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BHJs. [ 5–7 ]  The length scale of the separa-
tion between the donor and the acceptor 
material is relevant to the processes of gen-
eration and transport of free charges. [ 8–10 ]  
Also the composition [ 10–12 ]  and the crys-
tallinity [ 13,14 ]  of the donor and acceptor 
domains, and the existence of percolation 
pathways to extract the photogenerated 
charges [ 15,16 ]  play an important role. 

 Many studies have addressed the pos-
sibilities of controlling the morphology by 
means of the processing conditions. For 
solution-based processing such as spin-
coating, doctor blading, slot dye coating 
or inkjet printing it has been shown that 
the goal of optimizing the morphology 
has to be pursued since the preparation 
of the solution, by choosing the proper 
solvent, [ 17–19 ]  co-solvents, [ 20,21 ]  and addi-
tives. [ 22 ]  The deposition process [ 23,24 ]  
and the post-deposition treatments, e. g. 
thermal [ 25 ]  or solvent [ 26 ]  annealing, defi ne 
the fi nal morphology of the active layer. 

 It would be greatly benefi cial for the 
optimization of BHJs to develop accurate models to predict 
the morphology based on properties of the materials and pro-
cessing conditions. Furthermore, a model to accurately relate 
the morphology of the active layer and the effi ciency of the 
device [ 27–31 ]  is essential to orient the optimization process 
towards the best-performing morphology. 

 Depending on the processing conditions, the deposition of 
polymer:fullerene blends can result in an homogeneous, fi nely 
dispersed mixture of polymer and fullerene, or in a phase sepa-
rated system with large (hundreds of nm), rather pure domains 
of fullerene embedded into a polymer-rich matrix, similar to 
the morphology depicted in  Figure    1  . This has been observed 
for many polymer: fullerene systems; [ 10,17,32–35 ]  it is therefore 
interesting to understand how the phase separation in these 
blends affects the performance. 

  Kouijzer et al. [ 36 ]  analyzed blends of a small band gap 
( E  g  = 1.46 eV) diketopyrrolopyrrole-quinquethiophene alter-
nating copolymer (PDPP5T) [ 37,38 ]  with [6,6]-phenyl-C71-butyric 
acid methyl ester ([70]PCBM), and suggested that the phase sep-
aration in PDPP5T:[70]PCBM blends is due to spinodal liquid-
liquid (L-L) demixing. In a previous paper, [ 39 ]  we have shown 
how it is possible to use a one-dimensional (1D) drift-diffusion 
model [ 40 ]  to simulate the current–voltage ( J–V ) characteristics of 
such PDPP5T:[70]PCBM blends, either homogeneous or phase 
separated. For the latter case, we treated the total current as the 
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  1.     Introduction 

 Organic photovoltaic (OPV) devices based on bulk heterojunc-
tions (BHJs) of conjugated polymers and fullerene derivatives 
are a promising energy source for the future, due to their low 
cost and the easiness of their fabrication. [ 1,2 ]  Despite the rela-
tively fast increase of the maximum power conversion effi ciency 
(PCE) achieved by this technology over the past few years, [ 3 ]  
further improvements are still needed to make OPV commer-
cially competitive with conventional inorganic photovoltaics. [ 4 ]  
A better understanding of the fundamental processes occurring 
into the device would speed up the development of OPVs. 

 It is widely known that the morphology of the active layer 
is one of the main factors that determine the effi ciency of 
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sum of two parallel contributions, coming from different areas 
of the active layer. From now on in this paper, this approach 
will be referred to as “parallel model”. 

 Here we present a three-dimensional (3D) drift-diffusion 
model and use it to study the infl uence of large compositional 
inhomogeneities on effi ciency. This model includes the solu-
tion of the exciton diffusion equation in three dimensions; the 
effects of space charge, generation and recombination of free 
charge carriers, and injection and extraction at the electrodes. 
We present the results of our simulations for a large number of 
morphologies, showing the effect of morphological features on 
the effi ciency of the device. In particular, we discuss the impact 
of varying the size of the acceptor domains and the composi-
tion of the donor-rich matrix surrounding them. Additionally, 
the infl uence of the presence of a thin, donor-rich skin layer 
at the top and at the bottom of the acceptor domains is investi-
gated. The simulations are done by varying only one parameter 
for each one; in this way, we are able to disentangle the effects 
of the different morphological characteristics. 

 According to the 3D results, the device performance is mostly 
affected by the composition of the mixed phase; this is in agree-
ment with the simulation performed with the parallel model, 
which highlights that the dominant component of the total cur-
rent comes from this phase. This conclusion is not a general 
rule; the relative importance of the mixed phase depends on 
the morphology, and we also show situations in which the total 
current is dominated by the charges fl owing at the interfacial 
region between acceptor and mixed phase. 

 The 3D simulation of the  J–V  curves of BHJs requires a 
longer time if compared with the 1D parallel model; in return, 
it enables simulating systems presenting coarse phase sepa-
ration and it gives a detailed picture of the physical processes 
occurring in the active layer. Previously, we used the parallel 
model to reproduce experimental current–voltage data. [ 39 ]  Now, 
we use the 3D model to put it on a better theoretical footing. 
The agreement of the 3D model and the parallel model indi-
cates that the latter can be also used to describe a certain 
number of systems with phase-separated morphology.  

