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ABSTRACT: The interpretation of voltage, photovoltage, and photocurrent in poly-
mer/fullerene bulk heterojunction (BHJ) solar cells is discussed in terms of fundamental
device models and results of capacitance spectroscopy. First we establish the relationship
between the applied voltage (which is the difference of Fermi levels) and the variation of
electrostatic potential that governs the drift field. We then show the most common
distribution of carriers and Fermi levels in the blend layer, supported on experimental
results of impedance spectroscopy of P3HT:PCBM solar cells. We arrive at the
conclusion that charge separation and charge transportation has very little to do with
a built-in electric field between metal contacts, while kinetics plays a major role in
photocurrent production. Finally, we discuss the key factors relevant to understand
device properties and power conversion efficiencies of the BHJ solar cells: recombina-
tion, charge generation, and the current—potential curve, based on the suggested model
that emphasizes mobile electrons and holes (that we term quasifree carriers) contribut-
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Fullerene

ing to the respective Fermi levels.

Solar cells based on a combination of two energetically offset
organic materials that donate and accept photogenerated
electrons have been investigated for more than two decades’
and presently constitute a viable device for the production of
electricity from sunlight. A widely investigated configuration of
the organic solar cell is the bulk heterojunction (BHJ) device,
which consists of a blend of an electron acceptor, usually a
fullerene that is funcionalized to improve the morphology and
processing, and a light absorbing polymer that is also a good hole
transporter. The two phases in the blend form small aggregates of
the order of several nanometers, to facilitate rapid charge separation
of electron and holes. Furthermore, each phase should be con-
tinuously connected for the transport of the respective charge
carrier to separate electrodes. A widely studied BH]J device is the
mixture poly(3-hexylthiophene):1-(3-methoxycarbonyl)propyl-
1-phenyl[6,6]Cg;, (P3HT:PCBM), that when optimized, reaches
a power conversion efficiency (PCE) of about 5% at 1 sun
(AMLSG irradiation with total power of 100 mW cm™*).>?
Recently, a new class of polymers with both lower bandgap and
lower energy levels,* in combination with fullerenes that assist
light absorption and carrier generation,6 have provided improved
PCE of 8%.

It has been established that the morphology of the blend needs
to be controlled and optimized to obtain high rates of carrier
creation and separation, and to enhance the long-term stability of
the device. However, different polymers impose different require-
ments for the conformation of the blend. Thermal annealing of
P3HT:PCBM blend enhances the efficiency,” by the formation of
both highly crystalline regions and a good connectivity.” In
contrast to these, in the PTB:PCBM [PTB = poly(thienothiophene-
benzodithiophene)] solar cells, the thermal annealing treatment
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notably decreases the PCE.® In these PTB low bandgap poly-
mers, formed with alternating ester-substituted thieno(3,4-b)-
thiophene and dialkoxyl benzodithiophene units, a high misci-
bility occurs between the polymer donor and PCBM acceptor up
to the molecular level, and larger phase aggregation only reduces
the current generation.® Similar effects occur in other polymers as
well.”

Another important question is the role and optimization of the
contacts to the blend. Since the polymer:PCBM blend is macro-
scopically homogeneous, the contacts have to be selective to
extract only one kind of carrier at each side of the active organic
layer.'® Therefore it is necessary to use a combination of a low
work function material in one side, that will extract electrons, and
a higher work function material that will make a good contact
to holes. Furthermore, one of the contacts must obviously be
optically transparent to the wavelengths that are absorbed by the
organic blend.

The dominant choice for the hole-extracting contact is indium-
doped tin oxide (ITO), covered with a thin (5—20 nm) hole-
selective layer of PEDOT:PSS, which is a conjugated polymer
formed by a mixture of two ionomers, poly(3,4-ethylenedioxythiophene)
and poly(styrenesulfonate)). NiO, a p-type conducting oxide,
also forms an efficient hole extracting layer on ITO."" A low work
function material such as Ba or Ca is evaporated on the blend
layer for electron extraction contact, but these metals are easily
oxidized and require robust encapsulation. A proposed solution
is the use of thin LiF buffer layers between the active layer and
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evaporated Al contacts. Alternatively, n-type metal oxide layers
(ZnO, TiO,) are deposited on ITO as electron collecting
contacts'>"? allowing for less unstable metals such as Ag or Au
to be used as back hole collecting electrode. In inverted config-
urations, MoOs is also used as a highly electron-blocking layer,
which prevents electrons from flowing across the anode but
favors hole injection from P3HT.' It is suggested that the
inversion of electron and hole selective contacts with respect
to spin-coating a PZHT:PCBM active layer produces differences
in operation due to vertical phase segregation.'>'>

This very brief summary already indicates that characteriza-
tion and improvement of BHJ devices, as well as the development
of test methods for fabrication, opens a large number of issues,
concerning the operation of the device, including carrier ener-
getics of the materials and their combinations, morphologies,
charge generation, recombination, and transport, toward a good
understanding of the factors controlling the photovoltage, the
photocurrent, the fill factor, and the stability of the devices.
Concepts, models, and measuring methods are essential for this.
These subjects have been widely explored in a literature that
continues to grow, but many questions are not settled. In this
Perspective, we aim to provide a critical discussion of the
methods of analysis of polymer/fullerene BHJ solar cells that
will hopefully clarify some of the main issues.

In the past decade, models to describe BHJ operation have
largely used an assumption whereby the applied voltage directly
changes the electrical field across the device. Such a field has the
function of either separating excitons into electron and hole
carriers, transporting the carriers by drift, or both. The fundamental
assumptions leading to such a model are discussed, and a very
different alternative is suggested in which the function of the applied
voltage is to raise the Fermi level of principally one of the carriers.
A detailed view of the BHJ internal operation concerning carrier
distribution, contacts, and Fermi level distribution is presented
based on the measurement of the chemical capacitance in a
standard P3HT:PCBM device. Our results point to the pre-
valence of the second model, and we suggest therefore that the
significance of the electrical field is, in many cases, quite
marginal. We finally discuss the implications of this approach,
which point to a better understanding of the recombination
mechanism, which is the key issue in cells with good charge
separation properties.

Fundamentals of a Standard BH] Model. In the Figure 1 we
show a popular model to explain the operation of a BHJ solar cell.
Let us first summarize the main content of this model, before we
discuss the details that justify this picture. The bands are tilted
due to different work functions of the metal contacts. The voltage
applied between the contacts modifies the tilt of the band and,
consequently, the electrical field across the organic layer, which
drives electron and hole carriers in opposite directions. This has
some important consequences for models of current generation
and photovoltage in BH]J solar cells (see, for example, refs 16—18).

We now see how Figure 1 emerges as well as the main
implications of this model. Figure 1a shows the separate compo-
nents of the device. First, an organic layer is shown with electron
energy level E_ (conduction band) and hole energy level E, (valence
band), which can be associated with the acceptor (lowest unoccu-
pied molecular orbital (LUMO) and donor highest occupied
molecular orbital (HOMO), respectively. The broadening of
electron and hole energy states is considered at a later stage of
the discussion. The blend layer is contacted by two metals: one
of low work function ¢. and another one of large work function ¢,.

(a) Before contacting

Acceptor LUMO .

