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ABSTRACT: The basic operating mechanisms of organic bulk-heterojunction
cells comprising poly(3-hexylthiophene (P3HT): [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) blends are examined based on the selection of diverse
materials as cathode contact. The use of both highly and poorly efficient
cathodes in combination with impedance spectroscopy allows for a clear-cut
separation of the physical mechanisms occurring within the active layer bulk
from those taking place at the organic blend-contact interface. The system
under study uses either Ca or CaO as the efficient and blocking contact,
respectively. The impedance analysis demonstrates that charge carriers
(electrons) move by diffusion within extended quasi-neutral regions, so that
the cell operation is governed by the kinetic competition between charge
transport toward the outer contacts and loss by recombination. It is also
observed that contacts contribute with an additional, non-negligible, series
resistance that accounts for the electron extraction process. The comparison between active layer thickness and the carrier
diffusion length allows exclusion of bulk transport losses as a highly detrimental factor for this class of solar cells.

1. INTRODUCTION
In the pursuit for engineering versatile and cheap light-
harvesting solar cells, organic solar technologies have
demonstrated in the past few years their ability to reach
competitive levels of power conversion efficiency (PCE).
Innovations in materials design (i.e., low bandgap polymers
or use of additives) and cell architectures (i.e., incorporation of
carrier selective interlayers or a better blend morphology
control) have allowed achieving over 10% in PCE.1 Further
performance improvements might result from a detailed
understanding of the loss mechanisms reducing PCE. In
addition to phenomena determining charge photogeneration,
deeper knowledge about processes governing charge carrier
motion, recombination, and outer interface charge selection
and extraction might become crucial. Particularly important is
the overall impact of the electronic transport mechanisms,
which have dramatic effects when relatively thicker active layer
films are used to enhance light harvesting. Thinner films are
usually able to exhibit almost 100% conversion of absorbed
photons into collected carriers,2 thus indicating that transport
mechanisms do not limit the achievable photocurrent.3 Most
thicker active layer devices suffer from an incomplete collection
of photogenerated charges as recombination processes have
sufficient time to affect charges being transported. This last
statement is however not general as demonstrated with some
polymer:fullerene combinations.4 Therefore, quantifying the
influence of competing carrier transport and recombination
mechanisms5,6 on cell performance has become a major topic
for organic bulk-heterojunction photovoltaics.
The clarification of the presence or absence of extended

quasi-neutral regions within the active layer bulk is a central
point prior to establishing the basics of device physics for

organic bulk-heterojunction solar cells. If quasi-electroneutrality
is invoked, then even in the case of current flow space charge
regions related to excess carriers cannot be built up, and the
analytical treatment of the mathematical system describing the
solar device is considerably simplified.7 The dielectric relaxation
time is related to the material permittivity εε0 (ε being the
dielectric constant, and ε0 the vacuum permittivity), and its
conductivity σ is as follows:

τ
εε
σ

=die
0

(1)

The assumption of the occurrence of quasi-neutral regions
relies on the property that carrier lifetime (recombination time,
τrec) is much larger than the dielectric relaxation time τdie. If τrec
> τdie mobile carriers can exist long enough to neutralize charge.
Depending on whether τrec > τdie (lifetime semiconductor
regime), or τrec < τdie (relaxation semiconductor regime), the
physics governing the device operation changes drastically. In
the relaxation semiconductor regime, electroneutrality is not a
justifiable assumption. Hence regions of near-zero net local
recombination may occur, implying spatially separated excess
electron and hole concentrations. This will enhance the space
charge of dielectric relaxation-dependent decay.8 For instance,
low-conductivity amorphous p-i-n silicon solar cells were
modeled as developing photogenerated hole space charge
regions near the p contact that concentrate the voltage drop.9

In the extreme case, currents should be space charge limited as
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occurring in organic light-emitting diodes based on low-
mobility polymers or molecules.10

In order to classify the solar cell blend as operating within the
relaxation (τrec < τdie), or lifetime (τrec > τdie) regime, the
polymer conductivity plays a crucial role, as derived from eq 1.
It has previously been established that many polymers used for
photovoltaic applications contain native carriers due to doping,
normally of p-type.11 The archetypical regioregular poly(3-
hexylthiophene) (P3HT) is known to have a background hole
density of order p0 ≈ 1016 cm−3,12,13 which taking into account
the reported mobility (μh ≈ 10−4 cm2 V−1 s−1) in diode
configuration,14,15 the relationship σ = qμhp0 and typical
permittivity values for this compound (∼3ε0) yields a value
for the relaxation time of τdie ≤ 1 μs. Typical recombination
times experimentally found approaching open-circuit voltage
Voc at 1 sun irradiation intensity, by using different methods, are
on the order τrec ≈ 10 μs.16,17 A device will then be operating in
lifetime or relaxation regime depending on the materials
properties. Indeed, many active layer blends can be viewed as a
specific case of lifetime semiconductors. We have suggested
that the depletion region built up in the vicinity of the cathode
contact, collapses at forward bias giving rise to extended quasi-
neutral regions in organic photovoltaic device.18,19 Depletion
region modulation (spatially confined band bending) by the
applied voltage has been identified using alternative meth-
ods.13,20,21