  2.     Modeling Approach 

  2.1.     Material Parameters 

 Drift-diffusion modeling of the  J–V  characteristics of organic 
solar cells, either 3D and 1D, is performed by using one set 
of materials parameters. The energy difference between the 
lowest unoccupied molecular orbital (LUMO) of the acceptor 

material and the highest occupied molecular orbital (HOMO) 
of the donor material is set to 1.1 eV; for the relative dielec-
tric constant  ε  r , a typical value of 3 is used. The exciton diffu-
sion length inside the pure acceptor domains is assumed to be 
20 nm. We note that light absorption by fullerene derivatives 
and subsequent hole transport to a donor polymer can sig-
nifi cantly contribute to the current generation in organic solar 
cells. [ 41 ]  In general, most of the incident light is absorbed by 
the donor polymer. Nevertheless, our simulations assume the 
two materials to absorb the same fraction of the incident light; 
in this way, when the overall composition of the blend changes 
the overall absorption is not modifi ed, and we can study the 
effect of morphological features excluding modifi cation to the 
 J–V  curves due to different excitons generation rates. These 
parameters may be different for specifi c donor/acceptor com-
binations; however, our conclusions do not depend on this par-
ticular choice of values. 

 The charge transport parameters are based on the experi-
mental data presented in another study [ 39 ]  for PDPP5T:[70]
PCBM blends. The transport of electrons and holes in these 
blends has been described as dominated by the electric-fi eld 
dependency of the mobility. [ 42,43 ]   Figure    2   presents the mobili-
ties of electrons and holes as a function of the volume fraction 
of acceptor ( φ ) in the blend. The electron mobility strongly 
depends on the acceptor concentration, the electrons being 
transported by the acceptor molecules; hole transport occurs 
through the donor and its effi ciency its rather unaffected by the 
presence of the acceptor at these donor/acceptor ratios. 

  Our model considers the bimolecular recombination to be 
the only recombination mechanism of free charge active in 
the device. The bimolecular recombination of free charges has 
been described by Langevin. [ 44 ]  Although a reduction of the 
bimolecular recombination strength given by Langevin have 
been observed in polymer:fullerene systems; [ 45,46 ]  this deviation 
can be included into the drift-diffusion model by using a pref-
actor  γ  pre  < 1 for the recombination rate. We keep the prefactor 
equal to unity for the 3D simulation; a reduction of the bimo-
lecular recombination strength is needed to correctly simulate 
the interfacial component of the current with the parallel model 
(see Section 3.2).  
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 Figure 1.    Schematic reproduction of a typical fullerene blob embedded in 
a polymer-rich matrix. The electrodes are parallel to the  y–z  plan.

0.0 0.2 0.4
ϕ

0.6 0.8 1.0
10-13

10-11

10-9

10-7

n

p

n,
p[m

μ γ

μ

μ
γ

γ

2 V-1
s-1

]

-3x10-4

0

3x10-4

6x10-4

n

p

n,
p[m

1/
2 V-1

/2
]

 Figure 2.    Zero-fi eld mobility ( µ ) and fi eld activation factor ( γ ) of electrons 
and holes in PDPP5T:[70]PCBM blends as a function of [70]PCBM volume 
fraction.
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  2.2.     Three-Dimensional Numerical Model 

 The morphologies that we consider feature a mixed phase 
 consisting of intimately mixed donor and acceptor material 
and a pure acceptor phase. Light is absorbed in both phases. 
Excitons in the mixed phases are assumed to yield free charge 
carriers with unity quantum effi ciency. The excitons in the 
pure acceptor phase undergo diffusion and may either decay 
or be quenched at an interface with the mixed phase (yielding 
free charge carriers) or an electrode. Exciton quenching at the 
electrodes does not yield free carriers and is a loss process. To 
calculate how many excitons yield free carriers at the interface 
between the acceptor and the mixed, we solve the exciton diffu-
sion equation [ 29 ] 

     
0 2X r

D X r gxτ
( ) ( )= − + ∇ +
�

�
 
 (1)

 

 where  X  is the exciton density,  τ  is the exciton lifetime,  D X   is 
the exciton diffusion constant, and  g  is the volume generation 
rate of excitons. For simplicity,  g  is taken uniform across the 
layer. At all quenching interfaces we require  X  to be zero. Free 
charge carriers are generated at a rate equal to
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 where  δx  is the grid spacing. 
 The current continuity equations read [ 29 ] 

     
div nJ q G R( )= −

�
  (3a)  

     
div pJ q G R( )= −

�
  (3b) 

 where  J  n(p)  is the electron (hole) current density. The bimolecular 
recombination rate  R  given by

     
R npγ=

  (4) 

 where  γ  is the Langevin recombination rate constant given by
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q
γ
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 The fl ow of charge carriers is governed by the drift–diffusion 
equations. [ 47 ]  In the mixed phase, both electrons and holes are 
present and we have for electrons

     n n nJ qn V qD nμ= − ∇ + ∇
  (6) 

 and for holes

     p p pJ qn V qD pμ= − ∇ − ∇
  (7)   

 We assume that the Einstein relation between mobility and 
diffusivity  D  n,p  holds. [ 48,49 ]  The electron and hole mobility 
are functions of the local donor/acceptor ratio according 
to Figure  2 . In the pure acceptor phase, only electrons are 

considered. The electrostatic potential is solved from the 
Poisson equation;

     
2V

q
n p

ε
( )∇ = −

 
 (8)   

 The boundary condition on the potential is given by

     
q V V V W WL 0 applied anode cathode( )− + = −

 
 (9) 

 where  V  L  and  V  0  are the potentials at either electrode,  V  applied  
is the applied voltage, and  W  anode  and  W  cathode  are the anode, 
respectively cathode work functions. 

