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Abstract We present recent progresses on applying the
theoretical models and computational tools in assessing the
performance of organic solar cells, especially the bulk
heterojunction solar cells. Both the continuum device
model and the dynamic Monte Carlo model are developed
to investigate the photocurrent-voltage -characteristics
based on the exciton and charge carrier dynamics. Insights
into key factors influencing the organic photovoltaic per-
formances have been gained from these studies.
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1 Introduction

The development of organic solar cells has attracted tre-
mendous attention during recent years. Because the active
materials used for fabrication of these devices are poly-
mers, soluble in most organic solvents [1-3], compared
with solar cells based on inorganic semiconductors, organic
solar cells have shown great potential to become flexible,
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printable, low-cost and light-weight renewable energy
sources [4-7], and of course, fall well into the field of
chemistry, materials sciences and engineering, and elec-
tronic engineering.

In 1986, Tang first fabricated a two-layer organic solar
cell [8] with a power-conversion efficiency (PCE) of 1%,
the highest among all other organic-based photovoltaic
devices at that time (Tang cell). The idea of introducing an
interface between two organic semiconductors, namely the
electron donor and acceptor, is critical in improving the
photovoltaic performance. Such a donor—acceptor (DA)
interface has been proved essential for excitons to disso-
ciate efficiently into free electrons and holes that migrate
through the acceptor and donor layers and produce pho-
tocurrent [9, 10].

Saricifitci et al. [4] observed that the photoinduced
electron transfer from a conjugated polymer to fullerene
occurs within 50 fs after photoexcitation. Following this
important observation, Yu et al. [5] and Halls et al. [6] put
forward the concept of bulk heterojunction (BHJ), which
has attracted tremendous attention. This device structure
consists of an active layer with blended electron-donating
semiconducting polymers and electron-accepting fuller-
enes, which form interpenetrating networks [5]. When the
sunlight shines on the solar cells, incident photons are
absorbed to create excitons inside the energy band gap. The
excitons diffuse until they arrive at a DA interface and
dissociate into free charge carriers, namely electrons and
holes [4]. Next, the charge carriers migrate respectively
through the percolating networks toward the electrodes.
Compared with the BHJ structure, a bilayer device is
inefficient in respect of exciton dissociation due to the short
diffusion length (typically 10-20 nm) of excitons [11],
which means that only excitons generated near the DA
interface are subject to dissociation. In a BHJ device, the
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average distance between DA interfaces is reduced, and as
a result, more excitons can contribute to the photocurrent,
which makes the BHJ a much more promising structure
than the bilayer one. Following the initial demonstration,
the power conversion efficiency of the BHJ solar cells has
been steadily increased to 6-7% [12, 13] and even as high
as 7.7% [14] very recently, with 10% expected in the near
future [1, 15, 16]. It is also anticipated that the PCE can
even approach 15% with the tandem cell structure [17].

The power-conversion efficiency PCE of solar cells is
defined as

PCE:VOC XJSC XFF, (1)
P in

where P;, is the power density of the incident light. As a

result, the PCE is purely determined by the Voc, Jsc, and

FF. Simulation results with both the DMC and the device

models show that the PCE is most sensitive to the nano-

structure morphology and the charge carrier mobility.

Voc, the maximum voltage available when the external
electric current is zero, represents one of the key parame-
ters in the solar cell devices. In order to optimize the
performance of organic solar cells, the dependence of V¢
on several parameters is analyzed. Vo is influenced by the
light intensity, charge carrier mobility as well as dissoci-
ation and decay rates of photo-induced e—h pairs.

Jsc is the current density through the circuit when the
applied voltage is zero, and as Vg its optimization is of
great importance to the further improvement of the effi-
ciency of organic solar cells. Internal quantum efficiency
IQE is defined as the ratio of the number of charge carriers
collected by the electrode to the number of absorbed
photons. Thus, Jsc can be written as [18]

Jse =q [ Sun(3) x 1y(2) X 1QE() a2 )
0

where Sun(Z) is the number of incident photons with
wavelength / per unit area and 7, is the ratio of the number
of photons absorbed by the active layer to that of incident
photons. Light intensity, mobility, and morphology can all
have influences on Jsc and IQE.