Since the depletion zone is reduced or even eliminated at
operation voltages close to the maximum power point (flatband
voltage lies in the range of 0.4 V in most cases), there remains
the neutral region in which transport of minority carrier should
be controlled by diffusion22 while the high conductivity of
majority carriers (holes) assures rapid shielding. So far,
however, observation of the diffusive transport that is clearly
predicted by this device model has been elusive, due to other
experimental aspects that interfere with the diffusion signatures.
This work aims to show evidence for the first time of the

existence of diffusion currents governing the electronic
transport at forward bias voltages between maximum power
point and Voc in the case of P3HT:PCBM-based cells. It is
observed by means of impedance spectroscopy methods that
typical diffusive impedance patterns (Warburg response) occur
either at large bias voltage for working bulk-heterojunction
solar cells, or using devices in which a blocking layer has been
inserted between the active layer and cathode contact.
Moreover, the analysis incorporates all relevant mechanisms
which are expected to intervene within the active layer bulk,
namely: carrier transport, recombination current, and charge
storage. The impedance response is modeled by means of
transmission line models previously introduced in analyzing
electron diffusion and recombination in thin layers23 and later
for organic solar cells.18

Finally, by altering the structure of the cathode contact, we
have identified and modeled the effect of the outer
interfaces.24,25 Two different cathodes (electron extracting or
blocking layer) have allowed the observation of the additional
resistive and capacitive responses occurring at the interface that
have a significant effect on the measured current−voltage
characteristics (j-V). A complete small-amplitude electrical
model is presented which permits a fine analysis of determining
physical processes taking place in operating devices.

2. EXPERIMENTAL SECTION

2.1. Device Fabrication. P3HT (Aldrich), PEDOT:PSS
(CLEVIOS P AI 4083), o-dichlorobenzene (Aldrich, 99.9%),
Ca (Aldrich, 99.995%) and silver (Aldrich,99.99%) were used
as received without further purification. All manipulations were
carried out in a glovebox under a nitrogen atmosphere unless
otherwise stated. P3HT:PCBM blends (1:0.8) were prepared
from dry o-dichlorobenzene and were stirred at R.T. for 24 h
prior to device fabrication. Concentrations based on P3HT of
17 mg/mL were used to obtain active layer thickness of ∼110
nm.
Polymer solar cells were fabricated using a standard sandwich

structure of ITO/PEDOT:PSS/P3HT:PCBM/Cathode, and 9
mm2 of active area (cathode = Ca/Ag or CaO/Ca/Ag).
Precleaned ITO coated glass substrates (10 Ω/sq) were treated
in a UV−O3 chamber for 5 min followed by the deposition of
PEDOT:PSS by spin coating in air at 5500 rpm for 30 s, film
thickness of ∼35 nm. The substrates were heated at 120 °C for
10 min to remove traces of water and were transferred to a
glovebox equipped with a thermal evaporator. The
P3HT:PCBM layer was deposited at speeds of 1200 rpm
(thickness was about 110 nm) for 20 s followed by a slow
drying process in a petry dish to provide a dry film. For cells
requiring the blocking layer a layer of calcium was evaporated
to the desired blocking layer thickness. The evaporated Ca was
oxidized using ambient conditions overnight. At this point, all
samples were thermally annealed at 130 °C for 10 min to
provide an adequate morphology and to promote oxygen
desorption. Evaporation of the finished contact was carried out
at a base pressure of 3 × 10−6 mbar with Ca/Ag (5/100 nm).
Devices were encapsulated with a photoresin and a glass
microscopy slide followed by exposure under UV light. Samples
were then taken out of the glovebox for device characterization.

