time dependent I–V in both experiment and simulation. The transport parameters are listed in Table 2.

10
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JSC (mAcm )

Electrode
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Sub−percolating
morphology

Electrode
2
0
10

1

10
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Coarse morphology
W >> L
C

ex

Fig. 5. Effect of annealing on short circuit current. (a) Simulated morphology corresponding to early anneal duration. We see a lot of ﬂoating islands in the morphology at the initial
phase of annealing. (b) Time evolution of short circuit current (JSC) during annealing for organic solar cell. (c) Coarse morphology corresponding to the late phase of annealing.

morphology consists of many electrically isolated islands (Fig. 5a),
which cannot contribute to JSC. Therefore, even though these
ﬂoating islands may be able to dissociate excitons efﬁciently (hence
high exciton current as shown in Fig. 3c), the resulting electron–hole
pairs cannot come out of the cell due to the lack of percolating
pathways to the correct electrode. On the other hand, JSC is also
reduced at longer anneal times due to coarsening of the morphology
(Fig. 5c), which reduces exciton collection, as discussed in Section
4.2. Due to these counter-balancing trends at short and long anneal
durations, there exists an optimum anneal time for a given material
system and process conditions (see Supplementary material Section
3 for further discussion). The existence of such optimum anneal time
for the maximum short circuit current has been experimentally
conﬁrmed by many groups [6,7,9–12] (refer to the Fig. S1 of
Supplementary material). Although the exact comparison between
theory and experiment is difﬁcult as the details of fabrication vary
from experiment to experiment, nonetheless, our work provides the
theoretical foundation for these experimental observations, and can
be used to predict optimum anneal time for a given combination of
blend ratio, size of D–A molecules, anneal temperature, etc.
4.4. Anneal time insensitivity of VOC
The rapid reduction in JSC(ta) for ta 4 topt might lead one to
speculate that the open circuit voltage (VOC(ta)) would correspondingly reduce with prolonged annealing, given the classical formula of
VOC ¼ ðkT=qÞ lnð1 þðJSC =J0 ÞÞ. However, it is experimentally observed

that VOC remains essentially unchanged with anneal duration (see
Refs. [6,7,9–12] and Fig. S1 of Supplementary material for a summary
of the experimental results). With the process-device simulation
framework, we can now explain this puzzling behavior of VOC (see
Fig. 6(a) for the time evolution of VOC). As discussed earlier, the main
reason for the reduction in JSC at longer anneal time is the coarsening
of the morphology, and a reduction of the D/A interfacial area.
However, since the interfacial recombination is the main mechanism
for the dark current of the cell, the reverse saturation current (J0) also
reduces proportionally with increasing ta (see Fig. 6(b)). Therefore, VOC
remains invariant with anneal time as the ratio of photo current (JSC)
and reverse saturation current (J0) remains essentially a constant,
independent of the coarsening of the morphology. While many of
these features have been reported in the literature [6,7,9–12] (and
exact anneal time to reach Voc saturation depends on speciﬁc
experiment), we know of no previous theoretical interpretation of
this well-known experimental observation.
4.5. Evolution of ﬁll factor and efﬁciency with annealing
The Fill factor (FF) of a solar cell is deﬁned as Pmax/(VocIsc),
where Pmax is the maximum power point in the I–V characteristics
of the cell. It is well known that the ﬁll factor of bulk heterojunction type OPV is generally low, typically in the range of 0.5–0.6.
There is, however, no consensus regarding the effect of annealing
on FF, as both increasing as well as decreasing trends
have been experimentally observed (see Refs. [6,7,9–12] and
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Fig. S1 of Supplementary material). Our simulation (see Fig. 7a)
conﬁrms that low FF (0.5–0.6) is a characteristic feature of bulk
heterojunction OPV. We also ﬁnd that the FF improves with
annealing. We believe that this improvement in FF reﬂects
reduced interface recombination (Fig. 6b) associated with coarsening of the ﬁlm morphology (Fig. 2). However, a quantitative
analytical model of FF that explicitly relates mobility, interface
recombination and anneal time will require further work. Finally,
in Fig. 7(b) we plot the efﬁciency of OPV as a function of anneal
duration. Since efﬁciency¼ JSCVOCFF/Pin (Pin is input power
1 kW/m2), we note that the efﬁciency curve mirrors the
JSC curve as VOC and FF are insensitive to annealing. Thus,
this work offers a quantitative explanation regarding the origin
of the optimum anneal time for OPV efﬁciency reported in the
literature.
4.6. Morphology and reliability of OPV
The various degradation mechanisms of OPV are complicated
and poorly understood [33–37]. In a recent review article [33],
Krebs described several possible degradation issues of OPV, which
includes chemical degradation of electrode metals and organic
molecules in the presence of oxygen and water [34,35], photooxidation of polymers, thermal degradation due to morphological

change, etc. Let us now consider the thermal degradation [38] due
to morphological change, from the perspective of process-device
correlation effects discussed in this paper.
In the device model section we assumed that once the annealing
is completed and the process temperature (Tanneal) is reduced to
operating temperature (Top), the phase segregation may be considered ‘‘arrested’’ during measurement/analysis window. In practice,
however, phase segregation continues even at Top, albeit at much
lower rate because of reduced diffusion. During the prolonged
period of ﬁeld operation, the feature size of the phase-segregated
morphology will continue to coarsen compared to the exciton
diffusion length, and as a result, exciton harvesting (and the short
circuit current) will reduce with time. This continued phase segregation at operating conditions has inherent implications on the
lifetime of the BHJ solar cell. Indeed, many experimental observations in the literature [31,38,39] strongly suggest that this time
dependent degradation process of the BHJ solar cell (at various
stress temperature) is an essential feature of performance degradation. The rate of the degradation depends on the operational
temperature, as the kinetics of the phase separation is a temperature-activated process (see Eqs. (1) and (2)). The process-device
simulation framework described in this work is well equipped to
address this thermal degradation issue (as discussed elsewhere,
[40]) for this kind of BHJ solar cell.
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5. Conclusion
In summary, we have developed a conceptual and computational
framework to connect process conditions to the ultimate device
performance for organic solar cells. This framework generalizes the
previous work of Buxton and Clarke [17] by explicitly accounting for
process conditions like anneal time and temperature, etc. This
generalized framework allows us to successfully interpret the effects
of annealing on the various performance matrices of solar cell and
provides an optimization platform for the annealing step in device
fabrication. Although we make no effort to replicate the speciﬁc
numerical values of a given experiment, the key universal features of
various experiments (e.g., insensitivity of VOC even with high interface recombination, sharp rise and fall of JSC with annealing) are
successfully interpreted within the modeling framework. Finally,
based on the process-device co-simulation framework, we believe
that the intrinsic reliability of OPV might be predictable, which
anticipates the possibility of performance-reliability co-optimization
of OPV design.
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