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ABSTRACT: Here the role of metal oxide (ZnO) electron-selective layers in
the operating mechanisms of bulk-heterojunction polymer-fullerene solar cells
is addressed. Inverted as well as regular structures containing ZnO layers at the
cathode contact have been analyzed using capacitance methods in the dark and
impedance spectroscopy under illumination. We systematically observed that
the open-circuit voltage Voc at 1 sun illumination results higher for inverted cells
than that achieved by regular structures in ΔVoc ≈ 30-50 mV. This shift
correlates with the displacement of the flat-band potential Vfb extracted from
Mott-Schottky capacitance analysis. A coherent picture is provided that states
the hole Fermi level of the polymer highest occupied molecular orbital as an
energy reference for both Voc and Vfb. The study connects the position of the
hole Fermi level to the p-doping character of the active layer that is influenced by
the film morphology through vertical phase segregation.

SECTION: Energy Conversion and Storage

Organic bulk-heterojunction solar cells comprising a low
work function cathode metal degrade rapidly without pro-

per encapsulation because of oxidation of the highly reactive elec-
trode. One approach to overcome this problem has been the
deposition of metal oxide buffer layers (ZnO, TiO2) onto indium
tin oxide (ITO) substrate as an electron collecting contact.1,2 This
approach requires an inversion in the ordering of layer deposition
allowing for more stable metals such as Ag or Au to be used as back
hole collecting electrodes. Metal oxide layers have the additional
effect of acting as a hole blocking contact, along with enhancing
electron extraction. Although the air-stability of inverted, none-
ncapsulated structures has been largely demonstrated,3 it is still
unclear whether a ZnO layer modifies the inner operating mechan-
isms of the solar devices.

With the aim of discerning the effect of ZnO electron-selective
layers on the overall performance of organic bulk-heterojunction
solar cells, we prepared a series of devices with inverted structure
(ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Au) (where P3HT =
poly-3(hexylthiophene), PCBM = [6,6]-phenyl-C61-butyric acid
methyl ester, PEDOT = poly(3,4-ethylenedioxythiophene, and
PSS = poly(styrene sulfonate)), in which the polymer/fullerene
blend was deposited on top of the cathode; and another series
of devices with regular structure (ITO/PEDOT:PSS/P3HT:
PCBM/ZnO/Ag) with the blend deposited on top of the anode,
and a ZnO-covered cathode. Both kinds of devices comprise a
similar cathode structure formed by ZnO layers, with the main

difference being the deposition order: whereas for inverted
structures the cathode is deposited first, regular structure deposi-
tion starts by spin-coating the hole-transporting PEDOT layer
making up the device anode. Details on the solar cells construc-
tion were published elsewhere.4 An example of the usually
obtained J-V characteristics is plotted in Figure 1, along with
basic energy diagrams of both devices. We systematically ob-
served that the open-circuit voltage Voc at 1 sun illumination
results higher for inverted cells than that achieved by regular
structures (see Table 1). Such a difference attains values within
the range ofΔVoc≈ 30-50mV. The resulting power conversion
efficiency was observed to lie within the range of η = 2.5%-3.0%,
always larger in the case of inverted solar cells. The short-circuit
current Jsc did not exhibit any systematic variation. Since the
same P3HT:PCBM active layer is used in both devices, and
similar ZnO buffer layers modify the cathode structure, the
systematic shift in Voc is in principle not expected and should
somehow be related to the change in layer deposition order.

To gain some insight into such a difference in open-circuit
voltage ΔVoc between regular and inverted structures, we
measure capacitance-voltage characteristics C-V (Figure 2a),
which has been related to the formation of a depletion zone in the

