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A B S T R A C T

By using electrical characterization and classical solid state semiconductor device theory, we demonstrate that
the open circuit voltage (Voc) in organic solar cells based on non-intentional doped semiconductors is funda-
mentally limited by the built-in potential (Vbi) originated at a donor-acceptor abrupt (p-n++) heterojunction in
case of selective contacts. Our analysis is validated using P3HT:PCBM devices fabricated in our research group.
We also demonstrate that such a result can be generalized using data already reported in literature for fullerene-
based solar cells. Finally, we show that the dependence of Voc on the device contacts can be understood in terms
of the potential barriers formed by the Fermi level alignment of semiconductors at the heterojunction and at the
Schottky junctions.

1. Introduction

The open circuit voltage is one of the fundamental parameters de-
fining the efficiency of solar cells. In organic ones, losses leading to
reduced Voc have been attributed to different regions within the device
(Cheyns et al., 2008; Burke et al., 2015), such as contact surfaces (Xia
et al., 2013), bulk trap states (Hawks et al., 2014; Ripolles et al., 2013;
Blakesley and Neher, 2011), and the internal heterojunction interface
(Burke et al., 2015; Vandewal et al., 2008, 2014, 2009; Graham et al.,
2013). For devices with ohmic or selective contacts, it has been pro-
posed that the predominant recombination processes occur at the in-
ternal donor-acceptor heterojunction interface, and that the re-
combination rate is correlated with ED-A (Perez et al., 2009; Potscavage
et al., 2008), where ED-A, given by the energy difference between the
Highest Occupied Molecular Orbital of the donor (HOMOD) and the
Lowest Unoccupied Molecular Orbital of the acceptor (LUMOA).

Extensive work has been done to relate the electronic properties of
the interface to recombination phenomena. Particularly, using optical
spectroscopy methods, it has been shown that recombination at the
heterojunction can be reduced by increasing the molecular order in the

fullerene (Veldman et al., 2008) and polymer (Hallermann et al., 2009)
domains, promoting charge separation via increased carrier delocali-
zation (Gélinas et al., 2014). Vandewal et al. (2014) demonstrated that
most photoexcited carriers eventually relax to lowest emissive localized
interfacial state (ECT) and are already in quasi-thermal equilibrium
before charge separation occurs. It is now clear that Voc losses can be
quantified by considering energetic disorder (Hawks et al., 2014;
Ripolles et al., 2013; Blakesley and Neher, 2011). On this basis, the
electrostatics at the donor/acceptor junction arising from disorder ef-
fects in organic solar cells has been considered in studies of Voc. Thus,
by using molecular simulations, Poelking et al. (2015) showed that the
structural ordering of the active layer molecules can be linked to the
chemical potential or Fermi level. They applied these results to predict
Voc in a series of organic heterojunctions. Such an analysis supported a
theory with a predominant flat band situation in the non-intentionally
doped cells as a general phenomenon caused by mesoscale order.
However, the capacitance vs. voltage (C-V) characteristics of numerous
functional systems indicates that band bending fully extends within the
semiconductor with the lower charge carrier concentration (Liu et al.,
2008; Guerrero et al., 2013; Dibb et al., 2013; Deledalle et al., 2015;
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Brus et al., 2015). This indicates that the non-intentional doping con-
centrations in the semiconductor active layer determine the band
bending in the solar cell. Hence, a detailed understanding of the device
electrostatic which is given by an initial charge carrier distribution at
the internal donor-acceptor heterojunction is necessary.

Further, recent findings showed that the experimentally detected
band bending in organic heterojunctions and metal/semiconductor
junctions can be explained by initial diffusion of charge carriers from/
into (depending on the work function) energetically distributed loca-
lized states (energetic disorder). Such diffusion implies Fermi level
alignment and the formation of potential barriers (built-in potentials) at
the material junctions (Gregg, 2009; Akaike et al., 2014; Lange et al.,
2011; Oehzelt et al., 2014). Liu et al. proposed band bending to be a
fundamental phenomenon promoting charge carrier collection in bi-
layer organic devices (Liu et al., 2008). In organic bulk heterojunction
(OBHJ) devices, differences in charge carrier collection efficiency be-
tween standard and inverted solar cell architectures are well under-
stood based on band bending (Dibb et al., 2013). Further, Deledalle
et al. recently reported that a variation of the width of the space of
charge region, which is responsible for band bending, strongly affects
solar cell performance (Deledalle et al., 2015). More recently, Izawa
et al. showed that band bending at the heterojunction affects Voc in
bilayer organic solar cells, (Izawa et al., 2018). Also, Shintaku et al.
demonstrated that intentional semiconductor doping controls Voc in
organic solar cells (Shintaku et al., 2018). However, to the best of our
knowledge such phenomena have not been considered in quantitative
Voc analyses for organic solar cells.

Here, we show that a simple quantitative analysis of the dark con-
duction mechanisms and device electrostatics gives an accurate pre-
diction of Voc in organic solar cells for the selective contacts case. It is
consistent with both the Vbi originating from a donor-acceptor abrupt
(p-n++) heterojunction, and the band bending phenomenon. Thus, we
show that Voc is fundamentally limited by Vbi at a donor-acceptor p-
n++ heterojunction.

Specifically, in this work, we study the current-voltage and capa-
citance-voltage characteristics of P3HT:PCBM OBHJ cells with ohmic
contacts (Steim et al., 2010). We show that the thermionic emission
mechanism describes the dominant recombination losses from which
we can determine Voc at the potential barrier at the bulk donor-acceptor
heterojunction interface. Further, we demonstrate that, analogous to
inorganic or organic bilayer heterojunction devices, the potential bar-
rier originates from the heterojunction electrostatics. Subsequently, we
demonstrate that the typical experimentally observed Voc losses can be
derived by using a band diagram in thermal equilibrium. The complete
analysis demonstrates that Vbi originates from a donor-acceptor abrupt
(p-n++) heterojunction. On this basis, the mechanism for charge col-
lection at the heterojunction under different physical conditions is
discussed. Subsequently, the generality of this analysis is confirmed
using data from literature for both bulk and bilayer heterojunctions.
Finally, we show that the dependence of Voc on the OBHJ cell contacts
can be understood in terms of the potential barriers formed by the
Fermi level alignment of non-intentionally doped semiconductors at all
the junctions in the system.