(b) After contacting, V =0

=3
(0} s
=
& oL) £
2
3 3
o= ]
8| o o
2| E a
(c) Forward bias V <0 (d) Forward bias V < -V;*°
E., E., T -qQV E,
P .y
o \
(@]
% (2] EFp
i 8 - o
T o

(e) Reverse bias V>0

HSC
m

0 L

Figure 1. Schematic representation energy diagram of an organic layer
with an acceptor LUMO level for electrons E. and a donor HOMO level
for holes E,, and two contacts: an ESC with work function ¢. and an
HSC with work function ¢,. The contacts are considered as metals in
which the carrier energy level is at the Fermi level. All graphs use the
assumption of locked density boundary condition (LDBC), in which the
density of the carrier extracted is constant at the contact with the metal.
(a) The energies of the separate materials and (b—e) different situations
of bias voltage V (g is elementary charge) indicating the Fermi levels of
electrons (Eg,) and holes (Eg,) close to the respective contacts. In panel
b the electrical potential ¢ at the edges of the organic layer is shown.

When the system comes to equilibrium, the Fermi level must be
homogeneous, and the situation of Figure 1b is obtained.

Here, and in the rest of this Perspective, the central property of
the metal contacts is that the Fermi level accompanies the energy
level. Therefore, equalizing the Fermi levels of the metals
requires the construction of a difference of potential, which is
described by the tilt of the bands. As mentioned in the introduc-
tion, the contact may be composed of some combination of
materials, involving very thin metal oxides; that is why we refer
more generally to electron selective contact (ESC) and hole
selective contact (HSC).
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Now we need to make an important distinction. We call V the
voltage in the device, which is defined as the following quantity:

—qV = Eg(L) — Erp(0) (1)

Here q is the positive elementary charge, Eg, is the Fermi level
of electrons, Ep,, is the Fermi level of holes, and L is the thickness
of the layer. The voltage is the difference of Fermi levels at the
contacts, and we use the assumptions that with (good) contacts,
the Fermi level in the metal is the same as that at the correspon-
dent edge of the organic layer. The voltage V can be varied with
the power source,'® and by illumination, the solar cell produces a
voltage that is called the photovoltage.

Another quantity of interest is the local electrostatic potential,
@. The variation of the potential is represented in Figure 1 by the
variation of the bands. This idea can be 2put in more formal terms
with the notion of the vacuum level,>”*' but here we do not use
such explicit representation. We must clarify that Figure 1 provides,
in general, a representation of electron energies, hence the voltage is
converted to energy by product with —q. However, in Figure 1b
we show for clarity the electrical potentials at the edges of the
blend layer, and these correspond to a different scale that is
shown at the right-hand side. This is because we need to discuss
the relationship between the voltage and the variation of the
potentials, which is an important feature of any model for the
BH]J, since the electrical field Fg, at any point of the organic layer
is given by the expression

do

B = — (2)

In Figure 1, the electrical field in the organic layer, which we
call the drift field (to distinguish from possible electrical field at
the contact) is constant and has the value

where Ag is defined as the difference of potentials across the
organic layer

Awp = ¢(L) = ¢(0) (4)

Moreover, in the equilibrium situation (b), the energy differ-
ence of potentials at the boundaries of the layer coincides exactly
with the original difference of work functions. Hence we intro-
duce the built-in potential between the metals, which is the
potential difference in equilibrium across the organic layer:

_ ¢a_¢c (5)
q

Note that Vi (which is >0 in Figure 1) coincides with the
contact potential difference of the metals, and the organic layer
has no role in determining A4,

To consider the changes of voltage, we first need to distinguish
a forward voltage, that is, a negative voltage V applied to the ESC
(or a positive voltage applied to the HSC), as shown in panel
and the reverse voltage, defined as a positive voltage applied to the
ESC as in panel d (or a negative voltage applied to the HSC). In
general, the forward voltage facilitates injection toward the organic
layer and increases the number of carriers, while the reverse bias
voltage usually causes a situation of unfavorable energetics at the
contacts and tends to remove the carriers from the semiconduc-
tor. Indeed, it should be recalled that the Fermi levels (often
termed quasi-Fermi levels) are closely related with the number
of carriers that are thermalized in the respective energy level.

Vi = Aap® = ¢"(L) — ¢(0)

The probability of occupancy of the energy level E, is given by the
Fermi—Dirac distribution function f(E — Eg):

1
f(E—Egp) = 1+ eE-E/aT (6)

Here kg is Boltzmann’s constant, and T is the absolute
temperature. For the occupation of the conduction band level
we obtain

n = Nf(E. — Ega) (7)

where n is the number density of electrons and N_ is an effective
density of states (DOS). If the Fermi level of the electrons stays
below the conduction band, so that E. — Eg, > kgT(= 0.026 eV
at 300 K), eqs 6 and 7 can be described by the Bolztmann
distribution:

n = Nce(EFn — E)/ksT (8)

The forward voltage has the effect that Eg, approaches E,
increasing the number of electrons, and similar well-known
considerations and expressions can be given for hole carriers.

In Figure 1c,d,f we see a standard representation of the effect
of the voltage in the BHJ. This figure is a suitable introduction of
main concepts that uses the approximation of a constant electrical
field in all situations, and the more general case is discussed later.
By definition 1, the voltage creates a separation of Fermi levels of
the contacts. The subsequent effect according to this model is
that the tilt of the bands is reduced at forward bias and increased
at reverse bias voltage. Consequently, the drift field decreases at
forward bias and vanishes when the applied voltage equals the
built-in potential, i.e., at V,,, = Vi In this case, the bands are flat,
and the applied voltage effectively restores the situation of
Figure la. All the situations in Figure 1 are described by the
following relationship:

A = Vit + Vipp (9)

This result indicates that the applied voltage directly changes
the drift field. However, it is important to recognize that such a
picture of potential and field distribution is not a necessary
consequence of the application of voltage. In reality, all the
graphs of Figure 1 require an additional assumption, which is that
the distance between the Fermi level of the metal and the respective
band edge in the organic layer at the contacts is independent of
voltage. However, it should be recognized that this boundary
condition is very specific, and has the strong consequence that
the density of the respective carrier is fixed at the boundary, by
eq 8. For the purpose of clarity here we term this condition the
locked density boundary condition (LDBC); we mean by this that
the density of the carrier that is extracted at that boundary is fixed
at the initial equilibrium level in all conditions.

To examine the consequences of LDBC on the behavior of the
device, we also need to state what happens with the carrier that is
not extracted at one boundary. Another common assumption in
the literature of organic solar cells is that such a carrier should
also remain at equilibrium level. Hence the contact is assumed to
be a strong recombination center, and this boundary condition
(sometimes stated in terms of surface recombination velocity)
means that the less abundant (minority) carrier density at the
contact is fixed at the equilibrium level in all conditions. A
schematic view of this model that combines LDBC at both
contacts is shown in Figure 2a. (Incidentally, it should also be
noted that the abrupt drop of the Fermi level would imply a very

1952 dx.doi.org/10.1021/jz2004864 |J. Phys. Chem. Lett. 2011, 2, 1950-1964



The Journal of Physical Chemistry Letters

PERSPECTIVE

(a) Forward bias V < 0

[ N
1 -

g I Be av
2 ! EFP !
S| o _-To-- 5
©
o
w \

O O

(2] n

T w
(b)
2 p n
2 FEEEIIE
8 275

-
a__’ / \\
£ / \
' X N
0 L

Figure 2. (a) Schematic representation of the bands and Fermi levels at
forward bias voltage with the assumption of LDBCs. (b) The carrier
distribution (electron and hole densities) in the organic layer.

short diffusion length.) Figure 2 is only an approximate repre-
sentation of the device model that follows from the assumption
of LDBC. In panel b we observe that a very specific distribution of
carriers is obtained, which is very large at the extracting side and
small at the opposite edge. This distribution of carriers is just the
result of the boundary conditions.

