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ABSTRACT: While there exist several models for organic heterojunction solar
cells, there is still a need for one that is both general and ﬂexible to compare the
relative importance of the plethora of potential processes. We describe a
modeling framework that allows one to compare the relative importance of
diﬀerent physical processes, taking place in organic heterojunction-based
photocell, on equal footing. The framework is based on rate equations, making
it easy to modify and include processes not explicitly introduced here. To apply
this approach, we fabricated several heterojunction devices. Applying this new
methodology for a given device structure, we used a single set of parameters to
ﬁt four diﬀerent experiments extending over a wide range of applied voltage
and 5 orders of magnitude of light intensity. As an example, and as a result of
the self-consistency of the joint modeling and experiment, we ﬁnd that the
charge generation and charge recombination do not take place through the
same set of interface states (i.e., much can be gained through material and
morphology design). In addition, by including the detailed balance between charge transfer excitons’ generation and
dissociation, we found that the bimolecular Langevin recombination through the charge transfer excitons is not strong enough
to account for the losses in the photocells.

1. INTRODUCTION
Thin ﬁlm solar cells oﬀer aid to reduce the cost of solar energy
production by exploiting cheap materials combined with
simple processing techniques for installation of large area,
mechanically rugged modules. To date, several material
systems have achieved the commercial target of >10% power
conversion eﬃciency (PCE), at least in lab-tested cells.1
Current technologies are based mainly on the “traditional”
semiconductors, Si and GaAs, where single junction eﬃciencies
approach their theoretical values.2 Organic photovoltaics
(OPV) have emerged as well-performing, solution-processed
solar cells; however, their current best performances (∼12%)
are signiﬁcantly lower than the theoretical predictions (20−
24%).3,4 The “rising star” of photovoltaics−organic−inorganic
halide perovskite solar cells (PSC) very rapidly approached
high performances (22%), but currently lack the stability and
reproducibility required for a viable technology.5 A seminal
limiting factor in almost all thin ﬁlm technologies is that, while
they deliver suﬃcient short-circuit currents, their open-circuit
voltages (VOC) are low.
Focusing on the OPV technology, it is clear that by
improving the VOC the devices would prove to be commercially
viable. It is also clear that much of what matters, using today’s
materials, is determined by the interfaces, be them the donor−
acceptor interface or the contact’s interface. However, what
physical process is limiting the contribution of the interface to
the solar cell performance is not clear or at least is not agreed
© 2018 American Chemical Society

upon by diﬀerent groups. If one could pinpoint the
“problematic” processes and quantify their relative importance
to the solar cell eﬃciency, then one could proceed with
judicious material and interface design so as to approach the
theoretical predictions of ∼20%.3,4 It is our understanding that
the lack of consensus is partly due to many characterization
methods not being carried out under the solar cell’s operating
conditions. The other part is a lack of a common basis for the
interpretation of experimental data in terms of relevant
physical processes. We present a robust and ﬂexible model
and apply it to heterojunction solar cells measured under
relevant operating conditions. We show how the model can
assist in quantifying the relative contribution of processes and
provide a solid physical framework. Moreover, one could
change and modify the model to test additional processes that
are considered as potential contributors to the cell’s eﬃciency.
In this contribution, we present the model for a planar
heterojunction, which may seem like a setback as compared to
some bulk-heterojunction devices. However, even if this was
true, we consider the establishment of a common framework in
planar heterojunction as an essential step toward doing the
same for bulk-heterojunctions.6
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2. MODELING FRAMEWORK
Before presenting the model equations, we describe the
essence of it. Figure 1a shows a schematic description of planar

Figure 1. (a) Schematic description of a planar heterojunction
organic photocell. (b) Illustration of the modeling concept used here.
Figure 2. (a) 3D device structure and illustration of a process block to
be used in (b). (b) Flow diagram of the processes accounted for in
the basic model used here.