2. Experimental part

The well-studied P3HT:PCBM system is analyzed in this work.
Standard PEDOT(∼50 nm)/P3HT:PC60BM(∼100 nm)/Ca/Al solar
cells were fabricated on pre-cleaned indium tin oxide (ITO) coated glass
substrates. The cathode material was deposited by thermal evaporation
at a pressure of 1×10−6 mbar. All materials were used as received.
The blend was prepared with a one weight percent of polymer in
chlorobenzene, using a 2:1 ratio of polymer:fullerene. The organic film
thicknesses were measured by atomic force microscopy. The devices
possess an active area of 0.5 cm2. The dark and illuminated current
density-voltage (J-V) characteristics were measured using a Keithley

digital source meter 2400. The J-V curves recorded under illumination
were obtained with a solar simulator (K. H. Steuernagel Technical
Lightning) at an intensity of 100mW/cm2 (1 sun). The experimental C-
V data were measured at 50 kHz with a small signal of 50mV, using an
HP4194A impedance analyzer. The effect of deep (trap) states on the C-
V characteristics is an important fact to be considered in C-V studies
(Brus et al., 2015; Carr and Chaudhary, 2013). Typically, the effects of
deeply trapped charges strongly manifest at relatively low frequency
(Khelifi et al., 2011). Previously, for devices such as the ones studied
here, we found that the charge concentration is usually constant over a
range of intermediate frequencies (i.e. tens of kHz), whereas the ex-
tracted Vbi value can depend on frequency. This has been attributed to
interfacial trap states (Ecker et al., 2011). Thus, to validate Vbi extracted
from C-V data, we compare it to the value calculated from the J-V
characteristics and with simulations in the ‘Results and Discussion’
section. The temperature measurements were carried out in a cryostat
with a K-20 temperature controller.

3. Theory

Earlier, it was believed that the organic systems were intrinsic,
however, the carrier concentration (∼1×1016 cm−3) obtained in dark
by capacitance-voltage characteristics correspond to a doped system.
This fact has led to the use of the term “non-intentional doping” in
OBHJ solar cells (Deledalle et al., 2015). In this work we use the ter-
minology for intentional doped semiconductors, such as n++.

The open circuit voltage Voc in a solar cell is derived from the bal-
ance of photogeneration and recombination of charge carriers. This
balance is generally quantified by the energetic difference between the
quasi-Fermi levels of the electron and hole populations in the system
(Tress, 2015; Tress et al., 2011). However, the maximum value of Voc

that can be achieved without significant charge extraction losses is
limited by built in electric fields (Fahrenbruch and Bube, 1983; Rau
et al., 2003; Archer and Green, 2015). Thus, in this work we apply a
theory which has been used to explain electrical phenomena occurring
in organic devices involving such built in electric fields caused by non-
intentional doping phenomena (Nolasco et al., 2010, 2014).

3.1. J-V characteristics

The physical phenomena occurring in electronic devices can be
analyzed by means of electrical circuits. Here, we use an equivalent
circuit which is shown in the inset of Fig. 1. Each branch of the circuit
includes a diode, a shunt, and a series resistance (Rp and Rs), respec-
tively. The current in each one of the branches is given by the well-

Fig. 1. Experimental illuminated, dark (open triangles, open circles) and
modeled dark J-V characteristics (solid line) of P3HT:PCBM solar cells. Inset:
Electrical equivalent circuit.
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where k is Boltzmanńs constant, T the temperature, and A the active
area of the device. n and J0 are the ideality factor and the saturation
current density of the diode, respectively. The values of n and J0 depend
on the current recombination mechanisms in the device. The formation
of potential barriers at Schottky metal/semiconductor and semi-
conductor/semiconductor junctions gives rise to the rectification
properties. Generally, rectification in such junctions has been described
by either drift-diffusion mechanisms (Würfel et al., 2015; Rhoderick,
1972) or by dominant thermionic emission of the charge carriers over
the barrier, from the region with higher doping to the region with lower
doping (Bethe, 1942). These mechanisms occur in series, and, as a re-
sult, the current is determined by the contribution with the largest
impediment to the flow of charge. Earlier, Rhoderick argued that the
thermionic emission theory proposed by H. Bethe for crystalline ma-
terials would also hold for low mobility materials when the quasi-Fermi
level is sufficiently flat through the depletion region with carriers losing
their potential energy at the interface. In contrast, when recombination
is significant in the depletion region, the drift-diffusion model describes
more accurately the electrical behavior (Tress, 2015; Würfel et al.,
2015). Recently, we showed that thermionic emission theory can ac-
curately describe the Schottky polymer/cathode potential barrier lim-
iting Voc in OBHJs with non-ohmic cathode contacts (Nolasco et al.,
2014). Here, we apply such a theory to a P3HT:PCBM bulk donor-ac-
ceptor heterojunction. Note that this theory has been consistently ap-
plied not only to Schottky type junctions but to inorganic semi-
conductor heterojunctions (Milnes and Feucht, 1972).

It is important to note that Eq. (1) is a non-ideal general diode ex-
pression, and that the ideal Shockley model corresponds to a specific
case only, i.e., when n=1 and J0 is determined by band-to-band re-
combination of the minority carriers (Sze and Ng, 1979). For the case of
ideal thermionic emission, n=1, and J0 is determined by the genera-
tion/recombination of majority carriers at a junction barrier. According
to thermionic-emission theory, J0 is given by

= −∗J A T q kTexp( Φ / ),0
2

b (2)

where A* (120 A/cm2K2) is the effective Richardson coefficient and Φb

is the potential barrier height at the junction, e. g., the Schottky metal/
semiconductor junction or the abrupt (i. e., there is a large difference in
the doping density between the p and the n regions) semiconductor/
semiconductor junction (heterojunction) (Milnes and Feucht, 1972; Sze
and Ng, 1979). The fraction of carrier recombination which results in
non-ideal n values can be caused by additional mechanisms, such as
trap assisted recombination (Hawks et al., 2014; Rau et al., 2000;
Wetzelaer et al., 2011). Thus, depending of device’s ideality factor, such
contributions can become significant or even dominant under certain
applied voltage, illumination or temperature conditions (Kirchartz
et al., 2013).