Received: January 11, 2011
Accepted: January 28, 2011



408 dx.doi.org/10.1021/jz200045x |J. Phys. Chem. Lett. 2011, 2, 407–411

The Journal of Physical Chemistry Letters LETTER

vicinity of the cathode contact.5 The capacitance in reverse and
low-forward bias relates to the width of the depletion zone, which
is modulated by changing the applied voltage. As a consequence,
the electrical field is confined near the cathode, and band bending
appears with a corresponding majority-carrier depletion,5,6 due
to the presence of acceptor defects (see Figure 3c,d). Inherent
energetic disorder of organic semiconductors resulting from stru-
ctural inhomogeneities or chemical impurities enhances charge
localization and gives rise to carrier trapping. Negatively charged
defects (acceptors states) donate a hole to the transport-related

highest occupied molecular orbital (HOMO) levels and are
then responsible for the p-doping of the polymer. In addition,
it is known that P3HT is a conjugated polymer that, upon
exposure to oxygen7 or moisture,8 becomes p-doped, exhibiting
relatively high levels of free carriers (1015-1017 cm-3).9 Capac-
itance measurements have been used to evidence such band
bending10-12 usually exhibiting Mott-Schottky characteristics
as shown in Figure 2b, C-2 = (2/qεN)(Vfb- V), where ε≈ 3ε0
is the permittivity of the blend, N is the doping level, and q is
the elementary charge. A similar C-V relationship has been
recently shown in analyzing bulk heterojunction/electrolyte
interfaces.13

A diagram of the contact energetics is depicted in Figure 3:
before contact there exists an energy level offset between the
doped polymer φs and the contact φc. Here φs = EF0 stands for
the polymer/fullerene work function (Fermi level), which is
located near the polymer HOMO level because of the p-doping,
and φc corresponds to the contact work function as in Figure 3a,
b. It is assumed that the cathode work function is determined by
the inclusion of the ZnO layer in both cases. After contact, the
band bending compensates the work function mismatch, and
such a difference relates to the flat-band potential as qVfb = φc-
φs, as shown in the equilibrium conditions of Figure 3c,d. It is
assumed that the anodes always form ohmic contacts by aligning
EF0 to the HOMO of the hole-transporting, conductive PEDOT
layer. Mott-Schottky analysis in Figure 2b allows determining
both the flat-band potential from the intercept of the linear
relation with the voltage axis, and simultaneously the doping level
from the C-2 � V slope. Explanations on the Mott-Schottky
analysis can be found in previous papers.5 We observe that
inverted cells exhibit higher Vfb than that found for regular cells,

Figure 1. Approximated energy level diagram for the regular (a) and
inverted (b) structures studied. (c) Current density-voltage character-
istics of typical devices under standard AM1.5G illumination conditions
(1000W m-2 of integrated power density).

Table 1. Photovoltaic and Operating Parameters of Regular
(ITO/PEDOT/P3HT:PCBM/ZnO/Ag) and Inverted (ITO/
ZnO/P3HT:PCBM/PEDOT/Au) Structuresa

Jsc(mA cm-2) Voc(mV) η(%) FF Vfb (mV) N (1016 cm-3) w (nm)

regular 8.96 550 2.73 0.554 315 1.6 81

inverted 8.33 584 2.99 0.616 356 6.1 44
aDepletion-zone width w corresponds to zero bias.

Figure 2. (a) Comparison of capacitance-voltage response of regular and
inverted devices. Capacitancemeasured in the dark and at room temperature
at 100 Hz. (b) Mott-Schottky characteristics of the solar cells exhibiting a
linear relationship (straight lines) at low forward bias (0-0.4 V). Flat-band
potential Vfb and doping level N are indicated for each curve.
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in such a way that ΔVfb ≈ 30-40 mV (see Table 1). This flat-
band shift is found to correlate with the open-circuit voltage
difference mentioned previously. The density of dopants turns
out to be larger for inverted cells, Ni = 6.1 � 1016 cm-3, in
comparison with regular cells,Nr = 1.6� 1016cm-3, by a factor 6,
which establishes the dark hole density p0. Because the C

-2 � V
relation is obeyed at voltages approaching Vfb, the doping level
extracted corresponds to the charge density in the vicinity of the
cathode contact. Such a difference in doping density implies a
shift of the Fermi level EF0 (polymer work function) for the
inverted cells approaching the polymer HOMO level, which can
be approximated by an amount equal to kBT ln(Ni/Nr). Here kBT
stands for the thermal energy. Again a shift of about 30-40mV is
obtained, which is fully consistent with the displacement of the
flat-band potential. In Figure 3 both situations are compared:
increase in doping moves the Fermi level down (approaching the
polymer HOMO) in the case of inverted cells. We derive thereby
that the shift in flat-band potential qΔVfb ≈ ΔEF0 = kBT ln(Ni/
Nr) appears as a consequence of the polymer Fermi level dis-
placement.