 The boundary condition on the electron (hole) density at the 
electrodes is given by [ 29 ] 
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 where  φ  A(D)  is the barrier between the LUMO (HOMO) 
of the acceptor (donor) and the electrode and  N  cv  is the 
effective density of states. First Equation   1   is solved to yield 
the exciton density and corresponding generation rate of free 
charge carriers. Then, an iterative approach is used to solve 
the system of Equation   2–9   self-consistently. [ 47 ]   

  2.3.     1D Model and Parallel Approach 

 The  J–V  characteristics of organic bulk heterojunctions 
with homogeneous morphology can be modelled with a 1D 
drift-diffusion approach. We use a model that describes the 
active layer as one effective medium, by considering the 
LUMO of the acceptor material and the HOMO of the donor 
as the valence and conduction band of an effective semicon-
ductor sandwiched between two electrodes. The model takes 
into account generation, recombination and transport of 
charge carriers, as well as the effect of space charge on the 
electric fi eld. A detailed description of the model is given in a 
previous study. [ 40 ]  

 This 1D approach can be used to consistently describe 
the  J–V  curves of homogeneous blend, in which the segre-
gation length is much smaller than the device thickness. In 
this Section we show how it is possible to apply it also to 
model bulk heterojunctions characterized by a coarse phase 
separation. 

 For active layers with morphology similar to the one shown 
in Figure  1 , with large, almost circular and rather pure acceptor 
domains dispersed into a donor-rich phase, we reported in Ref.  [ 39 ]  
that the total current can be described as the sum of two sepa-
rate contributions:

     tot mixed interfaceJ J J= +   (11) 

 where  J  mixed  is the contribution from the mixed phase far 
from the acceptor domains and  J  interface  is the contribution 
from the region surrounding the blob/matrix interface. This 
area is depicted in blue in  Figure    3   and extends a few nanom-
eters outside the acceptor blobs, here approximated as perfect 
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cylinders, all with the same diameter  D . The motivation for 
dividing the active layer in two regions is given by the different 
electron transport in the matrix (low  µ  n ) and in the acceptor 
domains (high  µ  n ). The free electrons generated by the dissocia-
tion of electron-hole pairs in the proximity of the blob/matrix 
interface can move laterally towards the blob, and will then be 
transported through the pure acceptor phase. [ 28 ]  The free elec-
trons generated far from the blobs travel vertically through the 
mixed phase. The transport of holes occurs, in both regions, 
through the donor-rich matrix and it is characterized by a high 
mobility ( µ  p  ≈ 1 × 10 −7  m 2  V −1  s −1 ). Thus, the contribution from 
the matrix,  J  mixed , is limited by the build-up of space charge due to 
the large difference between electron and hole mobility;  J  interface  
is instead space-charge free. 

  The geometrical parameters that characterize the 
morphology are listed in  Table    1  ;  W  O  represents the width of 
the region in which the lateral movement of electrons towards 
the acceptor phase takes place. We calculate the volume 
fractions of the acceptor and mixed phases and the volume 
fractions of the two regions from where  J  mixed  and  J  interface  
come, named  x  mixed  and  x  interface  respectively. With a 1D drift-
diffusion numerical code, [ 40 ]  we calculate two currents:  J  1 , 
with high electron mobility, and  J  2 , with low electron mobility. 
 J  1  is the current that we would have if all the excitons were 
dissociated and all the electrons were transported through 
the acceptor phase;  J  2  is the current that we would extract 
if the whole volume of the active layer consisted of a mixed 
phase with low concentration of acceptor. The value of  µ  n  used 
for  J  2  depends on the acceptor concentration in the matrix, as 
shown in Figure  2 . For  J  1 , we use the electron mobility in the 

pure acceptor ( µ  n  = 3.1 × 10 −7  m 2  V −1  s −1 ). We then multiply  J  1  
and  J  2  by the volume fraction of the corresponding regions to 
get  J  interface  and  J  mixed :

     interface interface 1J x J= ⋅   (12)  

     mixed mixed 2J x J= ⋅
  (13)   

  These two currents are then summed to obtain the total current 
extracted from the device. 