2.2. Device Characterization. Current density−voltage
and impedance spectroscopy measurements were carried out by
varying irradiation intensity (1.5G illumination source 1000 W
m−2) using an Abet Sun 2000 Solar Simulator. The light
intensity was adjusted with a calibrated Si solar cell. Impedance
spectroscopy measurements were performed with Autolab
PGSTAT-30 equipped with a frequency analyzer module, and
was recorded by applying a small voltage perturbation (20 mV
rms). Measurements were carried out at different light intensity
and bias voltage sweeping frequencies from 1 MHz down to
100 Hz. The light intensity was measured using an optical
power meter 70310 from Oriel Instruments, where a Si
photodiode was used to calibrate the system. Direct
determination of the relaxation time was performed by
transient photocurrent experiment TPC by connecting the
devices to a low input (50 Ω) impedance oscilloscope (Agilent
500 MHz bandwidth) which allows measuring near short-
circuit conditions. A nitrogen pumped-dye pulsed laser of 596
nm wavelength and 5 ns pulse duration was used to generate a
small light perturbation.

3. RESULTS

The device structure used in this work is based on a sandwich
structure of indium tin oxide (ITO)/poly(3,4-ethylenediox-
ythiophene): poly(styrene sulfonic acid) (PEDOT:PSS)/poly-
(3-hexylthiophene) (P3HT): [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM)/Cathode, (cathode = Ca/Ag or CaO/
Ca/Ag). Active layer thickness is situated around 100 nm.
Structures used are schematically drawn in Figure 1(a). With
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the aim of studying transport mechanisms under conditions of
suppression of dc current flux, a blocking cathode contact has
been tested by including CaO layers of different thickness. For
thicker oxide layers (10 nm), a complete electron blockage is
observed. As we will next explain, blocked cells let us probe the
internal electron motion under illumination without the
perturbing influence of dc current flowing.
3.1. Effect Blocking Contacts. Figure 1(b) represents j−V

characteristics under 1.5G illumination (1000 W m−2) of cells
comprising the same organic blend but different cathode
contact structure (Table 1). The dramatic effect that the CaO
layer produces on the achievable photocurrent is evident in
Figure 1(b). As the oxide layer thickness grows, jsc is severely
limited by blocking the extraction of photogenerated electrons
at the cathode contact. Noticeably, the blocking effect accounts
for a reduction of more than 2 orders of magnitude in jsc, while
the open-circuit voltage Voc is only reduced by ∼200 mV. This

last observation suggests that blocked devices under steady-
state illumination do not loss completely their ability to
accumulate photogenerated carriers despite the oxide layer
located at the cathode contact. This occurs because Voc
monitors in fact the Fermi level splitting of separated charge
carriers in the blend material qVF = EFn − EFp, which are
ultimately governed by the electron and hole occupancy of their
respective electronic states. The electron Fermi level
equilibrates with the cathode metal then producing the
measured output voltage despite the presence of the oxide
layer.
A close look at the impedance response of blocked solar

devices (with 10 nm-thick CaO layer) let us corroborate that
the charge carriers are being stored as suggested previously.
Figure 2(a) shows the evolution of the capacitance spectra C −

f measured in open-circuit upon variation of the light intensity
from dark conditions until nearly 1 sun. Dark capacitance
exhibits the expected flat value originated from the dielectric
response of the active layer (geometrical capacitance Cg). As
the illumination is raised up, capacitance develops a plateau
within the frequency range between 100 Hz−1 kHz which
signals to the accumulation of excess photogenerated charge

Figure 1. (a) Device configuration of analyzed bulk-heterojunction
devices: ITO/PEDOT:PSS/P3HT:PCBM/cathode. Two different
cathodes are used: efficient collecting contact based on Ca and
insertion of an oxide layer (CaO) of different thickness that blocks the
electron collection. (b) j−V curves under 1 sun illumination
corresponding to devices using different cathode contact structures.
The oxide layer thickness is indicated, ranging from 0.5 to 10 nm.

Table 1. Device Operation Parameters under 1.5G
Illumination Source (1000 W m−2) for the Devices with
P3HT:PCBM Active Layer Using Different Cathodes, Ca/
Ag, and Different Blocking Layer (CaO) Thicknesses: 0.5
nm, 5 nm, and 10 nm in CaO/Ca/Ag Cathodesa

jsc
(mA cm−2)

Voc
(mV) FF

PCE
(%)

P3HT:PCBM cathode Ca/Ag 7.0 636 0.67 2.94
P3HT:PCBM cathode
CaO/Ca/Ag

CaO
(0.5 nm)

3.2 531 0.46 0.79

CaO
(5 nm)

0.1 550 0.24 0.02

CaO
(10 nm)

4 × 10−2 449 0.28 0.01

aAverage values shown with variations below 10% for different
samples.