In this account, we review recent theoretical progresses
on modeling the organic solar cells and present works from
our group in the theoretical characterization of the photo-
voltaic devices. The account is organized as follows. We
first describe the theoretical methodologies for modeling
organic solar cells, including both the continuum device
model and the dynamic Monte Carlo model, and then we
discuss the influence of parameters such as light intensity,
charge carrier mobility, blend morphology, and the disso-
ciation rate k; as well as decay (geminate recombination)
rate k; of photo-induced electron-hole (e-h) pairs on the
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photovoltaic properties such as open-circuit voltage Voc,
short-circuit current Jgc, internal quantum efficiency IQE,
and power-conversion efficiency PCE. Conclusions and
outlook are presented in the last section.

2 Theoretical and computational methods
2.1 Continuum device model

The continuum device model is also called the drift—dif-
fusion model, as it captures both the drift behavior of
charge carriers in an electric field and the diffusion
behavior due to the gradient in charge carrier concentra-
tions [19]. It has been applied most widely to modeling the
organic light emitting diodes (OLEDs) [20, 21]. Recently,
there have been more and more interests in modeling
photovoltaic devices with this model [22-32]. Baker et al.
[23] developed a one-dimensional device model for
describing the device physics of a bilayer cell, which was
found to account for the experimental results very well. In
their approach, the electrons and holes are assumed to be
generated directly at the interface by absorbing a fraction
of incident light, instead of considering the kinetics of
excitons. Koster et al. [24] have developed an equilibrium
one-dimensional device model for the BHJ solar cells. The
model incorporates the drift and diffusion of charge carri-
ers, the influence of space charges on the electric field,
the field- and temperature-dependent generation and the
bimolecular recombination of free charge carriers. The
current density—voltage (/-V) characteristics obtained for
the solar cell were shown to be in excellent agreement with
the experimental curves. Here, we briefly describe this
method.

When an incident photon from solar emission (wave-
length typically in the range of 0-800 nm) is absorbed by
the polymer in the active layer of a BHJ solar cell, an
exciton is created in the conjugated polymer. The exciton
diffuses until it arrives at a DA interface. Upon reaching
the interface, the exciton will dissociate into an e—h pair,
residing on the donor and acceptor, respectively [33-36].
The ultrafast (within 100 fs) exciton dissociation, driven by
the energy difference between the lowest unoccupied
molecular orbitals (LUMOSs) of the donor and acceptor, has
a quantum efficiency of almost unity [37]. As a result, the
generation rate of an e-h pair is the same as that of the
exciton which is determined by the solar spectrum and
absorption of the active layer of solar cells. The bound e-h
pair may either dissociate into free carriers with a rate k, or
geminately decay to the ground state with a rate k.
Therefore, the annihilation of e—h pairs is a competition
between the dissociation and the decay of e—h pairs. The
probability of e-h pair dissociation is given by [38]
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P =ky/ (ki + ky). (3)

Once the e-h pair gets dissociated, the free charge
carriers will move toward the respective electrodes,
contributing current to the circuit. The electron or hole
current density J, or J, has two contributions: the drift
current due to the electrostatic potential gradient and the
diffusion current due to the charge density gradient as
described by the following equations

In
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where g is the elementary charge, n or p is the electron or hole
density, carrier diffusion coefficients D = ukgT/q [19], u is
the charge carrier mobility and  is the electrostatic
potential. Also, ¥/, n and p satisfy the Poisson equation

2
S =Tnp), 8
where ¢ is the dielectric constant.

Electrons and holes could recombine during the trans-
port of free charge carriers. The bimolecular recombination
is one of the most crucial charge carrier loss mechanisms
which limit the photocurrent, though there is possible loss
through charge traps. The bimolecular recombination rate
R is given by

R= kr(np - niznt)7 (6)

where the bimolecular recombination rate constant deter-
mined by the minimum mobility is given by k, =
Zmin(u,, w,), and the intrinsic carrier density of electrons or
holes nin = N exp(—gEgqp / kgT), where N.. is the effective
density of states at either conduction or valence band edge,
E,p1s the effective band gap between the lowest unoccupied
molecular orbital (LUMO) of the acceptor and the highest
occupied molecular orbital (HOMO) of the donor, kg is
Boltzmann’s constant and 7 is the absolute temperature.