 If skin layers of donor-rich phase are present at the 
electro des, their contribution has to be taken into account. 
The skin layer at the anode, below the acceptor blobs, is 
included in the calculation of  x  interface , together with the lateral 
region of width  W  O . The holes generated in this skin layer can 
reach the anode, while the electrons moves vertically to the 
blob and are transported to the cathode. As we show below, 
the situation is different in a skin layer at the cathode: here 
most of the holes would have to travel laterally along the blob 
surface for a long distance (typical blob diameters are in the 
order of magnitude of hundreds of nm) to be then transported 
to the anode through the mixed phase; since such a long lat-
eral movement is unlikely to take place, we assume that the 
charges generated in the skin layer at the cathode does not 
contribute to  J  interface . 

 In Ref.  [ 39 ]  the parallel model was used to simulate the 
experimental  J–V  curves measured for PDPP5T:[70]PCBM 
solar cells with coarse phase separation. Here we employ it to 
fi t the data generated by the 3D simulation. We use the same 
parameters that we employed as input for the 3D code: thick-
ness of the sample and of the skin layers, size of the acceptor 
domains, acceptor concentration in the mixed phase are there-
fore fi xed, leaving  W  O  as the only fi t parameter. From the 3D 
solution of the exciton diffusion equation we get the genera-
tion rates of excitons for the 1D calculation of the two cur-
rents  J  1  and  J  2 .   

  3.     Results and Discussion 

 In this section we present the results of the simulations per-
formed with the 3D model and with the parallel approach. 

  3.1.     3D Calculations 

 We analyze the infl uence of phase segregation, skin layers, 
matrix composition and size of the pure domains on the per-
formance of the device. In addition, we show the presence of a 
lateral current fl ow of electrons towards the pure domain; the 
presence of this fl ow is identifi ed by 3D simulation and it is 
at the base of the parallel approach that allows to successfully 
reproduce the 3D-simulated  J–V  curves. 

 It should be noted that all the simulations have been done 
considering the case of pure acceptor domains embedded into a 
donor-rich mixed phase. The outcomes would be similar in the 
situation of pure donor phase in acceptor-rich matrix, which for 
reason of brevity we do not discuss here. 
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 Figure 3.    Simplifi ed morphology (cross section) with one acceptor 
blob (red) embedded into donor-rich matrix (green). The meaning of the 
symbols is explained in Table  1 .

  Table 1.    Geometrical parameters of the parallel model. 

Symbol Description Units

 L Thickness nm

 D Blob diameter nm

 W  O Length of the lateral electron transport in the 

mixed phase, towards the blobs

nm

 S  a Skin layer at the anode nm

 S  c Skin layer at the cathode nm

 V  a Volume fraction of pure acceptor phase –
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  3.1.1.     Phase Segregation 

  Figure    4   presents the simulated  J–V  characteristics of three 
solar cells which differ in acceptor concentration and in 
morphology. Two of them have the same acceptor content 
(55 vol%) and are characterized by different amount of phase 
separation. The third one has a lower amount of acceptor 
(25 vol%). This latter device is the one with the lowest effi -
ciency: its performance is strongly limited by the low electron 
mobility that characterizes the blend with such a low acceptor 
concentration (see Figure  2 ). Furthermore, the electric fi eld 
dependency of the electron mobility reduces the fi ll factor of 
the solar cell to a value around 33%, lower than the theoretical 
value of 42% predicted by Mihailetchi et al. [ 50 ]  for space-charge 
limited photocurrent. 

  The addition of more acceptor to a homogeneous blend 
greatly enhances the effi ciency; the device with 55 vol% of 
acceptor and homogeneous morphology presents a six-fold 
enhancement of the PCE if compared with the device with 
25 vol% acceptor. The reasons for this considerable improve-
ment are the increase of electron mobility and the reduction 
of its fi eld dependency upon increasing the acceptor volume 
fraction (Figure  2 ). However, the benefi cial effect of having 
more acceptor in the blend is lost if the acceptor molecules 
aggregate in large domains. The curve shown in Figure  4  for 
coarse phase segregation represents the  J–V  of a device with 
cylindrical acceptor domains with diameter  D  of 300 nm. In 
this case, not all the photogenerated excitons are quenched: 
the excitons generated at a large distance from the acceptor/
donor interface cannot reach it to be dissociated and are lost. By 
solving the exciton diffusion equation in 3D, we obtain a 65% 
exciton quenching effi ciency; this partly explains the reduction 
of short circuit current with respect to the homogeneous blend 
with the same acceptor content. The low content of acceptor in 
the matrix ( φ  mixed ) surrounding the blobs further reduces the 
current and the fi ll factor due to space charge effect and electric 
fi eld dependency, as discussed above.  

  3.1.2.     Blob Shape 

 The  J–V  curve shown in Figure  4  for the case of phase separa-
tion has been calculated for cylindrical blobs. In real devices the 
acceptor aggregates do not have such a perfect shape; in gen-
eral their lateral surface is curved, a typical blob shape is the 
one displayed in Figure  1 . We investigate the effect of the shape 
of the blobs by means of the 3D model. We draw the acceptor 
domains volume using the equation
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 where  L  is the sample thickness,  R  is the radius of the blob at his 
largest horizontal cross-section, and  x ,  y , and  z  are the vertical and 
the horizontal coordinates, respectively. The shape of the volume 
depends on the value of the exponent  m . An ellipsoid is obtained 
for  m  = 2; we also run the simulation for  m  = 3 and  m  = 4, and we 
compare the results with the simulation of the case of cylindrical 
blobs. 4 nm of donor-rich skin layers (with the same composition 
of the mixed phase) are added at the two contacts, for every mor-
phology. From the results plotted in  Figure    5   it appears that the 
shape of the blobs does not play a signifi cant role; only a slight 
reduction of the photocurrent is observed going from the ellipsoid 
blobs to the cylinders, due to a reduction of the exciton quenching 
effi ciency. Moreover, when the blob has a curved lateral surface, 
the effect of the skin layer at the cathode is slightly modifi ed (see 
next Section). To disentangle the effect of the shape from the 
effect of blob size and distribution, we simulate from now on only 
cylindrical blobs. This also greatly simplifi es the calculations both 
for the 3D and for the parallel model.   