organic heterostructure, which is the focus of this Article. The
active part is a bilayer structure of donor and acceptor
materials stacked on top of each other. Because these are
excitonic semiconductors, it is accepted that, although light
may be absorbed in the two ﬁlms, the generation and
recombination of charges take place only at the junction, or
interface, between the two materials. The connection with an
external circuit is through the cathode and anode, which are at
the acceptor and donor sides, respectively.
There has been extensive modeling eﬀort toward the
understanding of bulk heterojunction solar cells,7−21 while
there are signiﬁcantly fewer reports regarding the planar
heterostructure device.22−25 However, the planar heterostructure better lends itself for the understanding of the underlying
physics. In the planar heterostructure, one can almost
intuitively separate between charge-transport and the generation-recombination processes (see Figure 1b), thus allowing
for critical examination of the processes taking place at the
heterojunction. To some extent, our modeling approach is
similar to ref 22 with the interface processes being those
considered in refs 26 and 27. However, the present model
covers a signiﬁcantly broader set of operating conditions and
thus a wide range of experiments. We found it was essential to
be able to ﬁt a range of measurements to choose from the
various processes suggested in the literature.
Figure 2a shows the 3D device structure and illustrates the
process block to be used in our modular framework. The
notion is that one can add processes (physics) and that in the
general case the generation of current evolves from one block
to the next while allowing for losses (to the ground state).
Figure 2b describes the physical processes being considered
here and their mutual interactions as a ﬂow-diagram. Starting
from the left, the processes that positively contribute to the
current generation are exciton (ex) generation (G) in the
donor or acceptor layer, transfer or conversion of excitons
(KCT) to the charge transfer (CT) states, dissociation (Kcd)28
from the CT states into free electron (n) and hole (p), drift,

and diﬀusion (J) of charges to the contacts. For each of the
excitons, CTs, and charges, there are competing mechanisms
that reduce the cell’s eﬃciency. For the excitons and CTs,
there is the decay rate (1/τ) that is a combination of radiative
and nonradiative decay. An additional decay rate, which is
probable for organic cells, is the quenching of excitons (Kep) or
CTs (KCTp) by polarons,16,29 either electrons or holes. The free
electrons and holes, residing on their respective sides of the
junction, may recombine30 back into CTs (3 Langevin) or
recombine through deeper lying states (SRH).31,32 As the
involved band-gaps are relatively large, it is common to neglect
the thermal generation of excitons or CTs. However, as will be
discussed below, the self-consistency of the model required the
inclusion of spontaneous generation for the CTs (GCTsp).
2.1. Equations of the Basic Model. In the model’s
equations, we consider explicitly only three populations:
excitons, charge transfer excitons, and free polarons. The
deep states at the junction are implicitly included in the
expression for the SRH recombination. We ﬁrst consider only
the junction, and the three rate equations describing the
processes at the junction are
dnex
1
=G−
nex − Keppnex − K CTnex = 0
dt
τex

(1)

where nex is the exciton density in the absorbing layer, G is the
exciton generation rate through light absorption, p is the free
polaron density at the vicinity of the junction, Kep is the
positive polaron-exciton annihilation rate, τex is the exciton
lifetime, and KCT is the rate of exciton transfer into CT
excitons. The equation describing the evolution of CT excitons
is
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dnCT
1
nCT − K CTpnCTp + 3np − KcdnCT
= K CTnex −
dt
τCT
+ GCTsp = 0

donor side contact and the negative polaron density on the
acceptor side contact:
ij qΔanode,donor,HOMO yz
zz
pc = Ndos,HOMO,donor ·expjjj−
zz
j
k bT
k
{

(2)

