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1. INTRODUCTION

With the aim of improving organic solar cell power conversion
efficiencies (PCE), there has been extensive work on the design
and synthesis of low-bandgap polymers with extended absorp-
tion onset into the infrared region, thereby enhancing light
harvesting. One of the most promising organic families contains
diketopyrrolopyrrole-based (DPP) units as absorber building
blocks. Very recently, the combination of DPP-based polymers
or oligomers and [6,6]phenyl-C71-butyric acid methyl ester
(PC70BM) has been used in organic solar devices exhibiting
PCE within the range of 3.5�5.5%.1�5 Apart from narrowing the
optical bandgap, PCE increases by tailoring the energetic posi-
tion of the donor highest occupied molecular orbital (HOMO),
because it plays a crucial role in establishing the reachable open-
circuit voltage Voc.

6 It has been demonstrated in addition that the
actual location of the donor HOMO level is highly dependent on
the solar cell processing procedure.1 For instance, the blend of
the narrow-bandgap polymer poly[3,6-bis(40-dodecyl[2,20-
bithiophen]-5-yl)-2,5-bis(2-ethylhexyl)-2,5-dihydropyrrolo[3,4-c]-
pyrrole-1,4-dione] (PBBTDPP2) and [6,6]phenyl-C61-butyric
acid methyl ester (PC60BM) was reported to exhibit a photo-
voltaic performance that changes with the solvent used during
preparation: spin-coated films from chloroform show photovol-
tage with a 1 sun illumination (Voc = 0.78 V) and optical gap
values (1.7 eV) higher than those observed when the chloroform/

o-dichlorobenzene (ODCB) mixture is used (Voc = 0.63 V and
optical gap of 1.4 eV).1 Such qualitative correlation between Voc

and light absorption onset suggests that the polymer HOMO
level experiences an energy shift by effect of the used solvent, but
the displacement of Voc only approximately reaches half of the
absorption red shift, thus indicating that some kind of energy loss
occurs that limits the increase in the open-circuit voltage. Voc
limitation could have different origins: from (i) a partial shift of the
polymer HOMO to (ii) a downward displacement of the acceptor
lower unoccupied molecular orbital (LUMO) to (iii) a reduced
occupancy of the fullerene LUMO that limits the increase of the
electron Fermi level. We will next demonstrate that it is the third
possibility that actually occurs in these solar devices.

To gain greater insight into the role of the donor HOMO and
acceptor LUMO positions on the operating energetic of poly-
mer/fullerene solar cells, we will next identify the relevant energy
levels for the device performance by using a purely electrical
technique based on capacitance measurements, following the
method reported recently.7 The performance of solar cells
comprising PBBTDPP2/PC70BM blends, prepared from chloro-
form and mixed chloroform/ODCB solvents as described in
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ABSTRACT: Low-bandgap diketopyrrolopyrrole-based poly-
mer bulk-heterojunction solar cells prepared from different
solvents are studied by means of capacitance measurements.
Large variations of both photovoltage and photocurrent are
induced during device processing by using different solvents
that allow internal operating energetics to be addressed. Addi-
tion of o-dichlorobenzene to chloroform produces an upward
offset of the polymer highest occupied molecular orbital level in
accordance with the red shift of the absorption spectra, which
correlates with the flat-band potential offset extracted from
Mott�Schottky analysis of the reverse and low-forward capaci-
tance. However, the open-circuit voltage does not reach the
expected value in the case of chloroform-processed devices because
of the reduced occupancy of the acceptor fullerene lower unoccupied molecular orbital states extracted from the chemical capacitance
analysis under illumination. This photovoltage loss is linked with the limitation to the increase in the electron Fermi level caused by the
reduced charge density involved in the photovoltaic process, as derived from the morphology-influenced short-circuit current density.
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previous work,1 is compared and analyzed using capacitive
methods both in the dark (Mott�Schottky analysis) and under
illumination and open-circuit conditions. We finally relate the
photovoltage loss to the reduced charge density involved in the
photovoltaic process for chloroform-processed cells.