Figure 2. (a) Capacitance spectra plots of a device blocked with CaO
(10 nm) measured at different light intensities from the dark to nearly
1 sun illumination, and zero bias. (b) Capacitance spectra plots of
devices blocked with two different CaO layer thicknesses measured
under 1 sun illuminations and in the dark. At each condition, the
applied voltage is varied within the range of −1 to 1 V. Note here the
small variation introduced by the bias voltage. (c) Impedance spectra
comparison of the impedance plot measured under 1 sun illumination
(right spectra) and dark conditions (left spectra) of a device blocked
with CaO (10 nm). Applied voltage is varied as in (b).
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carriers. The total increase in capacitance over Cg amounts to
more than 1 order of magnitude as observed in Figure 2(b) that
compares dark and light (1 sun) responses under variation of
the applied voltage. Interestingly, the reached low-frequency
capacitance appears not to be very sensitive to the bias voltage.
This occurs because the external voltage is unable to modify the
internal photogenerated VF and mainly drops at the huge series
resistance introduced by the oxide layer. We checked that the
low-frequency capacitance plateau is determined by the CaO
layer thickness giving larger values of Cox for thinner oxide
layers, as shown in Figure 2(b). This last finding helps us to
identify Cg and Cox as the limiting capacitances at low (dark)
and high illumination conditions. The chemical capacitance Cμ,
originated by the storage of photogenerated charges,19,26

increases with increasing the irradiation intensity and is
observed in the middle frequency range. We note here that
oxide layers have also been used in MOS structures to
investigate the quantum (chemical) capacitance of graphene
sheets, in which the graphene capacitance is connected in series
with the gate capacitance,27 similar to the effect found here.
The previous results account for the basic capacitive

phenomenology as extracted from the low-frequency part of
the spectra. The resistive component at low frequencies exhibits
a huge resistor in accordance with the current limiting effect
observed in Figure 1(b). By looking at the high-frequency
response ( f > 10 kHz), the behavior changes radically. Instead
of purely capacitive spectra, a clearly distinguishable diffusion
pattern is observed in Figure 2(c) for illuminated samples.
Impedance spectra (Z″−Z′) is selected now to make evident
the diffusive mechanism fingerprint as a 45°-slope caused by
the coupling of diffusive transport and chemical capacitance
(Warburg response). Such a coupling of transport and charge
accumulation mechanisms is described by standard impedance
model functions23 and it is often useful to represent the model
in terms of distributed element circuits (transmission lines) as
discussed later. Note that the response is still basically
capacitive in the dark, as observed by the nearly vertical
responses in Figure 2(c), but this behavior shifts to diffusive
only when excess photogenerated charges are created.
Interestingly, the effect of illumination is totally decoupled
from the bias voltage influence for blocked devices, as deduced
form the similar response found by variation of Vapp.
3.2. Response of Working Devices. It is interesting to

compare the above presented results of devices incorporating
CaO layers with those yielded by good extracting contacts as
Ca metal. We stress here that the only modification now with
respect to the blocked devices is that the blocking layer is not
present, leaving the rest of the cell unaltered. In this case,
similar bulk mechanisms are then expected. However, contrary
to the complete decoupled effect of light and applied voltage
observed for blocked devices, it has been demonstrated that
sufficiently thin active layers and good extracting contacts
ensure electronic reciprocity28 (i.e., voltage and local charge
density are univocally determined).3 If electronic reciprocity is
obeyed, then the same charge density is obtained either as
photogenerated charges (producing certain photovoltage) or
injected charges (caused by an applied voltage) when Vapp and
the photovoltage attain the same value. One can infer by
examining Figure 3(a) that the applied bias voltage has a great
influence on low-frequency capacitance because now charge
carriers are injected from the contacts. A similar effect
producing a rise in capacitance is observed when devices are

measured at different illumination intensities in open-circuit
conditions (not shown).
The impedance response of working bulk heterojunction

solar cells has been summarized in previous reports.29 We
usually observed that the impedance spectra comprise two
visually distinguishable parts. At lower frequencies, a large
parallel RC subcircuit (represented by a semicircle in Z′−Z″
plot) dominates as observed in Figure 3(b). This part is related
to the chemical capacitance Cμ (connected to carrier storage)
and recombination resistance Rrec (derivative of the carrier
recombination flux) response,17,30−33 and kinetic recombina-
tion parameters such as the lifetime τrec can be extracted from
this information. At higher frequencies, and bias voltages
approaching Voc spectra are usually more featured, exhibiting in
some cases an additional arc. Figure 3(c) shows a comparison
between electron blocking and extracting solar cells. As we will
explain later, the high-frequency part changes from being purely
capacitive Cg at low forward bias to diffusive at high forward
bias.