The net generation of free charge carriers depends on
generation of the e—h pair and its subsequent dissociation
and decay. In the steady state, the number X of bound e-h
pairs per unit volume changes with time as

dX

E:GfkfX—kdXJrRzo7 (7)
where G is the generation rate of an e-h pair, k, is the
dissociation rate, and k; is the decay rate of bound e-h
pairs. Utilizing Eq. 3 and Eq. 7, the net generation rate

U of free charge carriers can be written as

U=ksX —R=PG—(1—P)R, (8)

where P is the probability of e-h pair dissociation defined
by Eq. 3. Here, U is related to the gradient of current
density J through the continuity equations

%Jn =¢qU and a—ilp = —qU. 9)

To obtain the solution of the continuity and Poisson
equations, boundary conditions of charge densities and
electrostatic potential need to be supplied. The effective
electron and hole densities at the respective electrode, N,
give the boundary condition for carrier densities. The
effective band gap E,,, sets the boundary condition for the
electrostatic potential as

‘//(O) - ‘//(L) = Egap/q = Va, (10)

where L is the device thickness, and V, is the applied
external voltage. With the appropriate boundary condi-
tions, the Poisson and continuity equations can be solved
iteratively by a numerical scheme proposed by Gummel
[39, 40]. Finally, the J-V curve and carrier density distri-
butions are obtained. The device structure and the flow
chart of the simulation program are depicted in Fig. 1.
The separation of bound e-h pairs into free charges is an
important process in the BHJ solar cells [41]. The photo-
current is governed by the dissociation of e-h pairs, which
is field and temperature dependent according to Onsager’s
theory [42]. Braun has made an important refinement to
this theory by pointing out that the bound e-h pair has a
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Fig. 1 a Device structure of the BHJ solar cells, taking the low band
gap polymer PCDTBT/PC;0BM as example; b flow chart of the
device model simulation process. It starts with an initial guess for the
potential and carrier densities. The steady state is obtained by solving
the Poisson and continuity equations iteratively with a convergence
criterion of 1077 [64]
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finite lifetime [38]. Therefore, the dissociation rate k; can
be calculated by

2
de%eEb/kBT(l+b+%+'”>v (]1)
where R is the Langevin bimolecular recombination rate,
a is the electron-hole pair distance, E, is the e-h pair
binding energy ~¢*/(4mea), and b = ¢*F /(8nek} T?), F is
the field strength. Recently, Wojcik and Tachiya have
developed an extended Onsager theory [43] based on the
finite recombination rate at a nonzero reaction radius. They
claimed that Braun’s model was based on the assumption
that both recombination and separation processes follow
exponential kinetics, which might not be true.

The classical bimolecular recombination Langevin for-
malism was reported in 1903 [44]. After that, several
models have been proposed in literatures to explain the
recombination mechanism. These models are outlined as
follows: (1) the classical Langevin model [44] with the
recombination rate constant k, = (u, + ,); (2) the min-
imum mobility model [45] where the recombination rate
constant is given by k, = 4min(u,, u,); (3) the potential
fluctuation model [46] where a potential barrier AE pro-
portional to the band energy fluctuations has to be over-

come before recombination, k, = %exp(—é—’;) (u, + ,up);

(4) the carrier concentration gradient model [47] in which
the recombination rate is proportional to the local product
of electron and hole concentrations; (5) the two-dimen-
sional Langevin recombination theory [48] where the
recombination rate depends on the square root of the
density of charge carriers; and (6) the unified theory of
geminate and bulk electron—hole recombination [49] where
the recombination occurs at a nonzero separation with a
finite intrinsic rate to account for the observed much
smaller recombination rate constant than that predicted
from the Langevin theory.

Since the one-dimensional drift—diffusion model can only
be applied to the BHJ or bilayer system described by the one-
dimensional density fluctuation across the active layer, an
extension of the device model to higher dimensions is needed
to account for the impact of morphology. Buxton and Clarke
[25, 50] developed a two-dimensional device model to
simulate the morphological influence such as domain size,
order, and percolation, on the J-V curve and other device
properties. The dissociation probability of e-h pairs through
which free charge carriers are created is not properly treated
in their model and the photogeneration of excitons has been
assumed to follow exponential dependence on the distance
from the top electrode. Williams and Walker [51] presented a
two-dimensional model in which the effects of optical
interference and the competition between dissociation and
decay of e-h pairs were included. Maturovaet al. [27, 28, 30]
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also developed a two-dimensional morphological model. In
the model, the active layer is divided into two regions, the so-
called donor—acceptor mix and acceptor pure phases. Since
the precise location of charge separation is not specified, it is
difficult to establish a quantitative relationship between the
performance of solar cells and the degrees of phase separa-
tion with this model.