2. RESULTS AND DISCUSSION

Solar cells with an indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:
PSS)/PBBTDPP2:PC70BM/LiF/Al structure, prepared from
chloroform and mixed chloroform/ODCB solvents, were de-
scribed in previous work.1 Capacitance and impedance measure-
ments were performed with Autolab PGSTAT-30 equipped with
a frequency analyzer module. The AC oscillating amplitude was
as low as 20 mV (rms) to maintain the linearity of the response
(see the Supporting Information for fitting details). Measure-
ments were performed in the dark at different bias voltages, and
under zero-current conditions by applying a bias that equals Voc

under varying continuous irradiation conditions.8

An example of the measured current�density voltage (J�V)
characteristics under simulatedAM1.5G illumination (1000W/m2)
of PBBTDPP2:PC70BM solar cells is plotted in Figure 1. We
systematically observed thatVoc at 1 sun illumination is higher for
cells processed with only chloroform than for cells for which the
solvent contains ODCB and chloroform (see Table 1), as also
observed for PC60BM-processed devices.1 This difference
(ΔVoc) attains values approximately equal to 0.18 V. The
short-circuit current Jsc always exhibits larger values for devices
processed from a mixed choloform/ODCB solution (4:1) then
increasing the power conversion efficiency. The shift in Voc has
been attributed to the less negative PBBTDPP2HOMOposition
caused by the electronic interaction among the polymer chains,
which is present upon introduction of ODCB.1 Such an effect is
qualitatively in good agreement with the experimentally observed
correlation between the donor HOMO and acceptor LUMO
difference (effective gap of the blend), and the open-circuit
voltage as qVoc� ELUMO(A)� EHOMO(D), q being the elementary
charge.6 However, the measured ΔVoc is lower than that expected
from the red shift (from 720 to 860 nm, i.e.,∼0.3 eV) at the onset
of the absorption and EQE spectra previously reported.1 At this

point, it is unknown whether the optical gap change is produced
by displacements of both donor HOMO and LUMO levels or
solely caused by the HOMO offset. We will next demonstrate
that it is actually the second case that occurs (HOMO offset) by
processing with different solvents. As we will next see, a decrease
in Voc will be related to a limitation in the acceptor LUMO
occupancy, rather than to a partial shift of the donor HOMO.

To improve our understanding of the difference in open-
circuit voltage Voc, we have performed capacitance�voltage
C�V measurements in the dark, which is known to provide
information about contact energetics.9 Here we interpret
the C�Vmeasurements in terms of the voltage modulation of the
free carrier depletion zone made up in the vicinity of the
contact.10 The capacitance in reverse and low-forward bias
relates to the width of the depletion zone, which changes via
variation of the applied voltage. Such a depletion zone appears as
a consequence of the doped character of the polymer. Inherent
energetic disorder of organic semiconductors resulting from
structural inhomogeneities or chemical impurities enhances
charge localization and gives rise to carrier trapping. Negatively
charged defects (acceptor states) donate a hole to the transport-
related HOMO levels and are then responsible for the p-doping
of the polymer. An illustrative band diagram is depicted in
Figure 2: before contact is made, 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 2a,b. As a consequence of the absence of electronic
π�π interactions between the polymer chains, the polymer
HOMO level is located at a more negative position when
chloroform is used as solvent. It is assumed in addition that the
cathode work function is determined by LiF/Al. After contact is
made, the band bending compensates for the work function
mismatch, and such a difference relates to the flat-band potential
as qVfb = φc � φs, as shown in the equilibrium conditions in
Figure 2c,d. It is assumed that the anodes always form ohmic
contacts by aligning EF0 to the HOMO of the hole transporting
and conductive PEDOT:PSS layer. Negatively charged defects
form an immobile space charge zone exhibiting a voltage-
dependent width. This kind of contact usually exhibits
Mott�Schottky characteristics (C�2 � V),8,11,12 which has been
readily interpreted as a strong indication of the presence
of acceptor defect levels within the polymer energy gap. Alter-
native techniques like Kelvin probe13 and ultraviolet photoelec-
tron spectroscopy14 have provided further evidence of the
formation of depletion zones at metal�organic contacts with
the corresponding band bending caused by the presence of
impurity levels.

Figure 3a shows C�V characteristics measured at a low
frequency (100 Hz). At reverse bias, the capacitance saturates
to the geometrical value Cg = εε0/L≈ 37 nF/cm2 (where L is for
the active layer thickness, ε0 the permittivity of the vacuum, and ε
the dielectric constant), because the active layer reaches full
depletion. Variations of Cg within 20% are encountered among
different cells related to layer thickness and permittivity changes.