pn − ni,eff 2
dp
J
=
+ KcdnCT − 3np − NT 1
1
dt
qa0
(n + n)̂ + c (p + p ̂)
a

3. EXPERIMENTAL SECTION
3.1. Device Fabrication. All devices were fabricated on
top of an indium tin oxide (ITO) coated glass substrate
(PsiOTec Ltd.). The ITO substrates were covered by a
patterned 100 nm polyimide layer, deﬁning 18.4 mm2 pixels
and preventing leakage. The ITO substrates were cleaned and
dried. The substrates were precleaned in an ultrasonic bath of
acetone, methanol, and 2-propanol for 10 min each. They were
then dried in a ﬂow of nitrogen and further dried in an oven at
100 C for 60 min. Ultrahigh purity (UHP) grade organic
materials copper phthalocyanine (CuPc), 4,4′cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]
(TAPC from Lumtec), was used as donors. UHP C70 fullerene
(from CreaPhys) was used as acceptor, and a wide-energy-gap
material 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (Bathocuproine, or BCP, Sigma-Aldrich, purity 99.99%) was used as
buﬀer material between the cathode and the active layer. Hole
transport layer (HTL) was deposited by spin coating
(poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid,
Clevios PVP, Al 4083) PEDOT:PSS or copper thiocyanate
(CuSCN, Sigma 99%), both 70 nm thick ﬁlm. After the HTL
was deposited, the substrates were dried in a ﬂow of nitrogen
and further dried in an oven at 100 °C for 60 min. CuPc (50
nm) or TAPC (50 nm), C70 (40 nm), and BCP (8 nm) and
30 nm thick Mg covered by a 60 nm thick Ag were thermally
evaporated in a commercial vacuum deposition system
(VINCI Technologies) at a base pressure of 6 × 107 mbar.
3.2. Measurement Procedures. Current−voltage characteristics were measured with a Keithley 2400 source meter.
Spectrally resolved external quantum eﬃciency (EQE) was
performed in the following way. Light from a tungsten halogen
lamp (Oriel, 250 W QTH) was dispersed through a
monochromator (Oriel, CS130). The light intensity was
monitored using reference silicon and germanium photodetectors. Light from the monochromator (1.5 μW cm−2 at
600 nm) was chopped at 20 Hz, and the signal was read using
a lock-in ampliﬁer (EG&G 7265). Power-dependent quantum
eﬃciency was measured using white light emitting diode
metrics, whose intensity was controlled by the bias current.
Appropriate optical density (OD) ﬁlters were used to extend
the intensity range (∼5 order) from ultralow to more than one

(3)

=0

Here, NT is the density of deep states participating in the SRH
process. a and c are capture cross section for electron or hole
trap, respectively. As we consider the capture to be a
bimolecolar process, we use the known Langevin cross section
q
a = c = 3 = ε (μn + μ h ), and the recombination is trapassisted Langevin recombination.34

(

n ̂ = ni,eff ·exp

E T − Ei,eff
k bT

), p ̑ = n

(

i,eff · exp

Ei,eff − E T
k bT

), where E

T

is

the trap level and ni,eff is the intrinsic charge density of the
eﬀective semiconductor made of the donor’s HOMO and the
acceptor’s LUMO. Ei,eff is the Fermi level that corresponds to
ni,eff.
A similar equation is written for the electrons (n) on the
acceptor side of the junction. In the above, we equated 1−3 to
zero as we will be interested in the steady state only.
To link between the applied bias, the current, and the
polaron density, one needs to solve the drift diﬀusion equation
on both sides of the junction using the charge densities at the
junction and at the contacts as the boundary conditions (see
the Supporting Information). If one assumes an equal voltage
drop across the donor and acceptor sides, the resulting
equations are
ij
i V μ y
Jd yzz
Jd
zz expjjjj− · h zzzz −
p = jjjjpc +
z
j
z
qVμ h {
qVμ h
k 2 D h {Æ ´ÖÖÖÖÖÖÖÖ
≠ÖÖÖÖÖÖÖÖÆ
´kÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ
≠ÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ
diffusion

drift term

ij
i V μy
Jd yzz
Jd
zz expjjjj− · n zzzz −
n = jjjjnc +
z
j 2 Dz
qV
qV
μ
μn
n{
k
n{
k

(6)

ij qΔcathode,acceptor,LUMO yz
zz
nc = Ndos,LUMO,acceptor ·expjjj−
zz
j
k
T
(7)
b
k
{
NDOS is the density of states and Δ is the corresponding
contact barrier for holes and electrons on the anode and
cathode side, respectively.
As 1−3 are rate equations, where the processes are included
explicitly, one could add or remove processes to represent
diﬀerent physical pictures of the junction. As we will show
below, the above was the minimal set of processes required to
reproduce the experimental data of both CuPc:C70- and
TAPC:C70-based planar heterojunction devices. The symmetry
we have assumed in deriving eqs 4 and 5 implies that we will
be solving for one side only and consider the derived mobility
as an eﬀective one.