On the other hand, such equilibrium device models can
only give a description of the steady-state behavior. Hwang
and Greenham [26] utilized a time-dependent device model
to deal with the transient photocurrent of organic BHJ solar
cells. The simulated transient photocurrent well reproduced
the experimental results. They later improved the time-
dependent device model by incorporating the electron trap-
ping [29].

2.2 Dynamic Monte Carlo model

Watkins et al. [52] first developed a dynamic Monte Carlo
model to investigate the dependence of IQE on the scale of
phase separation. This model focuses on the IQE, not the
J-V curve, and several important characteristics of the
organic solar cells, including Jsc, Voc, and FF, have been
completely ignored. To improve the description of charge
carrier behavior, Marsh et al. [53] designed a model taking
into account dark injection at the electrodes; however, the
exciton creation, diffusion, and dissociation have been
ignored in their model, only charge transport in the organic
nanostructures is considered. Yang and Forrest [54] devel-
oped a model where effects of optical interference and
exciton and carrier transport were considered. The model
focuses on the external quantum efficiency EQE without
considering the Jsc, Voc, and PCE of the solar cells. The
authors of this account and collaborators [55] have incor-
porated all the microscopic processes of exciton and charge
carrier dynamics in the modeling, to obtain the absolute
power conversion efficiency of organic solar cells. The
scheme of this simulation process [55] is shown in Fig. 2.

Firstly, the relation between the scale of phase separation
and the device performance is of interest. In order to obtain a
series of BHJ morphologies with varying scales of phase
separation, an entropy-driven site spin exchange Ising model
is often employed [52-55] with parameters adjusted to
reproduce the observed grain sizes and distribution for bin-
ary phase mixtures [56, 57]. Apart from the Ising model,
Frost et al. [58] developed a polymer chain model. By
altering the interaction energies between the polymer chains,
various polymer film morphologies were generated.

In the Ising model, the DA phase morphology is
described by a three-dimensional array of lattice sites. Each
site is occupied either by a donor or an acceptor, which
corresponds to spin up or down, respectively. The Ising
Hamiltonian for site i is
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Fig. 2 Scheme of the dynamic Monte Carlo simulation processes,
incorporating both exciton and charge carrier dynamics [55]

J

6=-32
J

(355 — 1), (12)

where Jy, ; is the delta function, and s; and s; are the spins of
sites i and j. The summation over j includes all the first- and
second-nearest neighbors of site i, and the coupling constant
Jis inversely proportional to the distance between sites i and j,
i.e., the energetic contribution is scaled by a factor of 1/ V2
for the second-nearest neighbors. To obtain a series of
morphologies with varying phase interpenetrations, we need
to decide the appropriate initial configuration. In the simu-
lation, the initial morphology is chosen with the minimal
phase separation and J is set to unity. To relax the system to an
energetically favorable state, a neighboring pair of sites is
chosen randomly in the system, and the acceptance probability
for an attempt to swap the site spins is calculated as

_exp(—Ae/kgT)
P(Ae) = 1+ exp(—Asl/glqu)7

(13)

where Ac is the total energy change in the system caused by
swapping the two spins. After a large number of swapping,
a series of BHJ morphologies with varying scales of phase
separation can be generated. The bilayer and regular
checkerboard morphologies [59, 60] are also chosen as
special cases for comparison, see Fig. 3.

To model the photovoltaic devices, the movement and
interactions of an ensemble of particles including excitons,
electrons, and holes are tracked explicitly by the dynamic
Monte Carlo (DMC) method. An algorithm particularly
suitable for the problem at hand is the first reaction method
(FRM) [61-63]. In the FRM description, each of these

Fig. 3 Typical morphologies with different scales of phase separa-
tion, M1 for the bilayer, M2 and M3 for the BHJ morphologies
generated by the Ising model, and M4 for the checkerboard structure.
The electron and hole conductors are colored with red and blue,
respectively [55]

particles is associated with an event, and each event has a
waiting time, 7,. An event is usually associated with a con-
figurational change in the system, for instance, inserting or
removing a particle or updating the coordinates of the par-
ticles. All the possible events are stored in the order of
ascending waiting times and form a temporal sequence. This
queue of events will be constantly updated to reflect the time
evolution of the system. At each time step, the event at the
start of the queue is executed and removed from the queue.
The simulation time is incremented by the time spent and all
the waiting times in the queue are reduced by this time per-
iod. The execution of the current event will probably pre-
clude the occurrence of subsequent events, and it will also
enable new event to be created and inserted in the queue.
The waiting time 7, is calculated as