Another important point resulting from the Mott-Schottky
analysis is that thedepletion zonewidth at zerobiasw=(2εVfb/qN)

1/2

practically reaches the anode (w = 81 nm) for the regular
structure, whereas it is limited to half the active layer thickness
(w = 44 nm) in the case of an inverted cell (Figure 3c,d). This is
mainly because of the difference in doping between both kinds of
structures: more doped layers confine the electrical field in the
vicinity of the cathode. We observe then that the change in
deposition order of the active layer is responsible for the
displacement of the equilibrium Fermi level by modification of
p-doping. We later discuss the origin for such a variation in
polymer doping.

In order to further understand the reasons behind the reported
observationΔVfb≈ΔVoc, we next need to introduce the relation
between the output open-circuit voltage and the charge carrier
Fermi levels under illumination. In every solar cell, the open-
circuit photovoltage that can be achieved by a given material or
blend is equal to the difference between the electron and hole

chemical potentials (quasi-Fermi levels) in the absorbing layer
under steady-state illumination.14,15

qVoc ¼ EFn - EFp ð1Þ
Hence the output voltage measured in open-circuit conditions
monitors the splitting of the Fermi levels, which in turn are stated
by the charge-carrier concentrations after thermalization into
lower laying states. This idea is drawn in Figure 3e,f, where qVoc is
the free energy distance between carrier (electron and hole)
Fermi levels. Since the polymer is p-doped to some extent, the
downward shift of EFp by effect of illumination should be res-
tricted within kBT. This is because the amount of excess, photo-
generated holes for usual illumination intensities near 1 sun lies
within the order of magnitude of the density of dopants p0 ≈
Δp = 1016-1017 cm-3.16 Photogeneration then moves the
electron Fermi level EFn upward, while slightly displacing the
hole Fermi level downward. As a consequence, EFp acts as an
energy reference for Voc. This last statement implies thatΔVoc is
expected to followΔEFp/q≈ΔVfb, in good accordance with our
reported observation.

A useful manner to corroborate the proposed explanation for
the origin of the Voc shift consists in measuring impedance
spectroscopy at different illumination intensities in open-circuit
conditions, as reported recently.17 The applied bias voltage
compensates for the effect of the photovoltage so that the cell
is effectively measured at open-circuit, i.e., photocurrent is can-
celed by the recombination flow and jdc = 0. Such measuring
conditions allow focusing on nongeminate recombination me-
chanisms, which have been identified as the dominant loss effect
near Voc.

16-18 The impedance spectra are characterized by a
major, low-frequency RC arc plus additional minor features at
high frequency (see Supporting Information).17,19 This low
frequency arc is attributed to the processes of photogenerated
carrier recombination (resistance Rrec) and storage (chemical
capacitance Cμ) in the photoactive blend.20 The chemical
capacitance parameter extracted from impedance is shown in
Figure 4a. From the capacitance dependence on Voc, it is feasible
to estimate the charger carrier density by integration of the

Figure 3. Energy diagram representing donor HOMO and acceptor lowest unoccupied molecular orbitals (LUMO) levels, the active layer work
function φs, and the ZnO-cathode work function φc, for regular (a) and inverted (b) structures before contacting. For inverted devices, φs is positioned
closer to the donor HOMO because of higher doping. (c,d) Band diagram of a p-doped donor polymer-acceptor fullerene blend at zero bias voltage (in
the dark). A depletion zone of width w is formed at the cathode, and an ohmic contact at the hole transporting layer (HTL) interface. Work function
offset (Vfb) produces a band-bending by Fermi level alignment EF0. (e,f) Band diagram under illumination, and open-circuit conditions producing Voc >
Vfb. The Fermi level splitting accounts forVoc. The same electron occupation (filled area of gn) occurs, being the only change in the shift of the hole Fermi
level EFn between regular and inverted structures. In all the diagrams the same energy scale is adopted.
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Cμ(Voc) curve, which is in fact a representation of the electron
density-of-states (DOS) as Cμ = q2gn(Voc).