Now the distribution of carriers can be considered in more
detail. In fact, the electrical field in the organic layer is determined
by the Poisson equation

OF _ pe

ox €&

(10)

where p. is the charge density per unit volume, ¢ is the dielectric
constant of the medium, and &, = 8.85 x 107> F m " is the
permittivity of the vacuum. Normally p, consists of a combina-
tion of free carriers, trapped carriers, and ionic charge. Equation
10 shows another condition that is used in the standard diagram
of Figure 1b. The straight bands mean that p, = 0. This is a model
for an insulator that contains no free charges. All the carriers that
sustain the electrical field lie at the contacts.

For the reverse voltage situation of Figure 1b, it is reasonable
to paint the straight bands, because the strong field withdraws all
carriers from the sample, so the diagram is self-consistent.

At forward bias, it is required that the Fermi levels separate in
the center of the device, and excess carriers must be created. To
find the carrier and field distribution, a standard set of equations
must be solved: this includes the continuity equation and drift-
diffusion equation for each carrier, a statement of the recombina-
tion model, a statement about trap and transport states, and
eq 10. Now the drift field is variable, and eq 3 is not true, but in
general we have

Agp = _/Fdr dx (11)

In addition to the mentioned set of equations, in general it is
necessary to fix the boundary conditions, and this has the
essential role to determine the relationship between voltage
and Ag.@. A widely used condition is given by eq 9, that now
allows for a bending of the bands via eq 11. The bending of the
bands is due to space—charge distribution created by the free
carriers themselves.

Therefore Figure 1¢,d, and Figure 2 are not accurate, because,
in general, the use of the Poisson equation produces a moder-
ate or strong bending of the bands at forward bias. However,
these figures are still representative of many models in the
literature because the essential feature governing these diagrams
is the LDBC, which imposes eq 9. This means that any variation
of voltage is automatically translated into a variation of A4, ¢, and
charge distributions such as those in Figure 2b appear as a result.

The Voltage-Dependent Density Boundary Condition (VDDBC).
In this paper we emphasize that boundary conditions, which
physically reflect the behavior of the carrier at the contacts, are a
central element for the understanding the operation of solar cells
and BH] solar cells in particular. The essence of this view is that
the polymer/fullerene BHJ solar cell works by kinetic selectivity,
and we may dispense it with electrical fields. Kinetic selectivity
occurs first at the nanoscale, producing electron hole separation
in the two phases from the primary excitation. This gives rise to
separate electron and hole Fermi levels, which is an incipient
photovoltage. Kinetic selectivity must also exist at the contacts,
then providing measurable photovoltage, and this also produces
a unique direction for electron flow that creates the photocurrent.

One key point to clarify this view is to determine whether eq 9
and the LDBC are generally justified or are there other options.
Note that this is a fundamental question that amounts to the
definition of the voltage in the solar cell, which is one of the basic
parameters that are measured. If eq 9 is not right, everything
changes.

Equation 9 is used historically in the models of photoconduc-
tivity in insulators. For example, in the classical model of Good-
man and Rose,*” the contacts are noninjecting for both electrons
and holes; i.e,, carriers can only be extracted from or flow out of
the photoconductor into the contacts. Sokel and Hughes™*
model sets all carrier densities to zero at the boundary.

The LDBC finds application in problems of carrier injection in
insulators, such as in organic light-emitting diodes (OLEDs). In
these systems, current is driven by strong forward bias voltage to
cause luminescence, and is usually a space—charge limited
current (SCLC). The boundary conditions in SCLC-dominated
systems pose some problems, because the carrier density in-
creases without limit at the injecting contact. One solution is to
assume that the number of carriers at the boundary is set to the
limit of the local DOS, hence the LDBC is justified in this case.”*
It is also worth pointing out that the injection rate of carriers at
the contact takes control of the device current at very high
current levels or large applied voltages. Current becomes pro-
portional to the ag)plied voltage, and departs from the space-
charge limitation.”

It should be noticed that the main reason for the use of LDBC
in the BHJ solar cell is the equilibrium picture of Figure 1. It
appears that this figure is not obtained from the necessary
physical principles but from a rather widespread belief that
requires one to visualize an electrical field that will drive electrons
and holes in separate directions as a requirement to obtain a
photocurrent. Such a belief has been held for many years in the
area of inorganic solar cells, where the pn junction is said to
realize this function. In the BHJ area, the requirement of a drift
field in the model is reinforced by the also widespread notion that
an electrical field is needed to separate excitons into electron and
hole carriers, a topic we comment on in more detail later on.

However, in general, solar cells do not require such an electrical
field. This point is further commented on in the Supporting
Information (SI), and has been explained in detail, for example,
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on page 133 of Wiirfel's book.”® The clearest case is the dye-
sensitized solar cell, in which the electron—hole pair generated in
a molecular absorber is rapidly separated into n- and p-type
conducting materials by kinetic preference that depends to a
large extent on relative positions of carrier energy levels.

The organic blend in a BHJ with a viable PCE must be a
reasonably good conductor of electrons and holes. We must
consider the possibility that such electrons and holes construct
separate equilibration conditions to the anode and cathode. A
large number of studies have addressed the formation of the
metal—organic interface. This area is too broad and complex to
attempt a minimal review here, and we refer to the literature.” It
is shown that equilibration of the Fermi levels is obtained in a few
molecular layers, often accompanied by a strong interaction of
the organic molecules on the metal that produces a local dipole at
the interface. This effective dipole layer is caused by any
inhomogeneous distribution of the charge at the surface that
may have diverse origins. As an example, surface reconstruction
involves the outward or inward displacement of surface atoms,
and electrostatic dipole layers are formed, which change the
measured affinity. As a result, the barrier between the Fermi level
of the metal and the lowest unoccupied molecular orbital
(LUMO) of the organic can depart strongly from the original
difference of work functions.*® If separate equilibria occur at the
two contacts, Figure 1b, that is, based on a global equilibration, is
not justified. Interestingly, it has also been shown that, for organic
solar cell devices formed by several doped layers, the built-in
potential corresponds to the difference of Fermi levels of the
doped layers rather than to the work function of the metal
electrodes.”

Electrons and holes construct
separate equilibration conditions to
the anode and cathode.

The next question we consider is the carrier density. We have
mentioned that an electrical field is not a necessary requirement
for photovoltaic energy conversion. What is necessary is a split of
the Fermi levels. In fact, the effect of the light must be to create
separate electrons and holes in the blended organic layer. The
increased carrier density produces the separation of Fermi levels
that drives the photocurrent and can be measured as a voltage in
the outer contacts. Therefore, in a solar cell, the density of at least
one carrier must significantly increase with respect to the
equilibrium level. For example, if the electron density increases
under illumination, the Fermi level of electrons approaches the
conduction band (see eq 8). It is then rather unclear why this
should not happen at the boundary as implied by LDBC.