  3.1.3.     Skin Layers 

 It has been observed experimentally that often thin skin layers 
of mixed phase are present at the top and at the bottom of the 
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 Figure 4.    Simulated  J–V  curves for different overall acceptor concentra-
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phase separation has cylindrical blobs with  D  = 300 nm embedded in a 
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pure domains. [ 19,36 ]  We analyze the infl uence of this layers on 
the overall device effi ciency. Using a 3D model it is possible 
to include a thin layer of mixed phase at each of the two con-
tacts. The simulations shown in  Figure    6   present the effect of 
4-nm thick skin layers at the anode, at the cathode or at both 
contacts. The acceptor concentration in the skin layer is the 
same as in the rest of the matrix (25 vol%). The skin layer at 
the anode is benefi cial for the device performance: its presence 
enhances the photogenerated current, because it increases the 
donor/acceptor interface and more excitons can be dissociated. 
This yields free charges in the skin layer at the anode: the holes 
are easily collected by the close-by electrode, and the electrons 
move vertically to the blob and are subsequently transported to 
the cathode. The presence of a skin layer at the cathode does 
not give the same effect. Also in this case more excitons are 
quenched due to a larger donor/acceptor interface. But the 
holes generated in this thin layer cannot travel through the pure 
acceptor blob to reach the anode; they should instead move lat-
erally along the surface of the blob and then vertically through 
the mixed phase. However, the lateral dimension of the blobs is 
so large that holes undergo bimolecular recombination before 
reaching the edge of the blobs, and are lost. Therefore, the skin 
layer at the cathode does not contribute to the photocurrent. 
In case of non-cylindrical blobs (Figure  5 ), some of the holes 
generated in the skin layer at the cathode are able to reach the 
anode and the current is slightly enhanced. 

  Interestingly, our results do not show any detrimental effect 
of the skin layer at the cathode. One may argue that a donor-rich 
layer at the cathode might hinder the extraction of electrons; it 
has been shown instead by Lyons et al. [ 51 ]  that the photocurrent 
is minimally affected as long as the electron transporting mate-
rial is present in the skin layer above a certain concentration 
threshold (15 vol%). Our results, obtained for skin layer with 
25 vol% acceptor concentration, are fully in agreement their 
predictions. 

 Having outlined the effect of the skin layers on the photogen-
erated current, we can exclude them for the other simulations 

and focus on the importance of the composition of the mixed 
phase and on the dimension and the number density of the pure 
acceptor domains.  

  3.1.4.     Depletion/Enrichment Close to the Blobs 

 Up to now, we have shown the results obtained for systems 
presenting a homogeneous matrix. When pure domains of 
acceptor are formed, it is possible that the acceptor concentra-
tion in the surrounding matrix will not be constant: there may 
be either an increase in acceptor concentration moving towards 
the pure phase, or a depletion region in which the acceptor con-
centration is lower than in the rest of the matrix. We simulate 
these two cases by adding a thin region (10 nm) around the 
blobs with a concentration of acceptor slightly higher (30 vol%) 
or slightly lower (20 vol%) than in the mixed phase far from 
the blobs (25 vol%). The results of these simulations are in 
 Figure    7  . The short circuit current increases to a certain extent 
by adding more acceptor around the blobs. This is due to the 
fact that an higher concentration of acceptor facilitates the 
lateral movement of electrons from the mixed phase towards 
the acceptor phase, through which they are effi ciently transported 
to the cathode.   

  3.1.5.     Matrix Composition 

 We verify the impact of the overall active layer composition by 
keeping the size of the acceptor domains constant ( D  = 300 nm) 
and modifying the acceptor concentration in the mixed phase. 
 Figure    8   shows the simulated  J–V  curves for three different 
compositions of the mixed phase. It is evident how important 
is the effect of the acceptor concentration in the matrix on the 
device performance: increasing it from 20 vol% to 30 vol% 
results in more than a factor of 2 enhancement of the short 
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 Figure 6.    Simulated  J–V  curves for devices with and without skin layers at 
the two electrodes. The symbols represent the 3D simulations, the solid 
lines are calculated with the parallel model. In this plot are displayed 
Simulation 2 (black squares), 7 (red circles), 8 (green triangles) and 9 
(blue diamonds).