17,21 Gaussian17 as
well as exponential22 DOS have been proposed, accounting for
the electron state distribution, although it is hard to distinguish
between them in practical experiments because illumination
intensities are only able to reach low-occupancy conditions
(1014-1017 cm-3). Dependences of capacitance on Voc in
Figure 4 exhibit exponential laws as Cμ � exp(RVoc/kBT), with
R≈ 0.26 in both cases. In Figure 4b, we represent the same data
using a corrected voltage axis as V 0

oc = Voc - ΔVoc, only in the
case of the inverted structure. By examining Figure 4b, one can
realize that both capacitances coincide, thus indicating that the
voltage shift is only produced by a shift in energy reference EFp.
The fact that the capacitance-voltage characteristics in Figure 4
collapse into a unique curve after correction of the energy shift
implies that the same electron DOS occupation occurs by effect
of the light (see Figure 3e,f). As a consequence, we conclude that
the inner operation mechanisms of the solar cell bulk are not
altered by inversion of the deposition order. The same kind of
argument can be employed to account for the displacement in
recombination resistance of Figure 5. As expected, recombination

resistance also follows an exponential dependence on photo-
voltage as Rrec � exp(-βVoc/kBT), with β = 0.65.

The question about the different doping levels found between
inverted and regular structures remains unsolved. It is worth
recalling that the main difference during the cell processing is the
change of the electrodes: for regular cells, the blend is spin-
coated on top of the anode, whereas for inverted cells it is
deposited on top of the cathode. Vertical modifications of the
blend morphology might be then behind the observed differ-
ence in doping level.2 It has been reported that polymer and
fullerene phases within the blend tend to segregate in the
vertical direction after deposition.23 Fullerene molecules con-
centrate to some extent at the device bottom to form an
acceptor-rich region near the anode in the case of regular cells,
or in the vicinity of the cathode for inverted-type structures.
We can suggest that, in addition to structural defects acting as
acceptor levels, a fullerene-rich zone could be able to capture
more electrons in trap states then releasing holes to the
polymer HOMO levels, and consequently enhancing doping
levels. Since a fullerene-rich zone develops near the cathode of
inverted structures, higher doping levels are expected in this
case. This would help one understand the relation between
active film morphology and electrical parameters.

We have presented a coherent picture describing the operating
energetics of organic bulk-heterojunction solar cells. The key
point is the observation that the hole Fermi level in dark con-
ditions EF0 determines both the flat-band potential, extracted
from the usual Mott-Schottky analysis of the reverse and low-
forward capacitance, as well as the achievable open-circuit voltage.
This is because EF0 can be considered as a reference for energies
within the device. We have also pointed out that the actual EF0
position is linked to the amount of negatively charged defects
that donate holes to the polymer HOMO levels, then displace
EF0 downward and approach the HOMO manifold. This last
observation opens the possibility of performing chemically modi-
fied defect engineering aiming to control the position of the hole
Fermi level, which goes beyond the unintended doped devices on
which we have based our study.

’EXPERIMENTAL SECTION

Impedance spectroscopy measurements were performed with
an Autolab PGSTAT-30 equipped with a frequency analyzer
module. AC oscillating amplitude was as low as 20 mV (rms) to
maintain the linearity of the response. Measurements were
performed always at room temperature either in dark conditions
at different bias voltages (Mott-Schottky analysis), or at zero
current conditions by applying a bias that equals Voc at varying
continuous irradiation intensity (chemical capacitance and re-
combination resistance). See Supporting Information.

’ASSOCIATED CONTENT

bS Supporting Information. Figure S1 shows an example of
impedance spectroscopy spectra registered in open-circuit con-
ditions at different white light illumination intensities. This
material is available free of charge via the Internet http://pubs.
acs.org.
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Figure 4. (a) Chemical capacitance extracted from impedance spec-
troscopy analysis. An exponential dependence on Voc as Cμ � exp-
(RVoc/kBT), with R = 0.26, is obtained. (b) Same data after correcting
the voltage axis V 0

oc = Voc - ΔVoc, only in the case of inverted
structure.

Figure 5. Recombination resistance extracted from impedance spec-
troscopy analysis. An exponential dependence on Voc as Rrec � exp(-
βVoc/kBT), with β = 0.65, is observed.
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