A different view of the solar cell model that does not use the
LDBC is shown in Figure 3. This is again a schematic model, but
serves to introduce a number of important concepts. We start
with a doped material that contains a density of holes as indicated
by the equilibrium Fermi level Eg, being close to the valence
band in panel a. After contact, both the hole selective layer and
electron selective layer take the level of the equilibrium Fermi
level. In the case of the hole selective material, this is a rather easy
process because the energetics are similar before contacting.11 In
the case of the electron selective layer, it is evident that the
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Figure 3. Schematic representation energy diagram of a p-type organic
layer with an acceptor LUMO level for electrons E. and a donor HOMO
level for holes E, and two contacts, an ESC with work function ¢, and an
HSC with work function ¢,. The contacts are considered to be metals in
which the carrier energy level is at the Fermi level. The boundary
conditions assume that the voltage produces a modification of the Fermi
level of minority carriers (electrons) with respect to E, at the left contact,
while holes remain at equilibrium at the left contact. (a) The energies of
the separate materials and (b,c) different situations of bias voltage V' (g is
elementary charge) indicating the Fermi levels of electrons (Eg,) and
holes (Eg,).

original difference Erg — ¢, must be absorbed by a potential drop
at the interface.

The main question we need to discuss is the behavior of carrier
densities and Fermi levels upon application of forward voltage.
This is shown in Figure 3c. The basic effect of the voltage is to
produce an increase of the minority carriers (electrons), raising
their Fermi level. Note that Eg, approaches the conduction band
at the contact. In fact, the voltage V is invested totally in a
separation of the Fermi levels (how deep the separation enters
the layer depends on the recombination rate). Note the contrast
of this condition with the LDBC. We term the condition of
Figure 3c the VDDBC. This means that the potential applied in
the ESC fixes the Fermi level of electrons and their density at the
contact. We furthermore require that the contact is reversible,
meaning that such an operation condition occurs either if voltage
is applied or if electrons are placed at the organic surface. This
is then a very desirable attribute for the operation of a solar cell.
Upon illumination, the photogeneration creates a density of
electrons at the contact and consequently fixes the Fermi level.
The Fermi level at the ESC takes just this value and goes up
providing photovoltage. This interface behaves as an ohmic
contact for the electrons.

A VDDBC that equilibrates to the metal potential can be
written with a simple quantitative expression that can be used as
the boundary condition in modeling. Consider again the simple
expression of the Boltzmann statistics with respect to the local
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Fermi level (eq 8). In Figure 3 we have assumed an electro-
chemical equilibrium condition (b), hence we can set the
equilibrium concentration of electrons as

ny = NeelFro — E)/ksT (12)
Consequently, we write eq 8 as
n= noe(EFn = Ero) ks T (13)

and the required boundary condition for Figure 3c is
ng = noefqv/kBT (14)

where 7 is the concentration at the boundary.

One should carefully note that V in eq 14 is not the total
voltage applied in the device, but just the voltage that produces a
separation of Fermi levels. We term this part of the total voltage
Vk (to distinguish it from the potential drop at series resistance,
for example).***!

Another point of interest is that the concentration of the
carrier that is not extracted does not decrease abruptly at the
interface. This allows for the Fermi level to be nearly horizontal
in cases in which the diffusion length is long. Holes are simply
blocked at the right boundary and electrons at the left boundary.
This is called a reflecting boundary condition and is represented
in models by the condition that the current of the reflected carrier
is zero at the boundary. The current due to electrons can be
expressed in terms of the fundamental equation®

O
" 15
o (19)

where u,, is the mobility. Hence the reflecting boundary condi-
tion requires that the Fermi level is horizontal at the boundary.
By this condition, the density of the blocked carrier is also
variable at the boundary, for example, the electron concentration
may increase and become large provided that 9Eg,/dx = 0.

What is the physical condition of material properties that serve
to form a VDDBC whereby electron density reversibly equili-
brates with the (variable) potential at the cathode? Above we
mentioned kinetic selectivity, which is in part determined by the
energetic levels of the materials, but we must recognize that it is
difficult to specify those kinetic processes that are in many case
determined empirically. In general, the physics of the metal/
organic semiconductor interface is poorly understood. Empirical
investigation of different contacts at high injection conditions
indicates that minimizing the energy barrier to one carrier helps
make a contact ohmic to that carrier at a metal/organic semi-
conductor interface.”>* It is thus natural to use a low work
function material as the cathode on the right of Figure 3a. In
equilibrium, we require the cathode potential to go down a large
fraction of a volt, as shown in Figure 3b. When a sizable electron
density occurs in the blend, by photogeneration, the cathode
material will take the value of the Fermi level of electrons in the
organic semiconductor and will go up as in Figure 3¢, if eq 14 is
satisfied.

It is interesting to point out that cells, providing high V,. =1V,
with appropriate electron and hole selective contacts, have been
constructed, having no initial difference of work function be-
tween the metals, i.e.,, with Vi = 0.3

In Figure 4 we draw a more elaborated model that takes into
account the role of the intrinsic carriers in the organic blend
for the establishment of equilibrium. Now the potential drop
required to bring the cathode level down is partially accommodated

jn = — Ny
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Figure 4. Schematic representation energy diagram of a p-type organic
layer and ESC as the contact for the device. (a) The separate materials.
(b) In contact, the original difference of work functions is divided
between a depletion zone at the organic layer with barrier V4, and an
interfacial dipole. (c) When the flatband potential is overcome by
negative potential or by photogeneration of electrons, the electron
density at the surface increases.

in the organic. A depletion layer is formed at the surface, and the
band is not flat because it corresponds to the solution of eq 10
with p, =— qN,, with N, being the immobile defect acceptor
density. As is well-known, the solution is parabolic, and the
resulting structure is a Schottky barrier. The height of the barrier,
which is the flatband potential, is given by the difference of the
Fermi level of the blend, ¢ = Ego, and the cathode work function

Vi = Vi = [Ero — /g (16)

as shown in Figure 4b. Polarization of the junction first removes
the barrier, and at further negative potential the density of
electrons rises at the surface as in Figure 3 according to the
expression

ny = noe“l(V— Vi) / ks T (17)

It is assumed that no (accumulation) band bending is formed
close to the cathode contact after the flatband condition, since
the fullerene network is able to redistribute the electron carriers.

We point out that Figure 4b also indicates the role of a pn
junction that is used at the boundary as a selective contact in an
efficient p-doped monocrystalline silicon solar cell.*® In a dye-
sensitized solar cell, the contact corresponding to Figure 4 is a
contact between nanostructured TiO, and the transparent con-
ducting oxide. It is well established that the band bending is
rather narrow, a few nanometers thick,>® hence such band
bending is often skipped in diagrams, and Figure 3 is also a good
representation of a DSC. Further discussion of these photovol-
taic devices is provided in the SI.