Here, nCT is the charge transfer exciton density, τCT is the CT
exciton lifetime, and KCTp is the polaron-CT annihilation rate.
The recombination of charges into CTs is taken to be an
interfacial bimolecular Langevin process30 with 3 being the
Langevin rate coeﬃcient. Kcd is the rate of CT exciton
separating into free polarons where we use the Onsager−Braun
formalism.28 Note that by including both the Langevin
recombination and the CT exciton dissociation, the model
complies with the scheme suggested by Hilczer et al. as the
source for eﬀectively reduced Langevin recombination.33 More
on the validity of the Langevin and Onsager−Braun models
can be found in the discussion section. GCTsp is the thermal
(spontaneous) generation of CT states. GCTsp is derived in the
Supporting Information by requiring equilibrium conditions to
exist when there is no excitation (i.e., in the dark and under no
bias). The equation for the holes is

(4)

(5)

where V is the built-in voltage (Vbi) minus the applied voltage
(Vapp), and d is the device length. Equations 1−5 constitute a
full set that describes the planar heterojunction solar cell as a
function of excitation density (G) and applied bias (Vapp). pc
and nc are, respectively, the positive polaron density on the
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Figure 3. (a and b) Energy level diagram used as input parameters for the model where the contacts are taken to be within the gap. (a) TAPC:C70
device. (b) CuPc:C70 device. (c and d) Current density versus applied voltage under one sun. (c) For TAPC:C70 devices. (d) For CuPc:C70
devices. The circles are measured data, and the solid lines are model ﬁts. The top (red) curves are for devices with PEDOT as the HTL, and the
bottom (light blue) are for CuSCN as the HTL. In the case of PEDOT:TAPC:C70, the presence of the slight S shape was found to be due to a
slightly lower Vbi.

sun light intensity. Care was taken to ensure that the light spot
falls within the pixel to avoid any potential edge eﬀects.
Measurement was done on several samples to ensure that the
result is reproducible. Light intensity was monitored with a
silicon photodetector, and the signal was read using a Keithley
2400 source meter.

4. RESULTS
Before presenting the series of measurements that have been
conducted, we show in Figure 3a and b the energy level
diagram used in the model for the TAPC:C70 and CuPc:C70
devices, respectively.35−37 The injection contacts/layers are
taken to be within the gap,38,39 and the VOC was used to ﬁnetune the cathode to anode energy diﬀerence (i.e., the built-in
potential, Vbi). Other parameters that were taken as input
constants are described in Table S1. Figure 3c and d shows an
excellent ﬁt of the model to the measured PCE curves of four
diﬀerent types of devices, diﬀerent donors (TAPC and CuPC)
and diﬀerent HTLs (CuSCN and PEDOT). The PCE curve
for PEDOT:TAPC:C70 shows a slight S shape, and indeed for
this device the extracted built-in potential (Vbi) was 0.1 V
lower as compared to the CuSCN device, resulting in Vbi <
VOC.
We chose to compare TAPC and CuPc devices as we are
interested in examining the junction disorder role in a planar
device. TAPC exhibits a relatively ordered junction, while the
CuPC’s junction exhibits high disorder. This diﬀerence is
evident in the sub gap EQE of the junctions made with C70
(see Figure 4) where the CuPc:C70 devices show subgap
response extending to lower energies.
The diﬀerent measurement techniques used to deduce the
TAPC device parameters, through ﬁtting by the model, are
shown in Figure 5. The left column is for the device structure
of ITO:CuSCN:TAPC(50 nm):C70(40 nm):BCP:Mg:Ag, and

Figure 4. EQE as a function of excitation wavelength for CuPc:C70and TAPC:C70-based devices.

the right column is for a device where PEDOT is replacing the
CuSCN.
The ﬁrst row, Figure 5a and b, shows the absolute value of
the current density as a function of voltage for several light
intensities. The dip in each curve is where the current changes
sign and thus marks VOC. This data set allows us to match the
currents and make sure that the excitation dependence of the
open circuit voltage is reproduced.
The second row, Figure 5c and d, shows the quantum
eﬃciency (electrons per photons) as a function of light
intensity and for several bias voltages. The low-intensity edge
represents the free charge generation eﬃciency, and as the bias
is changed it depicts the charge generation as a function of
bias.15,26,27,40 In the context of the processes shown in Figure
2, the charge generation eﬃciency at low intensity represents
K CT
K CD
the path [exciton⎯⎯⎯⎯⎯→charge-transfer exciton⎯⎯⎯⎯⎯→charges]
with the rates as depicted above the arrows. As the excitation
intensity increases, various loss mechanisms start to kick
in.15,41 As the relative weight of the loss mechanisms is also
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hence JSC−VOC ≠ J−V. The fact that the model reproduces the
diode part for both cases indicates that the diﬀerence between
them is due to processes considered in Figure 2 and not due to
parasitic eﬀects, such as a shunt or serial resistance.11 It is also
interesting to note that the leakage part, which is not captured
by the model, is almost identical between JSC−VOC and J−V.
This trend is inline with our recent publication suggesting that
in these diodes the dark leakage current is associated with the
junction and is not due to extrinsic eﬀects.42
To reduce the number of ﬁtted parameters, we assumed the
donor (hole) and acceptor (electron) mobilities to be equal
and used an eﬀective mobility. While Figure 5 shows
measurements results and model ﬁttings for TAPC:C70
devices, Figure 6 shows the same but for CuPc being the
donor in similar device structures.