Ty = —%ln(Y)7 (14)
where Y is a random number uniformly distributed between
0 and 1 and W is the occurring rate (in s~1) of the event.
For each particle, only the event with the shortest waiting
time needs to be inserted in the queue. As a result, we need
to calculate the waiting times for all possible events asso-
ciated with a particular particle and insert the event with
the smallest waiting time for the particle into the queue.

3 Modeling BHJ photovoltaic device performance

Recently, our group has applied both the continuum device
model and the DMC methods to simulate the photovoltaic
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performance of BHJ solar cells, namely, the open-circuit
voltage, the short-circuit current, the internal quantum
efficiency, and the power-conversion efficiency. Our pri-
mary objective is to establish a quantitative relationship
between the device performance and the morphology and
microscopic processes such as charge dissociation and
recombination as well as charge mobilities.

3.1 Open-circuit voltage Voc

Highly efficient BHJ photovoltaic cells with poly [N-9”-
hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1’,
3'-benzothiadiazole)] (PCDTBT) as the donor and [6]-phe-
nyl C,¢-butyric acid methyl ester (PC;oBM) as the acceptor
(see Fig. 4) have been reported recently [12]. The PCDTBT/
PC;oBM solar cells exhibit one of the best performances of
organic solar cells studied to date, with the PCE 6.1% and
the Voc as high as 0.88 V. We have performed numerical
simulations on the PCDTBT/PC;,BM solar cells with the
one-dimensional continuum device model.

Both the experimental and simulated J-V curves under
the illumination of monochromatic green light (532 nm) as
well as AM 1.5 G irradiation are shown in Fig. 5 for
comparison [64]. The good agreement between the exper-
iment and the simulation justifies the model adopted in our
investigation and the underlying mechanisms incorporated.
The parameters used in the simulation are listed in Table 1.

In Fig. 6, the influence of light intensity on Vpc is
shown. The Vo is found to exhibit a linear dependence on
the logarithm of light intensity. The fitted slope, 0.026 V, is
close to the experimental data ~0.03 V reported by
Trombholt et al. [65] and is consistent with the theoretical

[70]PCBM (PC7,BM)

CgH17,_ CgH17

s. Y

N\ /N N
-0
S S n

PCDTBT

Fig. 4 The chemical structures of PC;0BM and PCDTBT
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Fig. 5 Comparison between the simulated and experimental J—
V curves for the PCDTBT/PC,,BM device. Two types of illumination
condition are considered, AM 1.5 G and monochrome at 532 nm.
Both manifest a very nice fit with a single set of parameters [64]

Table 1 Overview of the parameters used to obtain the simulation
results shown in Fig. 5

Parameter Symbol Numerical value
Band gap Eqap 1.3 eV
Electron mobility Iy 35 x 107" m¥V s
Hole mobility Ly 1.0 x 107" m*/V's
Eff. density of states Nc 25 x 10 m™3
Generation rate G 1 x 108 m™>s7!
Dielectric constant € 3.5
e—h pair distance a 1.6 nm
Decay rate kg 1.5 x 10°s™!
0.88 3
/ "
0.86 [ /I 3
0.84 - /' 4
> ]
§ 0.82 _/ .
080 -
. _ /
0.78 /-/ b
0.76 ™ 3
0.01 0.1 1

Light intensity (suns)

Fig. 6 Light intensity dependence of Vo simulated by the contin-
uum device model for the PCDTBT/PC,;,BM device

prediction based on the notion that the quasi-Fermi levels
are constant throughout the device, as pointed out by
Koster et al. [66]

_Egp kBTln (1 — P)k,N?

Voe = 15
R -t (15)



Theor Chem Acc (2011) 129:291-301

297

0.88 b

Voc (V)

hole mobility (cm® V' s™)

Fig. 7 Vo as a function of hole mobility y, (the electron mobility y,,
is taken as 3.5xu,) simulated with the continuum device model for
the PCDTBT/PC;(BM system

where P is the probability of e-h pair dissociation defined
by Eq. 3, k, is the bimolecular recombination rate constant,
N, is the effective density of states at either conduction or
valence band edge and G is the generation rate of an e-h
pair. Eq. 15 shows that Vo is proportional to the logarithm
of G, or light intensity.