-1.0 -0.5 0.0 0.5

-40

-30

-20

-10

0

 depletion
 homogeneous matrix
 enrichment

J 
[A

 m
-2
]

V [V]
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symbols represent the 3D simulations, the solid lines are calculated with 
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circuit current. This improvement is partly explained by the 
more effi cient lateral transport of electrons towards the blobs 
through the matrix with more acceptor. But, as shown in the 
previous sub-section, this gives only a modest increase of the 
photocurrent. The main effect is due to the large enhancement 
of the electron mobility when the acceptor concentration in the 
matrix is increased from 20 vol% to 30 vol% (Figure  2 ), which 
reduces the effect of space charge in the current fl owing verti-
cally through the mixed phase.   

  3.1.6.     Blob Size 

 We simulate devices with constant matrix composition (25 vol% 
acceptor) and different blob diameters, from 180 to 300 nm. 
The corresponding  J–V  curves are reported in  Figure    9  . The 
impact of the blob size on the effi ciency is relatively low: only 
a slight reduction of the short-circuit current density ( J  sc ) and 
increase in fi ll-factor (FF) are observed upon increasing the 
diameter of the blobs. The reduction in the current is assigned 
to a less effi cient exciton quenching in the pure phases; the 
FF enhancement is due to the fact that a larger fraction of the 
current is transported through the interfacial region (see next 
Section).  

 Remarkably, both Figures  8  and  9  represent the effect of 
the overall composition of the active layer. In Figure  8  it is 
shown how an increase of the overall acceptor volume fraction 
from 52% to 58% (corresponding to 20 vol% and 30 vol% of 
acceptor in the matrix, respectively) almost doubles the PCE of 
the cell. For the  J–V  curves presented in Figure  9  the increase 
in acceptor volume fraction is even bigger: from 35.8% in case 
of  D  = 180 nm to 55% in case of  D  = 300 nm. This does not 
translate into the same effect on the performance of the cell: 
the PCE is almost unaffected, and it rather diminishes, though 
in a modest amount, for higher volume fractions of acceptor. 
The explanation of this different effect of the overall composi-
tion will be clarifi ed in Section 3.2.  

  3.1.7.     Thickness of the Active Layer 

  Figure    10   presents the  J–V  curves for simulated devices with 
different thickness of the active layer. The size and shape of the 
blobs and the composition of the matrix are the same for the 
three simulations. In the mixed phase of the thickest device 
negative space charge is built up which strongly limits the cur-
rent coming from this phase. For the thinnest device, the cur-
rent in reverse bias is not space charge limited but saturates at 
its maximum value  qGL .   

  3.1.8.     Number of Blobs 

 Lastly, we consider the effect of blob density. Keeping the 
diameter of the blobs constant ( D  = 180 nm), we modify the 
distance between them. By doing so, the volume fractions of 
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 Figure 8.    Simulated  J–V  curves for devices with different acceptor con-
centration in the mixed phase. The symbols represent the 3D simula-
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acceptor and mixed phase are changed. The simulated  J–V  
curves are reported in  Figure    11  a,b. When the blobs are closer 
to each other, and the volume fraction of acceptor phase is 
larger, the fraction of current transported in the interfacial 
region between acceptor and mixed phase is increased and 
this translates into an enhancement of the fi ll factor, due to 
the good electron transport that characterizes the current 
fl owing in this region.  

 The density of the pure acceptor domains mainly infl u-
ences the shape of the  J–V  characteristic, and hence the fi ll 
factor. A small effect is visible for  J  sc : the simulated device 
with higher blob density has a lower exciton quenching 
effi ciency, which gives a lower current. It should be noted 
that this does not depend on the quenching effi ciency of the 
pure phase: the blobs have, in both simulations, the same 
shape and size, and the fraction of excitons generated into 
the acceptor phase and able to reach the interface is the 
same. The difference in the overall quenching effi ciency is 
solely due to the different volume fractions of pure acceptor 
phase.   

  3.2.     Parallel Model 

 We reproduce the  J–V  curves simulated with the 3D model using 
the parallel approach described in Section 3.1. The results are 
represented as solid lines in Figure  6–11 . The good agreement 
between the two models for all the simulated cases confi rms the 
possibility to apply the 1D parallel approach to simulate the  J–V  
characteristics of devices with coarse phase separation. A fur-
ther validation of the parallel model is obtained by calculating 
the two components  J  mixed  and  J  interface  with the 3D model. We 
perform this calculation for Simulation 2.  J  mixed,3D  is calculated 
as the contribution to the total current of points far away from 
the acceptor blob.  J  interface,3D  is taken as the contribution of the all 
points within the blue cylinder of Figure  3 , that is, the blob and 
the region around it ( W  O ) in which the electrons move laterally 
towards the blob. The single contributions to the total current 
calculated with the 3D and with the 1D model for Simulation 2 
are compared in  Figure    12  . The 3D results agree very well with 
those obtained with the parallel model. 