Turning our attention to the BHJ, it would be useful to
establish a general rule like eq 16 so that the energetics of the
junction, and the subsequent selective properties and ohmic
behavior at forward bias, could be determined from separate
properties of the constituent materials that come into contact.
However, in contrast to the silicon pn junction, the contact of the
BH]J is a heterojunction. In addition, the studies of metal/organic
junctions>>*® show that this type of contact is extremely sensitive
to deposition conditions, impurities, and so on, and furthermore
the contacts are often formed by a combination of materials and/
or layers to improve ohmicity and selectivity.”” These effects
imply that eq 16 is modified to the more general expression

Vi, = [Ero — ¢, — Ail/q (18)

where A, is the interfacial dipole that accommodates part of the
potential drop. In situ measurement of the junctions of the BHJ
devices seems to be required, as we discuss in the following,
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Figure 5. Band structure of the P3HT:PCBM heterojunction. (a) Separate representation of the blend and the cathode metal. (b) Equilibrium after
contact (Vypp = 0). Band bending appears near the cathode (ESC), and holes can occupy HOMO states of the P3HT within the neutral region. (c)
Forward voltage lower than the flatband condition at the cathode. (d) Open circuit condition under illumination.

Carrier Distribution Based on Capacitance Measurements. We
have discussed two rather different views of the operation of BHJ
solar cells. We have identified that the physics of contacts and the
nature of the blend layer as an insulator or doped semiconductor
lead to very different pictures. What is at stake here is not only the
detail of boundary conditions to use in modeling, but rather the
role of the voltage and which aspects are critical for the operation
mechanism of BHJ solar cells. Clearly, the model of Figure 1
relies on investing the voltage in the potential difference that
controls the drift electrical field. This model emphasizes exciton
dissociation as a predominant effect in the current—potential
curves of BHJ solar cells.

On the other hand, the model of Figure 3 denies eq 9 (A4 is
not determined by the voltage; we can even have Ay, =0). We
claim therefore that BHJ solar cells, at least with the paradigmatic
combinations of materials most studied so far, work by the
separation of electron and hole carriers across the layer with
appropriate selective contacts at the edges of the layer, in an
operation model that is basically similar to crystalline silicon solar
cells and dye-sensitized solar cells. However, the specific me-
chanisms of selectivity at the minority carrier contact are indeed
quite different between these classes of solar cells. The model of
Figure 4 accommodates part of the interfacial potential difference
in a Schottky barrier. Understanding the properties of the cathode
contact appears to be a challenging aspect of the BH]J research.

At this point it should be remarked that it is fair to ask authors
of future papers on BHJ to really define what they mean by the
applied voltage, as eq 9 is not a universal requirement.

The question arises how to establish which model should be
used in BHJ modeling and discussion. One important problem to
answer this question is the great number of parameters involved
in a realistic modeling, consisting of the dozen or so equations
mentioned above. The difficulty here is that very different models
could all equally fit a series of current—potential curves.

To address this question, we have, in recent work, employed
another technique that is not so versatile with respect to models.
Measurement of impedance spectroscopy (IS) allows resolving
the capacitances and resistances in the solar cell when the device
is set at a certain condition of bias voltage and illumination. The
capacitance, if properly interpreted, is an excellent tool to provide
information about carrier distribution.

Here we do not repeat the experimental evidence that is
already summarized in previous papers; however, some repre-
sentative data are shown in the SI. We just describe in Figure 5 a
model of the internal behavior of P3HT:PCBM BH] that arises
from the mentioned studies. We refer the reader to the original
papers for the justification of this model.">*"3*

Figure Sa shows a central property of the polymer/fullerene
blend. The equilibrium Fermi level of electrons and holes is
shown close to the HOMO level of P3HT, and this means, as
stressed in Figures 3 and 4, that from the beginning we assume
that the blend is not an insulator; rather it contains hole majority
carriers, with characteristic densities (in our measurements)
of 10°°—10" em ™3, which is a significant concentration, as the
photogenerated carrier density at 1 sun can barely exceed these
numbers. The origin of these majority carriers are negatively
charged defects that cause p-doping of P3HT when exposed to
the air or moisture,>>*® or structural defects induced during
blend processing.*' The evidence for the p-doped behavior arises
from the observation of Mott—Schottky (MS) lines (C~*o< V) in
the capacitance of most samples that have been measured.'>*"*%*~#

In Figure Sb, we indicate that when the blend is contacted with
the electron extracting contact of low work function ¢, a
Schottky barrier is formed at this contact. This is the mechanism
already explained in Figure 4. A depletion zone at the blend/ES
contact is formed, which entails bending of the transporting
bands. The width of depletion zone obviously depends on the
layer thickness and the doping level, but since the thickness of
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polymer/fullerene BHJs is on the order of 100 nm, the depletion
zone can occupy a significant portion of the active layer. On the
other hand, the anode contact is regarded as an ohmic contact
because of the practical alignment between the PEDOT:PSS
HSC at the contact and P3HT HOMO levels.

The previous explanation on the formation of a depletion zone
implies that the active layer will be split into two regions: near the
cathode, band bending removes the majority carriers out from
the depletion zone, the rest forming a neutral zone.* Defect
acceptors make up a space-charge region of immobile charges in
the depletion zone, while their charge is compensated by mobile
majorities in the neutral zone. A sharp spatial step for hole
density between N, (neutral zone) and zero (depletion zone)
does not exist in reality. In practical terms, a smooth spatial
change occurs, which is related to the ability of mobiles charges to
screen the electrical field. The Debye length gives the spatial
distance needed for an effective field screening. Assuming
Boltzmann statistics, the Debye length decreases with increasing
concentration of carriers (mobile holes for the p-doped active
layer) as

LT 1/2
EE9KB
Ap = 1
D [NAQZ ] ( 9)

Most doping levels usually encountered lie within the range of
10'*—10"7 cm 3, so that one can find that Ap ranges from
approximately 20 nm down to 6 nm at 300 K, assuming & & 3 for
organic compounds. This last observation implies that charge
carriers present in dark conditions suffice to screen macroscopic
fields within neutral regions.

Now we discuss the effect of the applied voltage. At forward
bias, there are two different voltage ranges. First moderate
forward bias polarizes the Schottky barrier as in standard diodes
(see, for example, the paper by Green et al.** that depicts exactly
the same type of barrier). The band bending decreases toward
the cathode contact (see panel c). At V = —Vj, (flat-band
conditions), which is about Vg, = 0.3 — 0.5 V, the depletion
layer adjacent to the P3HT:PCBM/M contact disappears, and
the neutral, doped region extends along the whole bulk of the
organic layer. The flatband potential can be determined accu-
rately by the intercept of the MS plot.

When the forward voltage progresses beyond the flatband
condition, we find that the behavior of the capacitance changes
and shows a chemical capacitance™ that records the DOS of
electrons in the PCBM (see eq 20 below).*”** This capacitance
has been obtained by measuring the solar cell under illumination
at V,. (see Figure 4d). Here the Fermi level of electrons rises
homogeneously, and also at the contact, as stated before in
VDDBC, approaching the LUMO of the PCBM. (By contrast, in
a pn junction, the condition V = Vj, removes the contact
selectivity, and the photovoltage cannot exceed this value.)

Finally, if a reverse voltage is applied, then all the carriers are
removed from the blend region, which becomes a dielectric, and
in this case there is an overall drift electrical field. This is well
described by Figure le, and confirmed by the stabilization of
capacitance versus voltage to the constant value of the dielectric
capacitance of the blend (see the SI).