Furthermore, we studied the effect of charge carrier
mobilities on Voc as shown in Fig. 7. It is found that
increase in mobility leads to reduction of Vge. Since
recombination is a key loss mechanism in organic solar
cells and the bimolecular recombination rate constant k, =

g,u is proportional to the mobilities, high mobilities thus
result in high recombination rate. Hence, the electron and
hole densities are reduced when large numbers of free
charge carriers recombine during transport.

In BHJ organic solar cells, Vo can be defined from the
quasi-Fermi level splitting as [67-69]

NLN,
qVOC = Egap - kBTln( : H>7
np

(16)

>0

where N;. and Ny are the densities of states of the LUMO
of acceptor and the HOMO of donor, respectively [66],
which cannot be exceeded by the electron and hole den-
sities n and p in the device. According to Eq. 16, we know
that Vo decreases with reduced charge carrier densities.
The trend observed is also consistent with the work by
Mandoc et al. [70] and Deibel et al. [71].

We also investigated the k; and k; dependence of Voc
[64]. Figure 8 shows that increasing k, and decreasing k¢
could lead to enhancement of Vgc. For Voe > 0.9V,
which corresponds to the regime of k; > 4ks 79% of the
bound e—h pairs dissociate into free charge carriers without
significant decay to the ground state. In this case, a large
number of free charge carriers can participate in the

Fig. 8 Influence of the dissociate rate k, and the decay rate k; on the
open-circuit voltage Voc of the PCDTBT/PC;,BM solar cells
simulated by the continuum device model [64]

10k 110%
1023 1023
‘?g 102 10% q);
Z 10* 1107 >
& 10® J10° §
§ 10°0, ° kg (10°8™) Voe(V) s g0 %
S B N VR O
10"k [— 30.8  0.91 410"

0 20 20 60 80

Position (nm)

Fig. 9 Electron and hole density distributions in the PCDTBT/
PC;,0BM device for various dissociation rates k, at fixed
kp=35 x 10° s~! under the open-circuit condition [64]

CroHz1

(LC12H25

m:n=0.6:1
Type 2

Fig. 10 The chemical structures of poly(perylene diimide-alt-dithie-
nothiophene) (PPDI) and bis(thienylenevinylene)-substituted poly-
thiophene (PBTT) [72, 73]

transport and reach the electrodes. We show in Fig. 9 the
electron and hole density distributions for various k; at
fixed kr =5 x 10° s~L. It can be seen that as k, increases
the amount of electron—hole pairs which decay in the bulk
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reduces dramatically. The high k; and low ks values will
lead to high values of n and p, and as a result increased Voc
according to Eq. 16. This is fully in line with the simula-
tion results shown in Fig. 9. In another extreme case, for
kg < 0.071k¢, Fig. 8 shows that Voc < 0.8 V. Under such
situations, only 6.6% of electron-hole pairs dissociate into
free charge carriers, most of them decay to the ground
state. This means that the electron (hole) density within the
device is low. Thus, the open-circuit voltage is conse-
quently low according to Eq. 16.

3.2 Short-circuit current density Jsc and internal
quantum efficiency IQE

Recently, Zhan et al. [72] reported experimental studies on
the all-polymer BHJ solar cells based on a new solution-
processible conjugated polymer poly(perylene diimide-alt-
dithienothiophene) (PPDI) and bi(thienylenevinylene)-
substituted polythiophene [73] (PBTT) as shown in
Fig. 10. This is full polymer blend solar cell which exhibits
the highest power-conversion efficiency ~ 1.5%. Starting
from the experimental parameters, we performed dynamic
Monte Carlo simulations on the PPDT/PBTT solar cell and
found that if both morphology and charge mobilities are
optimized, the PCE can reach as high as 5% for this type of
device [55]. The DMC method and our improvement have
been described in Sect. 2.2. Below, we simply present the
simulation results.