4. TRANSMISSION LINE MODEL
A general model accounting for the different impedance
responses valid for both blocked and working devices is

Figure 3. Impedance response from devices using either a good
electron collector (Ca) or a blocking layer (CaO). (a) Capacitance
spectra measured under 1 sun illumination by varying the applied
voltage between 0 and 0.6 V. (b) Impedance spectra plots measured at
1 sun light intensity showing features at low frequencies:
recombination RC arc for extracting contacts, and capacitive behavior
for blocking contacts. (c) Detail of the high frequency region: a
transition is observed between spectra dominated by the geometrical
capacitance (low bias voltage) and diffusion patterns at high bias near
open circuit voltage.
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desired as this can provide quantitative information on the
different physical processes taking place in an operating cell. In
order to obtain such a model, a series of separated mechanisms
need to be considered: (i) Geometrical capacitance Cg is
observed under some experimental conditions (low voltage for
Ca cathode, and dark for CaO contacs). (ii) Blocking effect is
clearly visible for blocking contacts (CaO). This implies an RC
parallel subcircuit connected in series RcoCco that must
comprises large resistances in the case of oxide layers Rco =
Rox, but much smaller for extracting contacts. (iii) For Ca
contacts (working devices), the recombination subcircuit is
clearly distinguishable RrecCμ. And finally (iv) diffusion patterns
are dominant at high frequencies, more evident in the case of
blocked devices as a Warburg response. Integration of points
(iii), and (iv) electrical mechanisms relies on regarding
equivalent circuits comprising distributed elements, which are
usually drawn in terms of transmission line models. This type of
impedance pattern belongs to responses usually encountered in
systems in which carrier transport is determined by coupled
diffusion-recombination.23 Minority carriers (electrons) are
able to diffuse within extended bulk neutral regions eventually
reaching the electrodes which act as selective contacts.
Transmission line models able to represent such diffusion-
recombination impedance response are well-known,23,34 and
have been integrated in standard software so that fitting the
impedance spectra to obtain the model parameters is
straightforward. The impedance model in Figure 4(a) consists
of an equivalent circuit which comprises:

− Distributed resistors rt = Rt/L (being L the active layer
thickness), standing for the electron transport. rt is the
reciprocal of the electron conductivity σn,

− Distributed chemical capacitance cμ = CμL, and
− rrec = Rrec/L accounting for the electron recombination

resistance.

Since holes are regarded as majority carriers (a hole
background density exists in the dark) an equipotential line
suffices to represent their contribution because of the
sufficiently high conductivity of the materials, provided that
the lifetime regime (τrec > τdie) is satisfied as previously
discussed. The impedance model described contains two
characteristic times related to the electron diffusion (transit
time),

τ = μR Cdiff t (2)

and the effective lifetime,

τ = μR Crec rec (3)

respectively.23 It is assumed that distributed (differential)
circuit elements are position-independent as expected for cells
in which recombination is not severe, i.e., τdiff ≤ τrec (or Rt ≤
Rrec). For highly recombining devices (τd > τrec or Rt > Rrec)
deviations from the Warburg response at high-frequencies are
usually observed.34 An additional series resistance is needed to
model contact and wire effects, Rs. The electrical effect of the
cathode contact is modeled by means of RcoCco parallel
subcircuit connected in series with the electron channel. Finally,
a capacitor Cg = εε0/L represents dielectric, geometrical
capacitance of the active layer bulk.
The equivalent circuit in Figure 4(a) incorporates the basic

phenomenology reported on the impedance response of
blocked and working devices as explained in previous sections.
Additional assumptions incorporated in the model should be

also mentioned: the ohmic character of the anode contact, and
the absence of frequency-dispersion in modeling transport
properties. As an example of the fitting ability, Figure 4(b)
draws the comparison between experimental data and fits
corresponding to two particular impedance responses. For
blocked solar cells under illumination, two visible features are
well supported by the equivalent circuit: the diffusion pattern
(Warburg response) at high-frequencies appears as a
consequence of the transport Rt and charge storage Cμ

coupling. The low-frequency part is dominated by the contact
subcircuit RcoCco, which in this case draws a large arc because of
the huge blocking resistor Rco = Rox. In the case of working
devices, the electron blocking effect is not viewed because Rco
≪ in such a way that the low-frequency response becomes
governed through recombination mechanisms modeled by
coupling of the parameters Rrec and Cμ. It is worth noting that
at forward bias below Voc [0.50 V as illustrated in Figure 4(b)]
the diffusion pattern is clearly recovered. For lower voltages
[see Figure 3(c)], the high frequency response turns to be
dominated by the geometrical capacitance. A fitting procedure
was checked by evaluating F statistics. Confidence intervals and
correlation between parameters both provide a discriminating
tool for stating the best set of fitting parameters. Confidence
levels are in all cases high enough (>99%) to consider the
parameter values, a very good estimation of the model
quantities. In all cases, the regression coefficient of fits r2 >