In conclusion, this model proposes that the initial Ay
consists of the Vg, indicated in eq 18. We remark that this A 4,¢?
is associated with V2" and not with Vi. Each contact has its
own equilibration, due to the starting number of electronic carriers

in the blend. The initial A4 is reduced by the applied forward
voltage. For the forward bias past the flatband of the cathode, we
suggest the simplest model consistent with the observed beha-
vior of the capacitance. Transport of either electrons and holes
has not yet been extensively studied by IS at forward bias, and
some comments on this are given in the SL

Density of States. Starting from the range of properties dis-
cussed previously, we now focus on the most important features
of the P3HT:PCBM BH]J concerning the photovoltaic perfor-
mance. We start our discussion with the behavior of the capa-
citance at voltages more negative than —Vjy,, as this is close to the
operating point of the solar cell. We have mentioned above that
in this domain of voltage we observe a chemical capacitance,

which has the expression*®* (per unit volume)
on

If there are abundant trap states that produce a density of
localized electrons ny, distributed in the DOS in the bandgap
ga(E), we must write

nL = /EE ny(E) dE (21)

v

where

n(E) = ga(E)f (E — Epn) (22)

is the number of thermalized carriers at the energy level E. In
the approximation that the occupation of electrons in localized
states begins sharply at the Fermi level (and is zero above), the
chemical capacitance gets a very simple expression:***’

anL

CtmpE — 2 L
W F(E) = q 3Er

= qgn(Ern) (23)

We thus obtain that the capacitance spectroscopy directly
records the DOS of electrons in the fullerene at the Fermi level.
This result is obtained by our IS measurements*’** and by other
groups that use different experimental approaches to the chemi-
cal capacitance.’”*" Some authors prefer to plot the total charge
density n(V), which is obtained by integration of the differential
in eq 23, which is the measured quantity. However, integration to
derive an average number of carriers in the organic layer is only
justified if the measured differential capacitance is indeed a
chemical capacitance (while not if the capacitance lies in the
domain of the Schottky barrier). This is also the reason why the
lifetime is not meaningful at low voltage.>

According to our previous discussion, we interpret that the
measurement of the capacitance scans the DOS in the fullerene,
and Figure 6 provides a representation of this model, showing
realistic. HOMO and LUMO levels of both polymer and
PCBM,>*** the measured distribution of localized states in the
PCBM, as well as a distribution of localized states that should be
present in the polymer. The LUMO in the PCBM, as well as
the HOMO in the p-type polymer, are quantities that can be
measured by electrochemical methods, and these energy levels
are identified with reduction and oxidation peaks of the molec-
ular materials. The bandgap can be determined by optical
absorption, by the onset of photoexcitation of the material as
indicated by process 1 in Figure 6. Then the measurement of the
capacitance views the localized states in the bandgap, and one
could assume that the measured DOS is a prolongation of a
broadened LUMO of the fullerene. It is appropriate to assume a
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Figure 6. Approximate energy diagram of the P3HT:PCBM hetero-
junction indicating the trap states in the bandgap of both materials, the
equilibrium Fermi level (Eg,), and the electron Fermi level at 1 sun
illumination (Eg,). The arrows show the following processes: (1) primary
photoexcitation of the polymer across the bandgap, hv = 1.85 eV;
(2) recombination of an electron in PCBM close to the Fermi level, to a
hole close to the Fermi level in the polymer; and (3) photoexcitation of
an electron close to the HOMO of the polymer, to a localized state
close to the LUMO of the PCBM, hv = 1.20 eV.

Gaussian distribution of states,* and this assumption allows
one to explain well the observed property”* that open-circuit
voltage in a BHJ solar cell is always less than the “electrical gap”
ELumo,pcem — EHoMQ,P(,lyrr,.54_56 Recent measurements includ-
ing the interfacial dipole at the organic/organic interface indicate
that the _;ap of the PCBM:P3HT blend is ~1.4 eV, while V.~
0.6 eV.>

The existence of a broad DOS is a general feature of
disordered organic semiconductors.*>>® The determination of
the DOS of the fullerene provides results that can be interpreted
as an exponential distribution or as the tail of a Gaussian: both
models are not easy to distinguish.>> In any case, it is well
established that gpcppn(E) raises exponentially from Egg to Egy, at
the highest V. values recorded at 1 sun, and this physical
property is suggested by the density of localized states depicted
in Figure 6 and is shown in Figure 7a. The MS feature mentioned
above provides a determination of the doping properties of the
blend. This enables us to distinguish whether variations of photo-
voltage between different solar cells are due to changes of the
equilibrium Fermi level, Eg,, which is our essential reference in
measurements of the photovoltage,'® or to the properties of
the DOS."

The analysis of energetics provides the fundamental back-
ground to discuss the kinetic properties of the BHJ solar cell. The
usual view, held by many (but not all) researchers in this field,
focuses on individual events starting from the photon absorption
event. An exciton, generated in the polymer, diffuses to the
interface, undergoes dissociation, forms a charge transfer bound
state (CTBS), consisting of a bound electron—hole pair of the
carriers in the separate materials; finally the CTBS dissociates
and hence the photocurrent is obtained. These ideas have
launched an enormous quantity of research on spectroscopies
of the primary and transient photoexcitation involving the excitons.*’

In contrast to this, our approach focuses on the Fermi levels of
the separate carriers. The Fermi level (or quasi-Fermi level) is a
collective property of the carriers and is strongly influenced by
the disorder in the material. Our view is clearly expressed in eq 1
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Figure 7. (a) Chemical capacitance extracted from IS of a P3HT:
PCBM-based solar cell, exhibiting an exponential dependence on V. as
Cy o< exp(0,4Voe/kpT) with o = 0.22. If an exponential tail of trapping
states is assumed to be g,(E) o< exp(E/kgTy), then a = T/ T, with T
being the characteristic temperature of the exponential distribution.
(b) Recombination resistance following Ry.. o< exp(—fqVo./ksT), with
B =0.78.

and proposes that the voltage is the difference of the Fermi
levels at the contacts. This is otherwise well-known and widely
accepted. To simplify the discussion, let us consider Eg, = Ego
fixed. Then the photovoltage depends on the number of electrons
created by the light. These electrons producing the photovoltage
are expressed in eqs 20 and 21. The electrons fill the DOS from
below. So these are not “free electrons” (or polarons) as they lie
in localized, trap states. So which electrons contribute to the
photovoltage? To answer this, we must turn to the meaning of
the Fermi level, which is calculated using Fermi—Dirac statistics.
The Fermi level (electrochemical potential) depends on the
energy of the carriers but also has an entropic term that is the
chemical potential. This means that electrons contributing to the
Fermi level can be in any of the available states in the distribution.
There must, therefore, be an easy communication between the
states that we count in the DOS. This can occur by exchange with
a common transport energy level, or simply by hopping between
localized states.”> Therefore we define quasi-free electrons as
those that can be exchanged rapidly between the distribution and
hence determine the Fermi level that is measured from the
outside. Strongly bound states of the electrons, which render
them immobile, exclude those electrons from the ensemble that
create the Fermi level.

We define quasi-free electrons as
those that can be exchanged rapidly
between the distribution and hence

determine the Fermi level that is

measured from the outside.

The photovoltage will be high if the rate of photogeneration is
large, and if recombination of electrons is low. In addition, the
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photovoltage depends on the DOS. If the DOS is small in a
certain range of energies, the photovoltage rises fast.*” Hence the
chemical capacitance in eq 20 is an important property determin-
ing V. If C, is very large, increasing the number of electrons can
be accommodated with little change of Eg,,. This is what happens
in a metal, in which the Fermi level is attached to one energy
level, as mentioned before.