By studying the temperature dependence of the saturation current
J0 in organic bilayer solar cells, Perez et al. (2009) proposed that Voc is
determined by the activation energy at the interface given by ED-A/2,
while Potscavage et al. (2008) proposed that Voc is determined by a
barrier formed at the heterojunction interface given by mED-A, where m
is an empirical factor that accounts for vacuum level misalignments and
charge transfer states at the heterojunction. Also studying J0, Waldauf
et al. (2006) showed the relation between Voc and ED-A in OBHJ solar
cells. However, all above studies consider no Fermi level alignment at
the heterojunction and consequently a constant electric field in equili-
brium defined by the difference between the work functions of the
contacts. In this work, we explore the relation between J0 and Voc using
a theory that considers such a Fermi level alignment and consequently
band bending.

Previously, we demonstrated that, for non-ohmic contact cathodes,
the dependence of Voc on the cathode work function can be predicted by
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(3)

This equation was obtained by substitution of Eq. (2) into Eq. (1),
once adding Jsc, considering open-circuit conditions (J= 0), and ne-
glecting the last term in Eq. (1) due to high Rp values (Nolasco et al.,
2014; Castro-Carranza et al., 2016). A limitation of this model would
become relevant for relatively low Rp and high Rs values, for which the
last term in Eq. (1) cannot be neglected. One way to corroborate low Rs

values will be shown in the ‘Results and Discussion’ section.
Essentially, Eq. (3) differs from Voc expressions found in literature

with regard to the following points: (i) considering an abrupt junction
as the origin of charge separation and collection (Perez et al., 2009;
Potscavage et al., 2008; Credgington and Durrant, 2012; Koster et al.,
2005; Vandewal et al., 2010), (ii) taking into account n in both terms of
the equation (Fahrenbruch and Bube, 1983; Archer and Green, 2015),
and (iii) considering thermionic emission of majority carriers toward
the junction interface as the predominant recombination mechanism
(Perez et al., 2009; Potscavage et al., 2008; Credgington and Durrant,
2012; Koster et al., 2005; Vandewal et al., 2010).

Thermionic emission considers the superposition of two current
fluxes in opposite directions, one from the metal (or from the semi-
conductor with the highest carrier concentration for a heterojunction
case) to the semiconductor and the other from the semiconductor to the
metal (Bethe, 1942; Milnes and Feucht, 1972). While the first flux
originates from the thermionic emission of electrons from the Fermi
level of the metal and is not affected by the applied voltage, the second
flux, arising from the thermionic emission of majority carriers at the
semiconductor heterojunction, is influenced by the applied voltage via
the resulting variations of the space charge region and consequently of
band bending. The application of this theory to the internally dis-
tributed donor-acceptor heterojunction will be detailed later.

3.2. C-V characteristics

This technique can be used to derive important electrical para-
meters in a junction, i. e., the charge carrier concentration and Vbi (Sze
and Ng, 1979). In general, experimental C-V measurements in OBHJ
cells have been interpreted in two different ways. One way has been
modeling the system as an intrinsic effective medium (MIM model), the
second considering only the depletion zone or space charge region
(SCR) as formed at the polymer/cathode junction (Kirchartz et al.,
2012). In both approaches, the internal donor-acceptor heterojunction
has not been taken into account, although it gives rise to the photo-
voltaic phenomena in OBHJ. To include the heterojunction interface in
the C-V interpretation, we use an alternative approach which we pre-
viously introduced. It consists in studying the system as a planar bilayer
heterojunction (Ecker et al., 2011). Charge carrier concentrations are
extracted from experimental C-V curves. C-V numerical simulations are
used to corroborate the extracted parameters. Finally, a band diagram is
calculated. The details about parameter extraction and simulations are
included as Supplementary information.

4. Results and discussion

4.1. Analysis of the J-V characteristics

Fig. 1 shows the illuminated and dark J-V curves of the solar cells
investigated in this study. The photovoltaic parameters (Voc=0.6 V,
short circuit current Jsc=9mA/cm2, and fill factor FF=0.6) result in
an efficiency of 3.2%, which lies within the range of the state of the art
for the P3HT:PCBM system (Kniepert et al., 2014). To analyze the solar
cells, we start with a three-blocking-junctions model for mobile
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majority carriers (Snaith et al., 2004) (holes in the polymer phase and
electrons in the fullerene phase, respectively) in dark. These junctions,
illustrated in Fig. 2(a), are (i) the internally distributed polymer/full-
erene heterojunction (circle), (ii) the polymer/cathode junction
(square), and (iii) the fullerene/anode junction (triangle). The Schottky
organic/metal junctions correspond to direct paths from the anode to
the cathode of the polymer and the fullerene, respectively. A schematic
of the band diagram (under non-equilibrium conditions) considering
the Vbi is shown in Fig. 2(b). Illumination causes a non-equilibrium
situation (quasi-Fermi level splitting) by creating electron-hole pairs.
These charge carriers can drift as caused by built-in potentials in the
junctions and reach the respective contact, or recombine at the three
junction interfaces. Non-intentional doping in organics has been at-
tributed to the energetic disorder or defect states. These states can
originate from intrinsic (covalent and non-covalent) or extrinsic defects
(caused by synthesis and device fabrication) and can be present in any
organic semiconductor (Gregg, 2009). Thus, band bending by action of
non-intentional doping will be caused at all of the three junctions.

Further, on the basis of classical solid state semiconductor device
theory, the Vbi at the junctions is given by the difference in work
function of the materials and corresponds to band bending at the
polymer-cathode (i), polymer-fullerene (ii) and fullerene-anode inter-
faces (iii). In thermal equilibrium, at polymer-fullerene heterojunction,
the barrier height (Φb) is given by Vbi and the energetic difference be-
tween the lower doping semiconductor transport band and its Fermi
level. It will be detailed later for our P3HT:PCBM system. Under non-
equilibrium conditions, i. e. under illumination and at certain applied
voltages (Vapplied) below Vbi, charge carriers drift to the respective
electrodes due to the built-in potential in all junctions (electrons to the
cathode and holes to the anode, as indicated in Fig. 2(b). Under Voc

conditions, ideally, all charge carriers recombine at one of the device
junctions only.