Figure 4. (a) The equivalent circuit (transmission line model) used in
this work comprising circuit distributed elements related to electron
transport rt, recombination rrec, chemical capacitance cμ. In addition,
geometrical capacitance, Cg, and series resistance, Rs, are connected to
the transmission line. Contact electrical response is modeled by means
of RcoCco parallel subcircuit. (b) Impedance response measured under
1 sun illumination at high frequencies for blocked (10 nm CaO) and
operating devices (Ca cathode) at 0.50 V applied voltage. Comparison
between experimental data and fitting is shown. Parameter errors are
always below 5%.
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0.995. The combination of these statistics (namely the
dependences between parameters, confidence levels, and
regression coefficients) signals the high accuracy that can be
reached using the circuit model of Figure 4(a). Resulting errors
bars are always below 5% of the parameter value.

5. ANALYSIS OF FITTING PARAMETERS
5.1. Resistive Elements. We discuss the interpretation of

parameters extracted from fitting of the equivalent circuit
model in Figure 4(a) to impedance data collected under 1 sun
irradiation intensity by varying bias voltage. Figure 5 shows the

four types of resistive effects that contribute to the cell
operation. Low series resistances Rs = 1−3 Ω cm2 are found
that are related to conductive ITO and PEDOT:PSS layer
electrical response. Contact resistance Rco changes by orders of
magnitude between blocking (including CaO), and extracting
cathodes. It is worth noting that our method is able to detect
contact resistance contributions even in the case of working
devices, which is a rather significant aspect for practical
implementation of the technology. The overall series resistance
is Rs + Rco, these are the conduction processes connected in
series with the internal photovoltaic effect. As in the case of
including a CaO layer the total series resistance is so
pronounced, the voltage drop at short-circuit conditions
calculated as jscRco amounts ∼500 mV, a value that approaches
Voc. This can be interpreted by considering that upon light
exposure blocked cells are able to store similar photogenerated
charge carrier densities regardless of the applied voltage, as this
is mainly absorbed within the oxide layer. In open-circuit
conditions, the voltage drop in series vanishes in such a way
that a measurable photovoltage appears as Voc = VF.
The opposite device operation is encountered for extracting

contacts: since the total series resistance is low, the applied
voltage establishes the internal VF. We have recently observed
that P3HT-based solar cells operate under the electronic
reciprocity relationship.28 Under this principle, the voltage
(Fermi level splitting) VF fixes the local charge density, and the
solar cell operation is viewed as a balance between voltage-
independent photocurrent and illumination-independent re-
combination current.3

Rrec follows the expected behavior decreasing toward forward
voltage due to the enhancement of the recombination current.

A detailed analysis of the recombination process from Rrec has
recently been reported.35 We note here that the transport
(diffusive) resistance, Rt, also describes a reduction at forward
bias because of the increment in carrier density as we explain
later. It is also interesting to point out that for blocked cells, Rrec
and Rt exhibit rather voltage-independent values. Such values
correspond to those encountered with working cells at Vapp ≈
500 mV, again indicating the state of charge reached under
illumination using blocking oxide layers.

5.2. Capacitive Elements. A comparison of the capacitive
parameters between blocking and working cells extracted from
impedance fitting can be viewed in Figure 6. By using Ca

cathode metal, it is observed that Cg exerts an influence on the
high-frequency part of the spectra in the low forward bias
region as commented upon before in Figure 3(c). The chemical
capacitance, Cμ, exhibits the expected increase as fullerene
states are occupied toward forward bias. Interpretation of Cμ in
terms of the electron density-of-states DOS has been discussed
extensively in previous papers.17,29 It is worth noting here that
Cμ shows a voltage-independent value for blocked cells which
approximately corresponds to the chemical capacitance found
for working cells at Vapp ≈ 500 mV. As discussed in comparing
the resistances of blocked cells reach a certain degree of
photogenerated charge storage that is responsible for the
measured output voltage Voc. The capacitive effect of the
cathode contacts Cco can be extracted by fitting the response of
both types of photovoltaic devices. For blocked cells, this
capacitive value coincides with that measured in the low-
frequency regime as observed in Figure 2(b). One can directly
connect Cco = Cox as the values scale with the oxide layer
thickness. A value for the dielectric contact of CaO is calculated
to be ε = 4.2 ± 0.2, in good agreement with reported values for
this oxide.36,37 However, in the case of working devices, a
contact capacitance is also observed within the same order of
magnitude. Such capacitance might be originated by dielectric
mechanisms occurring at the interface as those recently
proposed in analyzing the cathode equilibration.25 Reduced
fullerene molecules in close contact to the metal contact form a
dipole layer with an accumulated charge that follows the
interfacial density-of-states IDOS gis. Because it is assumed that
the IDOS directly equilibrates with the Fermi level of the
contacting metal, one can straightforwardly derive that Cco =