In our model of the solar cell, explained schematically in
Figure 3 and in more physical detail in Figure 6, the photocurrent
is created by gradients of the Fermi levels (see eq 15). A discussion
on the detailed transport mechanisms in the polymer/fullerene
blends is beyond the scope of this paper, considering, for example,
the transport in the presence of the broad distribution of states in
the energy space. However, the intuitive idea is that accumulated
electrons and holes find an easy way out in the selective contacts.
Of course this process is competing with recombination, which is
the essential process we need to discuss.

Recombination. In this approach, which gives predominance to
the measured quantities determining the solar cell performance,
it is important to formulate the balance of carriers that ultimately
produces the current density—voltage characteristics. To de-
scribe the current density—voltage curve of a BHJ solar cell, we
may then use a simple model®'

J = Jse _erC(V) + Jeq (24>

This model is based on the ideal diode structure of Figure 3.%"
jsc is the photocurrent, j.q is a thermal generation term (that
becomes irrelevant at moderate forward voltage), and j..(V) is
the recombination current. We emphasize that in eq 24, recom-
bination is attributed to quasifree electrons and holes: those that
produce the Fermi levels. Any other recombination mechanism
(ie., geminate recombination of the CTBS) is included in the
generation term implicit in j. in eq 24, as discussed later. The
central element of this model is to determine the physical basis
for the recombination term, j,.(V), a point that has been
emphasized in some recent papers.’>**%>%3

According to the approximation of Figure 3, which takes
homogeneous Fermi levels, the recombination current density is
given by the expression*®

MZ@//MWWF%%%Wﬁ%—%H

X Vrec(Em EFru Epz EFP) dEn dEP
(23)

This equation is directly derived from the energetic model of
Figure 6. It is a count of the thermalized electrons and the
thermalized holes in their respective DOS, and the probability for
charge transfer from one kind of carrier to the other one. This is
given by v, the probability of charge-transfer events at the
organic/organic interface, i.e., for an electron at energy level E,, to
recombine with a hole at energy level E,, which is shown as
process 2 in Figure 6. Equation 25 shows, more generally, the
challenging complexity of recombination in the organic blend,
which depends on the specific DOS in both the polymer and
fullerene, their occupancy, and also on the charge transfer model
represented by V... which may consist, for example, of the
Marcus model. %+~

Equation 25 is a generalized bimolecular or nongeminate form
(in the usual terminologies that we have been avoiding here) to
the recombination process, which in its simpler version is usually

written as jyec = qLkyetp, with k.. being the macroscopic recombi-
nation rate, and n(p) being the total density of electrons (holes).

Fortunately, we have some experimental information on the
recombination term of eq 24. Let us introduce the recombination
resistance>%’

1 abrec _1
R — — <’—) (26)

A\ OV

where A is the device area. R, is a derivative of the recombination
flux and is measured directly by IS, separate from series resistance
contributions that heavily distort the voltage dependence.'>**%¢*
Representative results obtained so far in PHT:PCBM solar cells are
shown in Figure 7b, and allow one to write a very simple expression.
_“1/3_‘/]

(27)

Reec(V) = Ro exP[ T

Here f3 is a constant recombination parameter. By integration
of Ryec in eq 27, we directly show the empirical expression of the
recombination flux

jree(V) = joetV/ksT (28)

Here, jo is a constant equal to the “dark current” jq in eq 24,
and it follows that

(V) = jse — jo(ePV/BT — 1) (29)

Hence we obtain the standard diode equation, and it follows
that the recombination parameter /3 is the reciprocal of the diode
quality factor.

The main point to explain the current—voltage curve is to
understand the origin of the recombination term, both the
prefactor j, that gives the total rate, and f that determines the
voltage dependence and consequently the fill factor,*"*" in terms
of a mechanistic model as Figure 6 and eq 2S.

Equation 28 is useful as a first approximation to illustrate some
measured properties of the recombination, but it is also an
oversimplification of eq 25. In fact there is an open issue regarding
the underlying physics of recombination: Can the recombination
current be solely expressed in terms of the voltage, or is information
on the carrier density profile absolutely necessary? This question
relates to fundamental reciprocity arguments by which carrier
density is univocally determined by the voltage, regardless of the
irradiation intensity.”>”" One approach to address it may consist
of analyzing whether the illuminated solar cell performance is
related to the carrier concentration present in the same device
under forward voltage in the dark. Further investigation of the
dependencies of j,.. is then a key requirement to explain well the
performance of this type of solar cells.””

The Photocurrent. Finally, we turn our attention to the discus-
sion of the photocurrent term in eq 24. We have adopted the
assumption that, once separated, electrons and holes contribute
to the photocurrent. This requires fast transport, an assumption
that can be relaxed in more advanced models that incorporate the
roles of mobilities and morphology. Hence j,. depends basically
on the ability of the blend to produce carriers. Under illumination

with a source of photon flux ¢332 (in m ™) we have

Amax
mﬂ/anme (30)

‘min

where 775qp is the external quantum efficiency (EQE), and A,
and A, are the wavelengths where the EQE vanishes.
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Figure 8. (a) Correlation between the short-circuit current j,. and the
recombination resistance R...(V,.), extracted from IS at open-circuit
conditions at different continuous irradiation levels, and (b) comparison
of joc and jree(Voo) = jOeQﬁ Vo/ksT 4 a function V, of a standard P3HT:
PCBM-based solar cell.

Neglecting factors such as the transmittance of the glass,”
Neqe(4) must depend on the absorption coefficient of the
absorber material &, and the efficiency of charge separation
of the blend, hence

MEQE = Msep(A)Clabs (1) (31)

The detailed physical picture leading from photon absorp-
tion to photocurrent is far from clear. First we note that cells of
very high internal quantum yield have been demonstrated,* in
this case 75, ~ 1, and we should look at recombination to
improve such cells. Another question that has been widely
debated is the dependence of 77, on external variables such as
the electrical field. This means that eqs 24 and 29 are not
complete because of an additional dependence j..(V) so that
the fill factor is determined by 7, (V) as well as the recombi-
nation flux in eq 28."””* Recently it has been shown that in
some P3HT:fullerene cells the photocurrent can be correlated
with AE ymo (see Figure 6).”° This implies that charge
separation is determined by an interfacial energetic driving
force that does not require a dependence of 7, on external
voltage.

A correlation between recombination current and the
corresponding photocurrent has been shown before,”® and
here we present in Figure 8 new evidence that also points in
the same direction. We highlight in Figure 8a the correlation
between j,. and R,.(V,.), as suggested by eq 29 in the case of
a constant, voltage-independent photogeneration current,
which is entirely balanced by the recombination flux in such
a way that jg. = 0. Interestingly, it is noted in Figure 8b
that the photocurrent measured at short-circuit at different
illumination intensities equals the recombination current
calculated from the recombination resistance analysis at
open-circuit, i.e.,

jse(V = 0)Rjrec(Vie) = joePVoe/ T (32)

We observe in Figure 8a that j,. varies by more than three orders
of magnitude, for V,. ranging within 0.2—0.6 V. The photo-
generation flux is completely cancelled by the recombination
current at open circuit within this voltage range. Consequently
photogeneration can hardly be influenced by the voltage. More
specifically, if 77, and consequently photogeneration, changes
with the electrical field through the applied potential, being largely
less than unity at bias approaching V., one would expect that
jree (Voe ) <jse (V=0), in opposition to the correlation in Figure 8b.
It should be noted here that differences always less than 20%
between ji. (V = 0) and jroc (Vo) are observed which might be
related to the simplified diode equation used (eq 29) that does
not consider the series resistance effect. Another important
question is whether eq 28 is a good parametrization for carrier
recombination. Parameters /3 and j that state the recombination
current might well vary with the irradiation intensity, signaling a
light-induced change in the underlying recombination mechanisms.
As commented upon above, this issue is a matter of further
experimental research in relation to reciprocity theorems.