The current through the entire circuit (Fig. 1) corresponds to the
sum of the current contributions from each branch. The dominant
contribution of one branch to the total current manifests itself in a
single slope at intermediate voltage (diode region) in semi-log dark J-V
characteristics. We observe a single slope in the intermediate voltage
region (0.3 V < V < 0.60 V in this work, see Fig. 1), indicating the
predominance of one junction at room temperature (Waldauf et al.,
2006). In case of significant additional recombination mechanisms,
regions with different slopes leading to ideality factors even higher than
two are also observed within the same voltage region (Hawks et al.,
2014). Considering that the open circuit voltage condition at 1 sun is
reached in the diode region, and if the J-V characteristics of a solar cell
obey the superposition principle, one expects that the recombination
mechanisms resulting in J0 will be similar under dark and illuminated
conditions (Lindholm et al., 1979). This is because the photogenerated
current is predominantly independent of the applied voltage, and the
dark diode current is not affected by illumination. Therefore, the total
current in the cell under illumination can be modeled by Eq. (1) shifted
to the fourth quadrant by Jsc. One simple way to corroborate this ap-
proach is first to verify a reasonably high FF (∼>0.6) in the device
which is an indication of a weak dependence of the photocurrent on the
voltage. To verify that the dark current is not affected by illumination,
dark and illuminated J-V characteristics are superimposed to confirm
the overlap of both curves at voltages higher than Vbi. This Vbi value is
obtained when photocurrent becomes zero (Waldauf et al., 2006) and
corresponds to the point where the curve under illumination superposes
the dark J-V curve beyond Voc (see Fig. 1). Since a high potential drop
over Rs can lead to an overestimation of the Vbi value (Street et al.,
2011), we calculate the distribution of the applied voltage within the
device determined by one branch of the equivalent circuit in dark
conditions (Kanicki, 1992). Fig. 3 shows the voltage drop at the junc-
tion and at the resistance as a function of the applied voltage. One can
note that at Vbi, the voltage at the resistance, amounts to 6% of the
applied voltage. In addition, as expected from the superposition prin-
ciple, a steep slope of the photocurrent at the crossing of the voltage
axis is observed (see inset of Fig. 3), characteristic of low series re-
sistance values (Street et al., 2011). These calculations demonstrate that
the potential drop over Rs can be reasonably neglected in the Vbi esti-
mation. Certainly, superposition is an ideal limit case since all the
junctions in real devices possess an associated series resistance which
can increase with the sample thickness (Cheyns et al., 2008).

Typically, a high FF correlates with both a Voc value close to Vbi and
n approaching 1 (Guo et al., 2013), since additional recombination
mechanisms have a low impact on Voc. This is consistent with the
flatness of the quasi-Fermi level at the depletion zone. Further, our
samples exhibit a relatively high FF, and a good overlap between the

Fig. 2a. Schematic transversal view of an OBHJ solar cell. The three junctions
in the system are: (i) the internally distributed polymer/fullerene heterojunc-
tion (circle), (ii) the polymer/cathode junction (square), and (iii) the fullerene/
anode junction (triangle).

Fig. 2b. Schematic of the junction band diagrams at Vapplied < Vbi and illumination condition. The barrier height, the charge carrier collection and the recombination
are indicated at the polymer/cathode junction (i), the polymer/fullerene heterojunction (ii), and the fullerene/anode junction (iii).
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dark and light J-V curves is observed after reaching Vbi. Next, we fit the
dark J-V curve using Eq. (1). To avoid inconsistencies in the parameter
extraction, J0 and n were first calculated from the intersection and from
the slope of the linear diode region (see Fig. 1), respectively. The
contributions of Rp and Rs dominate in the low (0 V < V < 0.3 V) and
high (0.67 V < V < 1V) voltage regions, respectively. The values of
the extracted parameters were found to be J0=3.08× 10−10 A cm−2,
n=1.4, Rp=9×105Ω cm2, Rs=4.59Ω cm2.

Here, we used Eq. (3) to verify that in the case of ohmic contacts,
recombination at the internal donor-acceptor heterojunction dominates
and that the recombination mechanism determining J0 is the same
under dark and illumination conditions. For this purpose, we first cal-
culated Φb using Eq. (3) and compared the result to values from lit-
erature, specifically to the activation energy (0.93 eV (Waldauf et al.,
2006), 1.07 eV (Foertig et al., 2012) for charge recombination at the
heterojunction obtained by temperature-dependent J0 analysis, and to
an ECT value of 1.08 eV determined by external quantum efficiency
characteristics (Vandewal et al., 2008). From our data we obtained a
Φb= 0.98 eV. Second, a value for J0 under illumination was calculated
using Φb (determined from the illuminated solar cell parameters and
using the dark n which is independent of J0 in the parameter extraction
procedure) and Eq (2). J0 is found to be 3.84× 10−10 mA cm−2 which
is comparable to the value of 3.08× 10−10 mA cm−2 extracted from
the dark J-V characteristics. The good agreement between these values
confirms both, the dominance of interface recombination at the internal
donor-acceptor abrupt junction resulting in J0 in the case of an ohmic
cathode, and J0 being the same under dark and illumination conditions
considering that n is extracted in dark.

To further verify the above results, we calculated the activation
energy of J0 from temperature dependent J-V characteristics. Operation
temperatures above room temperature, i. e., for which charge collection
is relatively constant (Hörmann et al., 2013; Riedel et al., 2005) were
analyzed. For a non-ideal mechanism which corresponds to the case
studied here, the typical method to determine the activation energy
from a J0 temperature analysis considering n is using an Arrhenius
modified curve, i. e., considering the product n*J0 instead of simply J0
(Archer and Green, 2015; Hörmann et al., 2013). This curve for the
P3HT:PCBM device is shown in Fig. 4. The origin of n values higher
than one will be discussed later. Consistently, we find that the obtained
barrier, 0.96 eV, corresponds to the one calculated above using Eq. (3)
yielding 0.98 eV.