Figure 5. (a and b) Current density (absolute value) as a function of
applied voltage and for several excitation intensities. (c and d)
Quantum eﬃciency as a function of excitation intensity for several
applied voltages. (e and f) Current density as a function of applied
voltage under dark conditions (light blue ○) as well as short circuit
current density versus open circuit voltage (red □) as was measured
for a range of excitation intensities. Symbols, experiment; solid line,
model ﬁt.

bias dependent, it helps in quantifying the contribution of
Langevin

each.27 For the charges we have two loss paths: [charges XooooooooY
K CD

charge-transfer exciton] and [charges
Trap assist. Lang. (SRH)
←⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ deep-states]. When the device is
optically excited, a process that reduces the charge generation
manifests itself as a loss mechanism. In the current physical
picture, such processes are the exciton-polaron annihilation16
and CT-polaron annihilation with the rates Kep and KCTp,
respectively. We remind the reader that in such annihilation
process only the exciton or the CT exciton are annihilated
while the charged polaron is not.
The third row, Figure 5e and f, contains two measurements.
The ﬁrst (in light blue) is the dark J−V, and the second (in
red) is the short-circuit current (JSC) as a function of the open
circuit voltage (VOC) as was measured for a range of excitation
intensities.11 The dark J−V is composed of two parts: leakage
current at low bias (<0.6 V) and diode behavior above 0.6 V.
The slope of the diode’s J−V, or the ideality factor, is governed
only by charge recombination losses. This gives additional
data, which help in separating the diﬀerent loss mechanisms
and conﬁrm the observations from the QE measurement
(second row). In addition, the absolute value of the dark J−V
allows one to deduce the eﬀective mobility.
For the ideal diode, the photocurrent equals the dark current
plus the short circuit current. Hence, the JSC−VOC would be
equal to the dark J−V. As Figure 5e and f shows, the planar
heterojunction organic solar cell is not an ideal diode, and

Figure 6. (a and b) Current density (absolute value) as a function of
applied voltage and for several excitation intensities. (c and d)
Quantum eﬃciency as a function of excitation intensity and for several
applied voltages. (e and f) Current density as a function of applied
voltage under dark conditions (light blue ○) as well as short circuit
current density versus open circuit voltage (red □) as was measured
for a range of excitation intensities. Symbols, experiment; solid line,
model ﬁt. The arrow in (f) depicts the slope that corresponds to a
diode’s ideality factor of 2.

Moving to the extracted parameters (Table 1), we note that
the ﬁtting and parameters extraction was carried out for both
device structures (details of the ﬁtting and extraction
procedures can be found in the Supporting Information). We
note that the signiﬁcant diﬀerence between the use of PEDOT
or CuSCN as the HTL was the built-in potential. The ﬁgures
show another noticeable diﬀerence, which is the leakage
current. However, the leakage current is outside the scope of
this Article and is not described in the model.

5. DISCUSSION
A known eﬀect of using bilayers is the low collection eﬃciency
of the single junction, which reduces the charge generation rate
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Table 1. Parameters Extracted through Fitting the Model to Experimental Dataa
PEDOT:CuPC:C70
eﬀective mobility
Kep
p̂
NT
EB
Vbi
KCT

cm2 V−1 s−1
cm−3 s−1
cm−3
cm−3
meV
eV
s−1

1.25
2
6
3
20
0.49
2.61

×
×
×
×

CuSCN:CuPC:C70

10−3
10−8
1012
1016

1.25
3
8
3
20
0.4
2.81

× 108

×
×
×
×

10−3
10−8
1012
1016

× 108

PEDOT:TAPC:C70

CuSCN:TAPC:C70

10−3
10−8
5.3 × 1016
7 × 1016
74
0.83
5.1 × 108

10−3
10−8
5.3 × 1016
7 × 1016
74
0.94
5.1 × 108

a

See Figures 5 and 6.