Role of Excitons in the BH]J Solar Cell Performance. We finish our
analysis by speculating on the effect that quasi-free carriers might
have on the physical factors governing 77,.,,. These considerations
are not based on specific experimental evidence but on general
physical properties of semiconductor devices, and aim to point
out directions of research in BHJ solar cells. Clear evidence of
excitonic effects in BHJ are not so apparent, and there is a
question as to whether this type of solar cell is not so “excitonic”
as widely thought, so that additional factors related to quasi-free
electrons and holes must be a priority of investigation.

The usual understanding of processes immediately after
generation is that necessarily an exciton is formed, which
requires diffusing to the interface. However, recently it was
pointed out that the exciton diffusion is too slow to account for
the observed electron transfer rate.”” In addition, it is often
supposed that the exciton at the interface evolves into a CTBS,
which then either recombines to the ground state or dis-
sociates into quasi-free carriers via the manifold of charge-
separated states.”’®”® The evidence for CTBS has been
mainly derived from

(a) Long wavelength absorgtion in the blend that is absent in

the pristine material.*>*" Those optical transitions at the
infrared, usually observed for excitation energies of hv =
1.1—1.2 eV, may well be also attributed to quasi-free
carrier band-to-band-like absorptions. This is indicated in
process 3 of Figure 6, and lower transitions are also
possible due to the broadened DOS.

(b) Different rate of charge generation in sets of polymer

blends for which photoluminiscence quenching is
similar.®?

The standard approach attaches great weight on the stability of
the exciton due to both long-range of the Coulomb interaction
and low dielectric constant, but the effect of a large ensemble of
quasi-free carriers has been neglected in such a view.

As introduced previously in the analysis of the depletion layer
(eq 19) quasi-free carriers have the ability of screening electrical
fields. Strong shielding of the Coulomb interaction is then

expected,® ™ which becomes a Yukawa potential governed by
the inverse (Debye) screening length86
1/2
O / (33)
o EE BEFn
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As mentioned in eq 19, for the Boltzmann statistics, the Debye
length decreases with increasing concentration of carriers:

1 8€0kBT ks
/ID =K = (34)

ng®

More generally, the inverse screening length (eq 33) corre-
lates with the chemical capacitance:

€ = [C—f} v (35)

EE

The presence of quasi-free carriers might have, therefore, a
strong influence on the rate of exciton dissociation. Simple
arguments based on Debye—Hiickel theory show®* that the
exciton binding energy decreases strongly at concentrations of
n~ 10" cm >, which is the carrier density that we found under
steady-state illumination in several BHJ solar cells. Indeed, in a
crude estimate, we find that if the spatial extent of the exciton is
d =10 nm, then one quasi-free carrier is found in the sphere of the
exciton if the density of carriers is larger than n. = [7(d/2)*] ' ~
10" cm 2. This means that whenever a photon is absorbed, a
quasi-free hole is there to shield the electron—hole interaction. If
the carriers forming an exciton are strongly delocalized,®” shielding
will be more effective.

It is worth noticing here that the role of partial charges,
which exist prior to photoexcitation, on increasing the dis-
sociation yield of CTBS was analyzed previously.*® In that
work the effect of dipoles at the donor/acceptor interface was
proposed to facilitate exciton dissociation. On the basis of
this idea, exciton dissociation probability becomes electrical
field independent for the usual dipole strength values as inferred
from recent modeling.89 Therefore, the presence of neighboring
charges (either quasi-free carriers, interface dipoles, or charged
defects responsible for the polymer doping) largely alter the
simplistic image of an isolated electron—hole strongly bounded
pair, and allows for an efficient exciton dissociation via a modified
electrostatic landscape.

We must also consider additional factors that may contribute
to improve the lifetime of separated states. In the end, efficient
operation of BHJ solar cells requires that electrons (a) are trans-
ferred rapidly to the electron conductor and (b) do not return
easily to the light absorbing polymer. So far fullerenes have
shown unsurpassed ability to carry out these functions. Is there
something special about the fullerenes that facilitates ultrafast
charge separation and retains the electron over long distances?
One should consider a process in which the network of fullerene
molecules relaxes electronically when receiving electrons, inhi-
biting the reverse charge transfer process of the electron to the
polymer, while maintaining electronic conductivity. Electroche-
mical results”””" on clusters of fullerene derivatives showed that
the cluster network exhibits better charge stabilization properties
than the monomeric form. Recently, it was furthermore found
that the aggregation of PCBM molecules under long time
annealing has a positive impact on the fill factor of the BHJ solar
cell” Further studies considering charge stabilization and
shielding in BHJ blends seem necessary to clarify these effects.

In conclusion, we have suggested critical insights on the device
physics of BHJ organic solar cells. In contrast to most approaches
that start from the formation and separation of excitons, here we
invert the priority of the analysis as we aim to follow the quantities

that are measured at the contacts and govern the power produc-
tion of the solar cell. We have identified that the physics of the
contacts and the nature of the blend layer as insulator or doped
semiconductor lead to very different pictures. To give up the
constraining view that the role of the electrical field imposes
upon solar cell photocurrent and photovoltage, more flexible
boundary conditions at the contact cathode are introduced.
Charge separation and charge transportation have very little to
do with built-in electrical fields, while kinetics plays a major role
in photocurrent production. Electron density reversibly equilibrates
with the (variable) potential at the cathode. Voltage-dependent
carrier density boundary conditions allow for a dynamic align-
ment of the electron Fermi level and the cathode work function,
giving rise to the output photovoltage. The effect of the applied
voltage on the device electrical response is contrasted with the
measurement of the differential capacitance. The p-doped char-
acter of the active blend is observed, which produces the formation
of a majority carrier (holes) depletion zone in the vicinity of the
cathode contact. MS analysis derived from capacitance—voltage
measurements allows determining both the doping density and
the equilibrium Fermi level position, which acts as an energy
reference for the photovoltage. A key ingredient of our approach
is the photovoltaic effect that quasi-free carriers occupying
acceptor LUMO and donor HOMO states are able to produce.
Organic dopant molecules such as F4ATCNQ_ and several
others (both n and p type) are available to dope organic
semiconductors and may be useful both to facilitate the
presence of majority carriers and shield coulomb interactions.
Bound states cannot participate in the Fermi level displace-
ment. Finally, we show how recombination mechanisms of
quasi-free carriers plays a determining role in establishing the
achievable PCE. Electron—hole recombination is analyzed by
means of the chemical capacitance, which monitors the
electron DOS occupancy, and recombination resistance para-
meters extracted from IS measurements.
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