  As written in Section 2.1, the strength of the bimolecular 
recombination is reduced for the simulation of  J  interface . This 
reduction is necessary to compare the results of the parallel 
approach to the ones of the 3D model. This latter method uses 
Equation   4   and   5   to calculate the recombination rate. As the 
recombination occurs in the mixed phase, the values of hole 
and electron mobilities in this phase are used by the 3D code. 
But when we simulate  J  interface  with the 1D approach, we use the 
signifi cantly higher value of the electron mobility in the blobs. 
This would lead to an increased rate of bimolecular recombi-
nation; in order to correct for this, we reduce the strength of 
the bimolecular recombination by applying a prefactor  γ  pre  < 1 
to Equation   5  . We determine  γ  pre  by fi tting the open circuit 
voltage, since it is known that this parameter is largely affected 
by the recombination rate. [ 52 ]  For every simulation performed 
with the parallel model, the value of the prefactor expressing 
the reduction of the bimolecular recombination strength for 
 J  interface  is  γ  pre  = 0.1. 

 The parallel model has one fi t parameter,  W  O , which is the 
width of the region around the blobs in which the electrons 
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density of the acceptor blobs. The volume fraction of the acceptor 
pure phase is a) 0.14, Simulation 15 and b) 0.44, Simulation 18. The 
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move laterally towards them. This parameter partly deter-
mines the distribution of the total current between  J  interface  
and  J  mixed . The values of  W  O  used for every simulation are 
reported in  Table    2  , together with the other geometrical 
parameters. As expected,  W  O  is larger when the concentra-
tion of acceptor in the matrix is increased, because a larger 
volume fraction of acceptor means higher electron mobility, 
and thus the lateral movements of electrons towards the blobs 
is facilitated. It is interesting to observe that the extent of the 
lateral transport of electrons in the mixed phase does not only 
depend on the composition of the matrix, but also on the size 
of the blobs:  W  O  is reduced for smaller acceptor domains. We 
have simulated  J–V  curves with even larger blobs than the 
one reported in Figure  9  (data not shown) and fi t them with 
the parallel model.  Figure    13   represents the fi t parameter  W  O  
as a function of the blob diameter. Beyond a certain size of 
the pure acceptor domains,  W  O  saturates at a value of 12 nm. 
We assign the reduction of  W  O  for small blob diameters to 
the increased density of electrons in smaller blobs, which 
reduces their capacity to accept further electrons from the sur-
rounding matrix. 

   Figure  11 a,b represent the fi ts of the 3D simulated points 
for different blob density. In addition, in these plots are shown 
the two parallel components,  J  interface  and  J  mixed . The parallel 
approach explains the difference in fi ll-factor (see Section 3.1.8) 
when devices with different blob density are compared: it is evi-
dent that increasing the density of the domains enhances the 
fraction of current transported through the interfacial region, 
where the electron mobility is high. The fi ll factor is higher 

for  J  interface , which is characterized by a balanced transport of 
charges. It’s therefore predictable an enhancement of FF when 
 J  interface  dominates the total current. 

 Qualitatively, increasing the concentration of acceptor in the 
mixed phase or decreasing the size of the acceptor blobs have 
the same effects on the  J–V  characteristics, namely an increase 
in  J  sc  and a reduction of FF. We observed the same trends in 
experimental  J–V  curves from PDPP5T:[70]PCBM devices in a 
previous study. [ 39 ]  However, in the experimental data the size of 
the blobs and the composition of the matrix have been varied 
at the same time; in this work instead we disentangle the 
effects of each of this two morphological features. We are thus 
able to see how important to the performance of the device 
each one of them is. Our results indicate that a small varia-
tion of the overall of the acceptor concentration in the matrix 
has a bigger impact than the larger variation produced by the 
change in blob size. The different roles played by the changing 
the overall composition of the blend through modifi cation of 
the matrix composition (Figure  8 ) or the blob size (Figure  9 ) 
depends on which of the two contributions,  J  interface  and  J  mixed , 
is dominant. The values of  J  interface  and  J  mixed  at short circuit 
current for each simulation are listed in Table  2 , together with 
the fraction of the total current that they represent (% interface  
and % mixed , respectively). In most of the cases presented here, 
 J  mixed  is the dominant component of the total current, and this 
explains why varying the composition of the mixed phase is 
more effective than varying the blob size. We suppose that the 
relative importance of the two features would change in the 
case of dominant  J  interface . 
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  Table 2.    Parameters for each simulation and short circuit currents calculated with the parallel model. 

Simulation Figure  L  
[nm]

 D  
[nm]

 S  a  
[nm]

 S  c  
[nm]

 φ  mixed  V  a  W  O  
[nm]

 J  SC,interface  
[A m −2 ]

 J  SC,mixed  
[A m −2 ]