and the overall eﬃciency.43 We recall that the low intensity
limit of the QE versus intensity curves represents the charge
generation eﬃciency.27,41 Indeed, these curves (second row in
Figure 5) show a relatively low charge generation eﬃciency
(∼10%), which is mainly attributed to the single junction.
Nevertheless, we have chosen a bilayer structure as it is simpler
to interpret with respect to the bulk heterojunction structure.
The model, or set of processes, shown in Figure 2 is the
minimal set of processes we had to include to reproduce the
set of measurements presented in Figures 5 and 6. Speciﬁcally,
it was not suﬃcient to include only the forward and reverse
reactions of charge generation and recombination through the
CT state. It has been shown that accounting for the fact that a
CT exciton, generated through charge recombination, can
dissociate results in a reduced net recombination rate that
could be orders of magnitude lower.33 Using the diﬀusion
limited reactions (Onsager−Braun, Langevin), we found that
the net recombination losses were too low to reproduce the
measured data. We arrived at this result through self-consistent
ﬁtting of the detailed model to the extensive data collected
from the diﬀerent measurement methods (see the Supporting
Information). As the model framework is ﬂexible, we added a
charge recombination mechanism that enabled one to
reproduce the measured data (the actual rates and the ﬁtting
procedure are detailed in the Supporting Information). Before
discussing this extra loss mechanism, we note that having to
add a charge recombination process means that the generation
and recombination of charges do not necessarily proceed
through the same set of states. This is a very positive
conclusion as it indicates that through molecular and
morphological design that eliminates the recombination path,
the overall eﬃciency of organic solar cells can be signiﬁcantly
improved. This two-path picture is supported by existing
literature as it is similar to stating that there are multiple
interfacial bands of CT states44 or that there are two pools of
electron−hole pairs.45 The above may also be considered as
part of the discussions of the classic Langevin recombination
model not describing well the recombination in disordered46,47
and/or heterostructure devices.10,14,30,48
The loss mechanism we added is the trap-assisted
recombination. For the CuPc devices, the ideality factor of
the diode between 0.15 and 0.4 V is ∼2 (Figure 6e,f), which is
a common signature of trap-assisted recombination. Nevertheless, we note that adding trap-assisted recombination does
not necessarily imply a monomolecular recombination. If the
traps are shallow, and the device is operating in the trap-empty
limit, then the trap-assisted recombination is bimolecular and
the eﬀect of including the traps is to enhance the bimolecular
recombination. On the other hand, if the traps are deep such
that they are always full, then the eﬀect of the traps is to
introduce a monomolecular recombination process. As

discussed below, the above two scenarios are found in the
ordered (TAPC:C70) and disordered (CuPc:C70) junctions.
For the TAPC:C70 device, we found that p̂ = 5.3 × 1016
cm−3. Using the parameters in Table S1, this translates to trap
energy being 0.25 eV into the gap. Because p̂ is the charge
density at which the traps are half-full, a value of 5.3 × 1016
cm−3 indicates that, under standard device operation, the traps
are not full. The trap-assisted Langevin process is primarily
bimolecular with the main eﬀect being an enhancement of the
bimolecular loss mechanism. For the CuPc:C70 device,
however, we ﬁnd that the traps are deep with p̂ = 6 × 1012
cm−3 and their position being 0.5 eV into the gap. This
prediction of deep traps is a pure result of the ﬁtting
procedure; however, this agrees with the subgap EQE reported
in Figure 4. Such low p̂ implies that in the CuPc:C70 device the
traps are full; this now introduces a monomolecular
recombination process, and indeed the ideality factor of the
dark I−V (Figure 6e,f) is ∼2 at low bias voltage. With the aid
of the model and its being self-consistent, we could identify
that there is more than one type of interface state with one
mainly contributing to the charge generation and the other
contributing to additional charge recombination losses. Also,
the extracted energetic position of the extra states is in
agreement with the amount of disorder observed in the subgap
EQE (Figure 4).
In the suggested model (Figure 2), we propose a third loss
mechanism, which is associated with charges (polarons)
annihilating excitons before they may contribute to the charge
generation process.16,17,49,50 The relevant rates are Kep and
KCTp for the exciton and CT (exciton), respectively. This
process is well documented in the literature so there is no
doubt that to some extent it is taking place.51 The only
question would be if it is signiﬁcant or if there is any
justiﬁcation, given the set of measurements, to introduce a
third mechanism. The extended set of measurements reported
here allows us to answer this. The exciton-polaron annihilation
loss diﬀers from the already discussed loss mechanisms by the
mere fact that it is not a charge-recombination process. As
such, it has no eﬀect on the charge generation-recombination
processes taking place in the dark. Unlike the ﬁrst two loss
mechanisms, the exciton-polaron annihilation aﬀects only the
photoexcited properties (ﬁrst two rows in Figures 5 and 6) but
has no eﬀect on the dark-current (third row in Figures 5 and
6). Although one could reproduce the dark characteristics, it is
impossible to reproduce both the dark and the light
characteristics without including the exciton-polaron annihilation process. However, out of the two possible exciton
annihilations, the annihilation of CT by the polaron is not
essential to the ﬁt, which is reasonable, as in a bilayer the
probability of a polaron to meet a CT on the surface of the
single interface is orders of magnitude lower than the
23276
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the n and p sides of the junction (the relevant equations are
already in place).