Figure 5. Resistance values extracted from fitting the circuit model in
Figure 4(b) to impedance spectra of a device P3HT:PCBM-based
device using extracting contacts with Ca (a), and a device blocked with
10 nm of CaO (b). Error bars (<5%) are omitted because smaller than
the dot size.

Figure 6. Capacitance values extracted from fitting the circuit model in
Figure 4(b) to impedance spectra of a device P3HT:PCBM-based
device using extracting contacts with Ca (a), and a device blocked with
10 nm of CaO (b). Error bars (<5%) are omitted because smaller than
the dot size.
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qgis. Using the extracted value of Cco ≈ 3 × 10−7 F cm−2, a
surface state density gis ≈ 3 × 1012 cm−2 eV−1 is encountered.
We note here that IDOS values within the range of 1012−1014
cm−2 eV−1 have been calculated by other authors using
alternative methods.38

5.3. Diffusion Coefficient. The electron diffusivity
(chemical diffusion coefficient) can be calculated by recalling
eq 2 through the relationship:39

τ
=D

L
n

2

diff (4)

Here, L ≈ 100 nm corresponds the thickness of the diffusion
zone (active layer thickness). It is shown in Figure 7 that the

diffusion coefficient derived from eq 4 in the case of blocked
devices with 10 nm-thick CaO layer, and working solar cells. In
this last type of device, Dn exhibits a rather constant value that
starts to slightly increase for voltages approaching Voc. A similar
slight increment in Dn was identified using other polythiophene
derivatives in an electrochemical transistor setup.40 Differences
in Dn between both types of cells (blocking and working) can
be readily assigned to experimental errors related to the active
layer thickness determination. Although the electron statistics
depart from dilute concentration conditions (Boltzmann
approximation), an estimation for the electron mobility might
be calculated by using the Nernst−Einstein relationship as μn =
qDn/kBT (kBT being the thermal energy).40,41 The electron
mobility extracted from fits exhibits a value approximately equal
to 2 × 10−3 cm2 V−1 s−1. This value is in good agreement with
that derived using PCBM electron-only devices from J−V
measurements, for which current is considered space-charge-
limited, and hence electrical field-driven rather than diffusion-
determined.42 Also the time-of-flight current transient response
of thick devices has provided similar values.13

6. DISCUSSION
Analysis of the impedance response of working (extracting Ca
cathode metal) and blocking (CaO interlayer) solar cells
devices clearly shows that extended quasi-neutral regions
dominate the device operation for a significant range of applied
voltages. This voltage range appears in excess of that (flat-band
voltage) established by the collapse of the depletion region
formed in the vicinity of the cathode contact.19 A general
picture on the operation of bulk-heterojunction solar cells arises
from our experiments: In open-circuit conditions [Figure 8(a),
(b)], the internal voltage VF arising from the splitting of the
Fermi levels is fully determined either by the applied voltage or
the irradiation intensity (as stated by electronic reciprocity

principle) only in the case of good extracting contacts. For
blocked devices, light and applied voltages are completely
decoupled so that only illumination is able to promote
electrons into fullerene acceptor states yielding measurable
values for VF. This last fact occurs because the Ca cathode
metal work function is in intimate contact with the electron
Fermi level within the active layer bulk. The enormous
resistance associated to the oxide layer absorbs the applied
voltage impeding the Fermi level rise. When devices are forced
to operate in short circuit conditions, the impedance of blocked
cells does not change significantly since the internal photo-
generated charge density keeps the values reached in open-
circuit (voltage-independent response) as illustrated in Figure
8(d). We note that in the previous cases, devices can be viewed
as operating in flat-band conditions. On the contrary, working
cells under short-circuit conditions exhibits some kind of band
bending because of the presence of cathode depletion zones as
illustrated in Figure 8(c).
From the analysis of the resistive circuit elements, it turns out

that Rt ≤ Rrec as plotted in Figure 5. This entails that the
performance of these cells is not limited by the transport of
photogenerated carriers, at least for the active layer thickness
used here (L ≈ 100 nm). We observe that at voltages

Figure 7. Diffusion coefficient as a function of the applied bias of
working and blocked devices with 10 nm of CaO. Variation of layer
thickness of 10% allows explaining differences in values extracted from
different cells.