Variations in n have been related to the morphology of the blend
(Waldauf et al., 2006). It has already been shown that Eq. (3) is valid
for devices with n values between 1 and 2 (Nolasco et al., 2014). In thin

film solar cells, in general, the origin of additional recombination de-
termining n has been attributed to recombination within the bulk space
charge region or at the heterojunction interface region. In the space
charge region, it has been described by the Shockley-Read-Hall (SRH)
mechanism along with tunneling (Rau et al., 2000) or simply by SRH
recombination (Hawks et al., 2014; Blakesley and Neher, 2011).
Meanwhile n has been described at the interface by tunneling enhanced
interface recombination (Rau et al., 2000). These mechanisms consider
a distribution of localized states. The temperature analysis of J0 in bi-
layer organic solar cells (Nolasco et al., 2010) and in the present work
are consistent with tunneling enhanced interface recombination to de-
fine the origin of the n values.

Taking into account that, in the second term of Eq. (3), the linear
temperature dependence dominates the logarithmic one, the typical
linear dependence of Voc on temperatures close to room temperature in
OBHJ (Gélinas et al., 2014; Riedel et al., 2005, 2004; Garcia-Belmonte,
2010) is well predicted. This equation also describes the well-known
linear relation between Voc and the logarithm of the light intensity
(Riedel et al., 2004). A third method to calculate Φb consists in extra-
polating the linear region of Voc versus temperature to T= 0, yielding
n *Φb. Thus, according to Eq. (3), Voc does not reach values of n *Φb

completely for temperatures above 0. This agrees with the ZnPc:C60

system with ideality factors approaching one (Widmer et al., 2013).
Less ideal systems, e. g., those with relatively high ideality factors
(approaching to 2) and low FF (at room temperature), have shown a
change in the slope in the Voc versus T characteristics below room
temperature (Hörmann et al., 2013; Riedel et al., 2005; Koster et al.,
2005) which is not predicted by Eq. (3) if n is extracted in dark. Ad-
ditionally, a saturation effect that can shift to relatively high tem-
peratures and that depends on the light intensity (Vandewal et al.,
2010; Rauh et al., 2011) along with an increment of the ideality factor
(Hörmann et al., 2013; Riedel et al., 2005) and an increment of col-
lection losses (Riedel et al., 2004) has been observed in such systems at
low temperatures. Thus, in this case, the linear region above room
temperature and 1 sun conditions should be considered to extract Φb. In
addition, the Voc saturation effect at low temperatures in OBHJs has
been attributed to the Vbi caused by the contacts (Rauh et al., 2011).

In summary, the above result indicates majority carrier re-
combination occurring at the heterojunction barrier being the dominant
recombination mechanism.

Fig. 3. Voltage drop of diode and series resistance as a function of applied
voltage. At Vbi the drop due to the resistance amounts to 6% of the total applied
voltage. Inset: Normalized photocurrent exhibits a steep slope around the Vbi.
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Fig. 4. Corrected (open symbols) Arrhenius plot of J0. The activation energy is
calculated by fitting Eq. (2) (line) considering the correction of n. Inset: Ex-
perimental (open circles) and modeled J-V characteristics (solid lines) of
P3HT:PCBM solar cells in dark at different temperatures.
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4.2. Capacitance-voltage characteristics analysis

We applied C-V measurements to verify that Φb, which up to now
has just been considered in context of flat bands at the interface het-
erojunction in OBHJ in literature (Perez et al., 2009; Potscavage et al.,
2008; Waldauf et al., 2006), is related to the electrostatics of the system
in thermal equilibrium as expected from thermionic emission theory.

The experimental C-V curve is displayed in Fig. 5. As previously
observed in bilayer organic and in OBHJ solar cells (Ecker et al., 2011;
Nolasco et al., 2010), the curve exhibits two regions with different
slopes. Region I at medium positive voltage (diode region) has been
attributed to a SCR in the P3HT absorber. The non-saturated region,
observed at negative voltage (Region II), has been assigned to a SCR in
the PCBM absorber (Ecker et al., 2011). The typical observation of such
a non-saturated region in inorganic heterojunction solar cells led to its
modeling (Chopra and Das, 1983). In the present case, Region II is
observed when the P3HT layer is fully depleted (around 0 V). A sketch
of the fully depleted P3HT phase in equilibrium is included as inset in
Fig. 5. Vbi, the charge concentration NP3HT in the P3HT layer, and that
in the PCBM layer (NPCBM) were extracted as indicated in Refs. Ecker
et al. (2011) and Nolasco et al. (2010); see also the Supplementary
information. The obtained values are NP3HT=1.6× 1016 cm−3;
NPCBM=1×1018 cm−3, and Vbi=0.68 V, which is consistent with a
(p-n++) abrupt heterojunction. The values for the charge carrier con-
centration in P3HT and in fullerene agree with those reported for
single-layer devices (Carr and Chaudhary, 2013) and bilayer hetero-
junctions (Nolasco et al., 2010), respectively, being extracted from
capacitance measurements. The P3HT charge concentration is also in
agreement with results from charge extraction methods (Rauh et al.,
2011), the consistency of the PCBM charge carrier concentration with
those got from other methods will be demonstrated below. Vbi is in
agreement with the value obtained from the J-V characteristics
(0.67 eV, see Fig. 1), confirming that Vbi extracted from the C-V char-
acteristics is determined by the internal donor-acceptor heterojunction. The
differential capacitance technique can be used independently of the
geometry of the junction interface. Using Schottky junctions, Goodman
(1963) showed that geometric variations of the surface area in the order
of magnitude of the SCR width result in parabolic shapes of the C-V
curves. In this case, it is not possible to simply calculate the charge
concentration from the linear section of the C-V characteristics. Thus,
the linear behavior observed in the regions I and II indicates that shape
variations of the distributed donor-acceptor heterojunction interface
are significantly smaller than the SCR width of such regions, and that
the planar approximation can be used.