Figure 11 shows that the simulated Jgc increases sub-
linearly with the light intensity or exciton creation rate.
However, when the charge mobility is over 107> cm? V™!
s7!, the Jsc and the IQE are no longer sensitive to the
mobility [55]. Higher light intensity results in more exci-
tons and e-h pairs; therefore, more free charge carriers
move to the electrodes and contribute to the photocurrent.
When the mobility is high enough, most of the carriers can
move rapidly toward the electrodes; as a result, a further
increase in mobility does not significantly improve the
device’s performance due to the steady current requirement
and fixed photogenerated charges. This observation is also
confirmed by our simulations with the continuum device
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Fig. 12 Jsc as a function of charge carrier mobility calculated by the
continuum device model for the all-polymer device

model (Fig. 12) where Jgc is found not further improved
when the mobility is over ~1072 cm? V™' 57"

The IQE and its two constituents, the exciton dissociation
efficiency (the ratio of the number of excitons dissociated with
respect to the number of excitons generated) and charge col-
lection efficiency (the ratio of the net number of charges
collected by the electrodes to twice of the number of excitons
dissociated), were calculated for various morphologies
including the checkerboard morphology using the dynamic
Monte Carlo model (Fig. 13) [55]. For morphologies with
phase separation, large feature size means small interfacial
area between DA phases and low exciton-dissociation effi-
ciency, but high charge-collection efficiency; in contrast for
small feature size, exciton-dissociation efficiency is increased
but charge-collection efficiency is decreased. For a series of
morphologies studied, peak IQE corresponds to the optimal
nanostructure size of around 10 nm, whereas for the check-
erboard, the maximum IQE occurs when the domain size is
around 9 nm.

3.3 Power-conversion efficiency PCE

The PCE contour curves obtained with the dynamic Monte
Carlo model [55] are plotted in Fig. 14. It shows that up to
5% PCE can be achieved for the optimal charge mobility
combined with the optimal film morphology, while the
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Fig. 14 Contour plots showing the PCE versus the charge mobility
and the characteristic feature size of the BHJ morphologies obtained
with the dynamic Monte Carlo model for the all-polymer device. The
Voc and FF used in the calculation are 0.63 V and 0.65, respectively
[55]

current experimental measurement gives a PCE of about
1.5%, indicating that there is still room to improve the PCE
for such full polymer devices. It is worth noting that the
polymer/fullerene device performs much better than the all-
polymer solar cell.

As an independent check, we use the continuum device
model to study the same all-polymer solar cell. In Fig. 15,
it is observed that the PCE exhibits a distinct maximum of
a bit larger than 5%. The peak PCE value corresponds to
the mobility of around 10~" cm?® V~! s™!, which is in good
agreement with those reported in the literatures [70,
71].With very high mobilities, the reduced concentration of
charge carriers decreases the Voc, and the Jgc is saturated
as explained earlier therefore the PCE is decreased,
whereas at low mobilities, the loss in Jgc (see Eq. 4) is
responsible for the decrease of the PCE.

4 Conclusions and perspectives

To conclude, in this account we introduce two computa-
tional models proposed for modeling the BHJ solar cells

charge mobility (cm?V's™)

Fig. 15 The dependence of PCE on the charge mobility, simulated
by the continuum device model for the all-polymer solar cells

and extensively used in analyzing the photovoltaic pro-
perties. The continuum device model focuses on the mac-
roscopic quantities, while the dynamic Monte Carlo model
focuses on microscopic particle behaviors. We have
applied the two models to simulating the organic photo-
voltaic devices and studying the influence of mobilities,
dissociation and decay rates of bound e-h pairs, and
domain sizes on the device performance. The results
obtained from these simulations have provided strategies
for further improving the device efficiencies. However,
there exist drawbacks in the current models, for instance,
the device model cannot explicitly account for the phase
separation of the blend. The DMC model does account for
the morphological effect, but in a crude manner. Moreover,
the DMC model cannot fully describe the J-V characteris-
tics, especially the dependence of Voc on the light inten-
sity, mobility, and morphology. So studies using the DMC
model are often focused on one or a few aspects of the
devices, such as IQE and EQE. As a result, we recommend
the two-dimensional even three-dimensional continuum
device model be developed to investigate the morphologi-
cal effect as well as the dynamic Monte Carlo model
coupled with the Poisson equation to account for the
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space-charge effect. On the other hand, compared with the
Ising model utilized here to generate mophologies for use
in the later DMC simulations, local properties of the
interfaces have been studied in more detail by means of
quantum—mechanical calculations [74]. These sophisti-
cated methods should be employed in the modeling of
organic photovoltaic devices. Our future effort on the
theoretical characterization of the organic solar cells will
be along the above directions.
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