Figure 8. Band diagram of working device with collecting Ca cathode
contacts at large forward applied voltage (a) and short-circuit
conditions (c). The applied voltage generates the splitting of the
Fermi levels, which align with the contacts producing flat-band
conditions (a). Band bending resulting from the cathode Schottky
contact (c). For blocking contacts (CaO layer) under illumination
photogeneration creates a photovoltage (open-circuit conditions) by
alignment of the respective Fermi levels (b). In short-circuit (d), a
large voltage drop is confined within the oxide layer that compensates
the photovoltage.
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approaching Voc, Rt and Rrec exhibit similar values, which
suggests that thicker active films would suffer from deficient
charge collection as expected for highly recombining cells (i.e.,
Rt > Rrec). It is also worth noting that two different kinds of
series resistance effects have been identified: one related to the
transport processes in conductive materials Rs, and another one
associated with the charge transfer events at the outer interfaces
between the active layer and the contacts Rco. While Rco exceeds
Rs by more than 1 order of magnitude at low voltages, both
resistors contributes similarly to the total series resistance at
forward bias near Voc.
As stated in the Introduction, the observation of diffusion of

minority carriers through extended neutral regions within the
active layer bulk relies on the occurrence of the lifetime
semiconductor regime. The blends of donor and acceptor
molecules is regarded as an effective semiconducting medium in
which holes act as majority carriers. The lifetime regime implies
that τrec > τdie, and this statement can be confirmed by
comparing independent measurements of τrec using eq 3, and
τdie by looking at the first decay characteristic time of light-
induced current transients.13 From Cμ and Rrec as shown in
Figures 5 and 6, it can be inferred that τrec > 3 μs. This is a
minimum value that is reached at Vapp ≈ Voc. A direct
determination of the relaxation time τdie results from the
exponential response time of current transients presented in
Figure 9 for both Ca and CaO cathodes. We systematically

measured τdie ≈ 0.65 μs in good agreement with the estimation
proposed in the Introduction. This last finding indicates that
P3HT:PCBM blends operate within the relaxation semi-
conductor regime. Similar to the established distinction
between lifetime and relaxation regimes in terms of the
response times (τrec > τdie), a comparison of characteristic
length scales points to the same underlying physics. The
diffusion length is defined as an average distance in which
mobile carriers can diffuse before recombination, and is related
to the diffusion coefficient in eq 4 as follows:

τ=L Dn n rec (5)

In the time scale of dielectric relaxation the characteristic length
scale corresponds to the Debye screening length λD that
represents the distance in which local electrical fields are
confined. It can be demonstrated that an expression as eq 5
results relating λD and τdie in such a way that,

λ τ= DnD die (6)

Thus, the occurrence of the lifetime regime as Ln > λD in terms
of a length scale comparison can be formulated. In the case of
the analyzed cells values of λD ≈ 50 nm are obtained, whereas
Ln ranges from ∼250 nm for low forward voltages down to
∼100 nm at Vapp ≈ Voc. It is then deduced that at high voltages
Ln is comparable to the active layer thickness. The photovoltaic
devices analyzed operating under these conditions are then in
the limit of being considered as highly recombining solar cells
for which L ≫ Ln. This last observation explains why thicker
films usually exhibit poor performance as bulk transport losses
occur before charge collection take place at the contacts. Our
analysis offers a straightforward method for complete device
performance evaluation.

7. CONCLUSIONS
This work provides a general impedance model that is tested
using two extremely different sets of P3HT:PCBM-based
devices: reasonably efficient solar cells and devices where the
electron collection has been blocked. The first type relies on an
efficient collecting Ca cathode and the second on the addition
of oxide interlayers (CaO) between the active layer and the
cathode contact. The transmission line circuit accounting for
the bulk processes is found to be valid irrespective of the
structure selected for the cathode contact. It is observed that
coupling of diffusion and recombination currents suffices to
model electrical mechanisms occurring at the organic blend.
The analytical impedance method presented is a tool that
allows us to determine and separate different resistive
contributions affecting the solar cell operation. By confronting
transport (diffusion) resistance to recombination resistance,
rapid quantification of carriers lost during the transit to the
outer contacts is found. In addition, the effect of the cathode
contact is modeled by means of series resistance and
capacitance elements, providing further evidence and determi-
nation about the important and detrimental effect of contacts.
We finally note that the analysis performed here needs to be
extended to organic solar cells comprising other blend
constituents, particularly different donor polymers, to fully
evaluate its application degree.
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