4.3. C-V characteristics and numerical simulations of the heterojunction
band diagram

The extracted charge concentration and material energetics, taken
from values in literature, (LUMOP3HT=3.3 eV, HOMOP3HT=5.2 eV,
εP3HT= 3, LUMOPCBM=4.05 eV, HOMOPCBM=5.87 eV, εPCBM=2.4)
(Khelifi et al., 2011; Kim et al., 2006; Xu et al., 2009) were used to
simulate the C-V characteristics of a planar heterojunction using a nu-
merical heterojunction semiconductor software (AFORST-HET)
(Schmidt et al., 2007). The simulated characteristics (solid line) in
Fig. 5 show a good agreement with the experimental characteristics
based on an effective layer thicknesses of 90 nm and 25 nm for P3HT
and PCBM, respectively. The P3HT thickness is comparable to the
thickness of the active layer (∼100 nm) and the PCBM layer thickness
corresponds to the size of the PCBM domains (∼20 nm) (Hoppe and
Sariciftci, 2006). This result also indicates that the vertical junctions
(polymer/fullerene and polymer/cathode) in Figs. 2 determine the SCR
regions due to direct paths from the anode to the cathode of the
polymer, and not of the fullerene, are formed. Note that it has been
observed that region II in the C-V characteristics is sensitive to the
concentration of PCBM in the blend (Boix and Garcia-Belmonte, 2009),
presumably due to an increment in PCBM domain size, which agrees
with the bilayer heterojunction approach. Note also that in thin film
solar cells, it has been demonstrated that the depletion approximation
holds at positive voltages (Chopra and Das, 1983). This is verified here
by simulating C-V characteristics of the heterojunction with different
donor layer thickness using the material parameters given above. The
simulations are shown in Fig. 6. As expected, due to the dependence of
the SCR on the applied potential, the same slope at both positive and
negative voltages is observed for all thicknesses using a mobility of
0.01 cm2/V s (Hawks et al., 2014). We note that as long as the absorber
is totally depleted at V=0V, the C-V characteristics are independent of
carrier mobility which is consistent with the negligible effect of Rs on
Vbi. Thicker samples along with low mobility materials would result in a
high Rs affecting the C-V characteristics, therefore requiring further
data correction (Straub et al., 2005).

We calculated a band diagram to facilitate the analysis of the het-
erojunction using the material properties from the modeling of the
experimental C-V measurements and AFORST-HET. The charge carrier
concentrations having been extracted from C-V characteristics and at-
tributed to localized states associated to energetic disorder (Hawks
et al., 2014; Ripolles et al., 2013; Blakesley and Neher, 2011) can be
introduced to the simulator as effective doping densities to calculate the

Fig. 5. Experimental (symbol) and simulated (line) capacitance-voltage char-
acteristics of the P3HT:PCBM solar cell. Inset: A sketch of the fully depleted
P3HT phase (hatch patter) in equilibrium.

Fig. 6. Simulated capacitance-voltage characteristics of the P3HT/PCBM het-
erojunction for different P3HT thicknesses. The validity of the depletion ap-
proximation at positive voltage for the determination of the charge carrier
concentration is verified with simulation. The same slope at Region I for all the
characteristics can be noted.
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heterojunction electrostatics (Liu et al., 2008; Gregg, 2009). The cal-
culation essentially consists of solving the Poisson equation for the
heterojunction. The corresponding diagram is shown in Fig. 7. The
parameters used for the diagram describe potential energies, most of
them are given/assumed relative to certain energy levels but some with
regard the vacuum level (this is the level at which the charge carries do
not experience any forces from the materials). Specifically, LUMOA,
LUMOD HOMOA, HOMOD Wfa, and Wfd (the latter levels correspond to
the work functions of the acceptor and the donor, respectively) are
given with regard to the vacuum level. Meanwhile, Δc, Δv, Φb, Vbi, Δa

and Δd values are given relative to LUMOA, HOMOD, Wfa, and Wfd,
respectively. In thermal equilibrium, Fermi level aligment occurs (in
green in Fig. 7) and the value of the vacuum level changes since the
HOMO and LUMO levels must keep constant. This vacuum level var-
iation corresponds to Vbi which is determined by the difference between
the work functions of the materials. These work functions correspond to
the energies required to release charge carriers from the Fermi level to
the vacuum level and depend on the non-intentional dopants’ con-
centrations in the materials. The LUMO and HOMO level discontinuities
(Δc and Δv, where Δc= |LUMOA− LUMOD| and
Δv= |HOMOA−HOMOD|) as well as Vbi are the relevant parameters to
drive the charge carriers to their corresponding electrode at the het-
erojunction (see Fig. 2b).

According to thermionic emission theory, Φb is given by the dif-
ference between the Fermi level of the metal and the majority carrier
band in the junction. In thermal equilibrium, Φb equals to the sum of q
Vbi and Δd, where Δd is the difference between the edge of the majority
carrier band and the Fermi level of the semiconductor. In a semi-
conductor/semiconductor junction, a potential barrier is formed in the
material with the significantly lower charge concentration. In the case
of a polymer/fullerene junction, the barrier height in equilibrium
would correspond to the sum of q·Vbi and Δd in the polymer (donor), as
indicated in Fig. 7. Δd can be obtained using the well-known Boltzmann
expression, i. e., Δd= kT * In (Nc/NP3HT), where Nc is the effective
density of states in the valence band. Applying NP3HT and Vbi from C-V
characteristics, Nc= 1×1021 cm−3, Φb= 0.96 eV (q·Vbi=0.68 eV,
Δd= 0.28 eV) were obtained. The good agreement between this barrier
value and the one derived from the J-V analysis (0.98 eV) demonstrates the
barrier to be related to the heterojunction electrostatics, as expected from the
theory. This result is consistent with our previous analysis on a planar
heterojunction (Nolasco et al., 2010). Δa indicated in Fig. 7, related to
the charge concentration in the fullerene (acceptor), was calculated by
Δa= kT * In (Nc/NPCBM), yielding Δa= 0.18 eV. From the band dia-
gram, the work function of the fullerene Wfa was determined as
Wfa=HOMOD−Φb. Using the literature value of HOMOD (5.2 eV (Kim

et al., 2006) and Φb, we end up with Wfa= 4.23 eV. This value agrees
with that determined by ultraviolet photoelectron spectroscopy (UPS,
4.3 eV (Xu et al., 2009). Δa lies also within the range of energies
(0.045 eV−0.184 eV) found for PCBM using thermally stimulated cur-
rent (Credgington and Durrant, 2012; Schafferhans et al., 2011). This
confirms the consistency of the PCBM charge concentration obtained by
capacitance characteristics. Note that all the HOMO values from lit-
erature considered in this study were obtained by cyclic voltammetry,
and that the values calculated by UPS correspond to the Fermi level of
the respective material (Cahen and Kahn, 2003).