% interface % mixed 

1 4 140 0 0 0 0.25 0 0 0 24.29 0 100

2 4, 6–10 140 300 0 0 0.25 0.40 12 8.36 13.78 37.8 62.2

3 4 140 0 0 0 0.55 0 0 0 98.17 0 100

4 5 140 300 a) 4 4 0.25 0.27 – – – – –

5 5 140 300 a) 4 4 0.25 0.30 – – – – –

6 5 140 300 a) 4 4 0.25 0.32 – – – – –

7 5,6 140 300 4 4 0.25 0.38 12 10.50 14.12 42.6 57.4

8 6 140 300 4 0 0.25 0.39 12 10.76 13.78 43.8 56.2

9 6 140 300 0 4 0.25 0.39 12 8.12 14.12 36.5 63.5

10 7 140 300 0 0 0.25 b) 0.40 9 6.23 14.22 30.5 69.5

11 7 140 300 0 0 0.25 c) 0.40 16 11.32 13.17 46.2 53.8

12 8 140 300 0 0 0.20 0.40 9 6.21 14.52 30.0 70.0

13 8 140 300 0 0 0.30 0.40 15 10.55 36.41 22.5 77.5

14 9 140 240 0 0 0.25 0.26 10 5.78 23.86 19.5 80.5

15 9, 11 140 180 0 0 0.25 0.14 8 3.67 21.44 14.6 85.4

16 10 70 300 0 0 0.25 0.40 12 4.02 15.49 20.6 79.4

17 10 280 300 0 0 0.25 0.40 12 16.13 12.62 56.1 43.9

18 11 140 180 0 0 0.25 0.44 8 11.25 12.32 47.7 52.3

    a) Not cylindrical blobs: the maximum diameter is indicated. The shape is given by Equation   14  ;      b) Depletion: 10 nm with  φ  mixed  = 0.20 around the blobs;      c) Enrichment: 10 nm 
with  φ  mixed  = 0.30 around the blobs.   
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 Splitting the total current into two components makes 
it easier to explain the results observed for devices with 
different thickness, which stem from the different transport 
properties that characterizes  J  interface  and  J  mixed.  The latter 
current is strongly limited by space charge, due to the large 
difference between the mobilities of electrons and holes. 
When the fi lm is thin, the space charge effect is reduced and 
the current saturates at the value  qGL ;  G  is given by the total 
excitons quenching effi ciency, calculated by the solution of the 
3D excitons diffusion equation. For the 280 nm thick devices 
(see Figure  10 ),  J  mixed  is so limited by the build-up of space 
charge that most of the current comes from the interfacial 
region. At intermediate thickness, both the currents contribute 
to  J  total  and the effect of space charge in the matrix becomes 
evident in reverse bias, where  J  mixed  dominates.   

  4.     Conclusions 

 We presented a 3D drift-diffusion model that can consistently 
simulate the  J-V  characteristics of organic BHJs, including the 
diffusion and quenching of excitons, the effects of space charge, 
the recombination and generation of charge carriers and the 
injection/extraction of carriers at the contacts. With this model 
we studied the effects that the occurrence of large domains of 
pure acceptor material has on the effi ciency of the devices. We 
treated each morphological feature, such as the size and shape 
of the domains, the composition of the mixed phase, the pres-
ence of skin layers, independently from the others. Thus, we 
have been able to disentangle the effect of different aspects of 
the active layer on the effi ciency of the device. 

 The formation of large acceptor domains is detrimental for 
the effi ciency for two reasons: it reduces the exciton quenching 
effi ciency and it deprives the surrounding mixed phase of 
acceptor molecules. As a consequence of the low concentration 
of acceptor in the mixed phase the transport of electron in this 
phase is not effi cient and the photocurrent becomes space-
charge limited. We demonstrated how the addition of acceptor 

to the matrix, keeping the size of the pure domains constant, 
has a strong benefi cial effect on the effi ciency. The reduction 
of the size of the domains, enhancing the exciton quenching 
effi ciency, has also a benefi cial impact on the performance of 
the device, though less evident. 

 We included in our model the presence of skin layers of 
donor-rich phase at either electrode. A skin layer at the anode 
enhances the extracted photocurrent, because it reduces the 
exciton quenching at the anode and increase the number of 
photogenerated charges at the donor/acceptor interface. A skin 
layer at the cathode does not have such an effect: the free holes 
generated in this layer are not able to be collected at the anode, 
because the distance that they should travel laterally along the 
acceptor domain is too large (hundreds of nm) and they are lost 
via recombination process. Thus, no effect was observed when 
a skin layer was added at the cathode. 

 We defi ned two components for the total current, one coming 
from the interfacial region between the acceptor phase and the 
mixed phase, the other coming from the mixed phase. Both 
the contributions can be simulated with a 1D drift-diffusion 
numerical code, and them summed to give the total current. This 
“parallel approach” is based on the lateral movement of electrons 
in the mixed phase towards the acceptor domains, to be sub-
sequently transported to the cathode. The extent of the lateral 
movement of electrons depends on the composition of the matrix 
and on the size of the acceptor domains, and defi nes which of 
the two currents dominates. We used the parallel model to fi t the 
data generated by the 3D simulations. In most cases, the current 
from the mixed phase has been observed to be the dominant 
component. This explains why the composition of the matrix has 
the strongest impact on the effi ciency of the devices. 

 The parallel model has been used in a previous publication to 
reproduce experimental data; [ 39 ]  in the present paper, we theoret-
ically justify the use of this simple model by means of the more 
detailed 3D model. The agreement between the two models 
implies that it is possible to reproduce experimental data with 
the 3D model, but this is beyond the scope of this work. 

 The 3D model is a powerful tool that can give a detailed 
understanding of the physics occurring in the active layer, and 
a hint on how to optimize the morphology of the active layer. 
Splitting the current in two components and applying the 1D 
parallel approach facilitates the interpretation of experimental 
data, by identifying which region of the active layer dominates 
the performance of the devices.  
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