probability of it to meet an exciton in the volume collected by
the junction.
The last parameter to discuss is Eb. In the Onsager−Braun
model,28 dissociation of CTs into free polarons is proportional
to the Langevin factor

(3 = )

( ). In the TAPC:C

exp

E
− k Tb
b

q⟨μ⟩
⟨ε⟩ε0
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device, the extracted Eb is

close to 0.1 eV, which is on the low end of estimated CT
binding energies.52 For the CuPc:C70 device, the extracted
binding energy is signiﬁcantly lower. This is in agreement with
the notion that the more disordered is the junction, the higher
is the probability for CT exciton dissociation and charge
generation.19,52,53 One should note that stating that the
binding energy includes eﬀects such as entropy and
disorder19,52,53 is equivalent to saying that the Onsager−
Braun model is not strictly valid,54 and that, in this context, we
actually use an eﬀective binding energy.
To conclude, we presented a modeling framework, which is
a useful tool to benchmark physical processes across devices
and research laboratories. With this framework, one can reveal
the relevant importance of various physical processes in OPVs
and extract their parameters. The strength of this interpretation
originates from the various measurement techniques in use and
from the extensive data obtained, as one should remember that
for a given set of measurements there is a limited number of
processes that can be weighed independently. For example,
without the dark characteristics, it would have been diﬃcult to
consider more than two loss mechanisms. This self-consistency
forced us to suggest one set of sites (mainly) for charge
generation and another (mainly) for charge recombination,
leading to the conclusion that by careful treatment of the
interface, it is possible to decrease the nonradiative (SRH)
recombination and reach higher EQE and PCE. A similar
conclusion is being reached in a very diﬀerent system, as the
perovskites, and the fact that generation and recombination do
not proceed through the same states is common knowledge for
silicon devices.
The strength of the set of measurement used lies in the fact
that both bias and illumination conditions aﬀect the balance of
processes, that is, enhance one process while suppressing
another. This is, for example, the reason for the diﬀerences in
the plots of dark J−V and of Jsc versus Voc, diﬀerences that we
were able to ﬁt and justify through the model. It is also
interesting to note that, despite the model’s simplicity, it can
reproduce ﬁne details as the S shape (Figure 3c) or predict the
traps energy and concentration.
As for expanding the model, we note that the model used
assumes symmetry and does not distinguish between the n and
p sides of the junction, and hence we stated that we discuss
eﬀective mobility and not μn and μp. We could aﬀord that,
because we were mainly interested in the processes taking
place at the junction. Notably, when the dominant
recombination is bimolecular, the eﬀect of asymmetrical
voltage drop on the donor and acceptor is negligible. In this
case, carrier density dependence appears only in the form of
the product of n and p, which is unaﬀected by the asymmetry.
When the dominant recombination is monomolecular, the
asymmetry may not be negligible, and an expanded mode is
needed. To be able to independently deduce the parameters of
both sides of the junction, one would need to introduce an
additional set of measurements. The most obvious one would
be to create a set of devices that diﬀer only by the thickness of
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