We will now focus on Voc losses and their relation with Vbi. From the
diagram, we obtain EDA= q·Vbi+ Δd+ Δa. Assuming that Vbi corre-
sponds to the maximum value of Voc at 1 sun condition, the difference
between these values, denoted by Δe/q, amounts to 0.08 V. Inserting Δe

and considering that Δd and Δa do not change under illumination
(consistent with devices obeying the superposition principle) the latter
relationship can be rewritten as

− = + +VE q· Δ Δ Δ ,ocDA d a e (4)

which yields 0.54 eV. This value agrees with the typical Voc losses in
organic solar cells (∼0.55 eV (Vandewal et al., 2014; Widmer et al.,
2013). We can also quantify Voc losses in terms of the absorber band gap
(EG-A) by using EDA=EG-A− ΔC from the diagram, where ΔC is the
difference of LUMO values in the heterojunction. Thus, taking the
corresponding ΔC value (0.75 eV), EG-A− q·Voc=1.36 eV is obtained,
which is also in agreement with the ranges reported in literature (from
0.7 to more than 1.1 eV (Graham et al., 2013). Moreover, considering
the Fermi level of the fullerene to be approximately equal to its LUMO
level (Scharber et al., 2006), EDA− q·Voc amounts to 0.36 eV which
corresponds to a factor of 0.30, as proposed by Brabec et al. (2001). Eq.
(4) agrees with Voc predictions made by Poelking et al. (2015), but here,
we consider the macroscopic band bending in the cells. From Eq. (4), a
reduction of Voc losses by lowering Δd, Δa, and Δe can be envisaged.
However, to increase the efficiency of the cell, Δd should have an op-
timum value, since small Δd values resulting in a width of SCR lower
than the device thickness can significantly reduce charge collection and
consequently the FF and the JSC values of the device (Deledalle et al.,
2015).

Specifically, Vbi should be optimized having in mind that this
parameter corresponds to the maximum Voc without charge extraction
losses, and the maximum Vbi is determined by a total depletion condi-
tion in the lowest non-intentional doping material which in turns de-
pends on its dopant concentration. Thus, there is a competing effect: on
the one hand Vbi should be maximized by increasing NP3HT according to
the following general equation, Vbi=Wfd−Wfa, where
Wfd=HOMOP3HT− Δd, and Δd= kT * In (Nc/NP3HT); however, on the
other hand, is an inverse relation between NP3HT and the SCR width that
has to be taken into account (the respective equation is included in the
Supplementary information). For the here studied system, our simula-
tions indicate a highest value of Nc= 2.8× 1016 cm−3 for the P3HT
phase to be totally depleted, which implies a Δd= 0.27 eV that will in
turn correspond to a maximum Vbi=0.7 V. The agreement of this value
and the experimental one (0.68 V) can explain the relatively high col-
lection efficiency of the P3HT:PCBM system.

Moreover, note that Voc cannot exceed Vbi in case of non-selective
contacts, and that Voc can be higher than Vbi at certain illumination
conditions higher than 1 sun in case of selective contacts. However, at
this condition Vbi is zero, thus recombination increases yielding a low
FF. The condition Voc > Vbi can occur even at 1 sun and room tem-
perature in devices with poor performance i. e. with high ideality fac-
tors and low FF. Thus, the collection efficiency of such devices increases
at lower illumination. Note that although one of the materials is totally
depleted the theory used in this work can be applied. In this case, a
variation of the depleted layer thickness modifies the electric field
which can affect charge collection (Izawa et al., 2018). In addition, the
depletion zone depends on physical conditions, e.g. at illuminations

Fig. 7. Simulated band diagram of the P3HT/PCBM heterojunction in the OBHJ
solar cell in thermal equilibrium.
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close to 1 sun the semiconductor is not totally depleted anymore, thus
charge collection is affected. These results demonstrate that funda-
mental limitations in Voc can be identified by considering internal
donor-acceptor heterojunction electrostatics, i.e., Vbi.

4.4. Generalization of the Voc model

In order to verify the generality of the analysis presented in this
work, Φb was calculated for both OBHJ and organic planar hetero-
junction solar cells with ohmic contacts using. The solar cell materials
and weight ratio or layers thickness are specified in Table 1. The ex-
perimental parameters such as Voc, Jsc, J0, and n, for the OBHJ devices
were taken from Ref. Vandewal et al. (2009) and its Supplementary
information. The planar heterojunction parameters were taken from
Refs. Nolasco et al. (2010) and Hörmann et al. (2013). All calculations
were performed for room temperature. Φb calculated using Eq. (3) is
compared with the difference between HOMOD and Wfa (4.23 eV). The
HOMOD energy for each polymer or small molecule was taken from
Refs. Hellstrӧm et al. (2009), Thompson and Frechet (2008), Li et al.
(2010), Tang et al. (2006), Choi et al. (2013). The calculated barriers
and the numerical values employed in the calculations are listed in
Table 1. We note the good agreement between the Φb values predicted
by Eq. (3) and the energy difference HOMOD−Wfa. The largest de-
viation of Φb from the latter energy difference amounts to 0.06 eV. This
deviation is in the range of typical experimental error variations
(0.1 eV) (Hörmann et al., 2013) and in the range of possible room
temperature variations during the electrical characterization. The latter
considers that a variation in temperature of± 10 °C in Eq. (3) results in
a Φb variation of± 0.06 eV. These results support the generality of the
present study. The analyzed results are certainly not world records in
efficiency; however, the low ideality factors of the devices indicate that
they are relatively efficient.

We demonstrate that Voc can be predicted if the electrostatic picture
of the solar cell is quantitatively understood. On this basis, at Voc

conditions recombination effectively occurs at energies between Δd and
Δa. Thus, dissociation of charge carriers at Voc via release of charge
carriers from localized to delocalized states take place. Δd and Δa are
consistent with the Meyer-Neldel rule arising from the filling of loca-
lized states until the equilibrium is reach as observed in organic tran-
sistors under dark conditions (von Hauff and Parisi, 2006; Fishchuk
et al., 2014). Δa (0.18 eV) is in agreement with the electrostatic energy
arising from charge separation in fullerene aggregates (0.2 eV), calcu-
lated by Gelinas et al. (Gélinas et al., 2014) using ultrafast spectroscopy
on OBHJ solar cells. This picture is also consistent with the charge re-
laxation to the ECT state before separation occurs, as proposed by
Vandewal et al. (2014) and with the observed good correlation between
ECT and Voc in fullerene based solar cells (Benduhn et al., 2017).

The present study raises the question of why the fullerene phase is
non-intentionally heavily doped with regard to the non-intentionally
doped polymer. This could be due to the deeper covalent intrinsic de-
fects that generally exist in polymers (Gregg, 2009). This phenomenon
implies that the Fermi level comes closer to the corresponding transport
band in the fullerene only what will lead in turn to a higher non-in-
tentional doping effect. Finally, the evidence of defect states brings us

to infer that, at open-circuit conditions, charge non-radiative re-
combination of the charge carriers predominantly occurs through the
ranges of the energies Δd and Δa; and that Φb corresponds to the so-
called lowest radiative recombination transition ECT (Hörmann et al.,
2013). Thus, all facts together indicate that Voc is limited by Vbi. Hence, to
improve the solar cell efficiency, Vbi should be increased as long as the
condition of fully depletion in the material with the lowest doping con-
centration is met.

4.5. Understanding selective and non-selective contacts on the basis of
junctions’ band bending

Finally, we address the question how the dependence of Voc on the
work function of the device contacts can be understood based on our
present analysis. Previously, we demonstrated that majority carrier
recombination takes place at the potential barrier formed at the
Schottky polymer/cathode junction in OBHJ cells in the case of non-
ohmic cathodes, and that this recombination limits Voc (Nolasco et al.,
2014). It has been found that independent of fabrication treatments and
the nature of the contact, direct paths of the polymer phase from the
anode to the cathode are formed (Campoy-Quiles et al., 2008). Thus, it
is expected that such a polymer/cathode barrier is formed in devices
with ohmic contacts, since it is a prerequisite for charge selectivity
(Steim et al., 2010). However, since an ohmic contact (fullerene/
cathode) is formed when the work function of the cathode material
(Wfc) is lower or equal to LUMOA, the interface barrier at the polymer/
cathode junction is higher than the barrier at the heterojunction. More
precisely, for an ohmic contact, HOMOD−Wfc > HOMOD− LUMOD

holds. Thus, we conclude that this situation results in the suppression of
majority carrier recombination at the polymer/cathode interface contact
under Voc conditions, since now the recombination of charge carriers at the
internal donor-acceptor herojunction interface barrier, which is the lowest
barrier in the system, dominates. Further, the formation of a Schottky
barrier at metal/fullerene interfaces given by the difference between
the LUMOA and the metal is well demonstrated (Yang et al., 2013).
Devices whose Voc is limited by the contact barriers typically possess
relatively low Voc values which result in lower efficiencies (Sze and Ng,
1979). Voc limited by the anode was observed when a high concentra-
tion of fullerene is used in the blend (Zhang et al., 2011; Yang et al.,
2014), and in small-molecule donor OBHJ solar cells (Tress et al.,
2013). These facts indicate that losses in Voc caused by recombination at
the barrier in the fullerene/anode junction become possible when direct
paths of fullerene from the anode to the cathode are formed. Thus, we
infer that Eq. (3) can predict Voc when majority carrier recombination
predominates at any interface barrier. In this situation Φb corresponds
to the lowest potential barrier in the system, which ultimately de-
termines Vbi. This picture can also explain fundamental differences in
Voc observed between OBHJ and bilayer devices (Uhrich et al., 2008),
as the hole transport layer in OBHJ determines Vbi at the anode/full-
erene junction. Thus, the three junction model (Snaith et al., 2004) and
considering band bending can explain the physical limitation of the Voc

based on the energy levels of the materials. This Voc contact selectivity
rule was initially described in terms of intrinsic semiconductors (Tress
et al., 2013; Uhrich et al., 2008). We show that it is possible to

Table 1
Energy values of the ideal barrier obtained by Eq. (3) versus calculated values by the difference HOMOD−Wfa (4.23 eV (Xu et al., 2009) using literature data for five
solar cells with different polymers and small molecules as donors. Voc, Jsc, n, HOMOD, and the weight ratio of the blends used for the solar cells are listed (Vandewal
et al., 2009; Nolasco et al., 2010; Hörmann et al., 2013).

Device Eq. (3) Φb(eV) Diff. Φb(eV) V0C (V) Jsc (mA·cm−2) n HOMOD (eV)/Literature Weight ratio (upper four)/Thicknesses (lower two)

LPPP5:PCBM 1 1.03 0.73 4.5 1.53 5.3 Hellstrӧm et al. (2009) (1:3)
MDMO:PCBM 1.1 1.14 0.83 3.4 1.45 5.4 Thompson and Frechet (2008) (1:4)
APFO3:PCBM 1.2 1.21 1.02 4.5 1.56 5.5 Li et al. (2010) (1:4)
Pc/C60 0.85 0.91 0.45 5.6 1.6 5.1 Tang et al. (2006) 40 nm/30 nm
6T/C60 0.82 0.87 0.41 2.3 1.7 5.1 Choi et al. (2013) 40 nm/80 nm
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understand such a rule by considering Fermi level alignment of the non-
intentionally doped semiconductors in the three OBHJ junctions in-
cluding the internal donor-acceptor heterojuntion which corresponds to
an abrupt (p-n++) heterojunction.

5. Conclusions

In summary, combining experimental J-V and C-V data with ana-
lytical and numerical modeling we demonstrated that Voc in OBHJ ef-
ficient devices using non-intentionally doped semiconductors and
ohmic contacts can be determined from the device electrostatics,
therefore implying that Voc is ultimately limited by the built-in potential
at an internal donor/acceptor abrupt (p-n++) heterojunction. This
agrees with the band bending phenomena observed in junctions in-
volving organic semiconductors. The generality of our findings is con-
firmed by using our solar cells and standard devices reported in lit-
erature with different materials. We also showed that the dependence of
Voc on the OBHJ device contacts, initially described in terms of intrinsic
semiconductors, can be understood by considering the Fermi level
alignment of the semiconductors at the abrupt heterojunction and at the
Schottky junctions formed by the device contacts.
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