Figure 1. Current density�voltage characteristics of typical ITO/
PEDOT:PSS/PBBTDPP2:PC70BM/LiF/Al devices processed with
chloroform and choloform/ODCB solvents.

Table 1. Photovoltaic Parameters and Results from the Mott�Schottky Analysis of PBBTDPP2:PC70BM Solar Cells

Jsc (mA/cm
2) Voc (V) FF PCE (%) Vfb (V) N (�1016 cm�3)

chloroform 1.0 0.78 0.51 1.4 0.84 3.07

chloroform/ODCB (4:1) 11.9 0.60 0.58 4.0 0.48 3.43
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In any case, the dielectric constant ε always lies within the range
of 3�4. To verify that the analyzed devices actually exhibit
Mott�Schottky characteristics, the capacitance as C�2(V) is
shown versus the applied voltage in Figure 3b. A linear relation-
ship is observed at low forward voltages, with the intercept with
the voltage axis being related to the flat-band potential Vfb. The
density of defect states N (p-doping of the organic layer) is

derived from the linear slope by means of the Mott�Schottky
relation

C�2 ¼ 2ðVfb � VÞ
qεε0N

ð1Þ

where N is the total concentration of negatively charged defects
(see Table 1), which establishes the dark hole density p0 =N. The
total density under dark conditions results inN≈ 3� 1016 cm�3

for both kinds of cells, which indicates that both active layers are
doped to the approximately same extent despite the observed
shift in the polymer HOMOposition. Because the doping level is
similar, the energy distance between the polymer HOMO level
and the Fermi level EF0 is not altered by ODCB addition, as
illustrated in Figure 2.

It also important to note that full depletion (equaling the
active layer thickness of 100 nm) is reached at a reverse bias of
approximately 0.4 V, by using the values in Table 1 to calculate
the depletion layer width {w = [2εε0(Vfb � V)/qN]1/2}. Via
examination of Figure 3b, one can observe that deviations from
the linear Mott�Schottky relation of eq 1 appear at forward bias
(∼0.2 V for mixed solvent-processed samples). There is then a
voltage range from 0.2 to �0.4 V within which the transition to
full depletion is rather smooth. The progress of the limit of the
depletion zone approaching the anode is determined by the
actual doping profile. The dopant spatial distribution might vary
in real devices because of vertical phase segregation giving rise to
C�2(V) shapes that deviate from the simpler linear form in eq 1.
Overall, an estimation of the doping level in the vicinity of the
cathode can be made via selection of the adequate voltage range.

It is observed that the main difference between both samples is
the large offset in Vfb. A ΔVfb of 0.36 V that relates to the
displacement of the HOMO level of the polymer is found. As
drawn in Figure 2, the addition of ODCB produces an upward
offset of the PBBTDPP2HOMO level in accordance with the red

Figure 2. Energy diagram representing donor HOMO and acceptor LUMO levels, the active layer work function φs, and the LiF/Al cathode work
function φc, for structures processed with the choloform/ODCBmixture (a) and choloform alone (b) before contact is made. φs is positioned closer to
the donor HOMObecause of a higher level of doping. The distance between acceptor LUMO and cathode work function is the same, whereas the donor
HOMO is shifted. (c and 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 PEDOT:PSS layer (HTL) interface. The work function offset (Vfb)
produces a band bending by Fermi level alignment EF0. (e and f) Band diagram under illumination, and open-circuit conditions producingVocgVfb. The
Fermi level splitting accounts for Voc. The electron occupation of the fullerene LUMO levels (filled area of gn) is different because of the reduced charge
carrier density involved in the case of chloroform-processed samples. In all the diagrams, the same energy scale is adopted.

Figure 3. (a) Comparison of the capacitance�voltage response of
chloroform- and choloform/ODCB mixture-processed devices. Capa-
citance measured in the dark at room temperature and 100 Hz. (b)
Mott�Schottky characteristics [C�2(V)] of the solar cells exhibiting a
linear relationship (straight lines) at forward bias and a plateau at reverse
signaling full-depleted active layers.
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shift (∼0.3 eV) of the absorption spectra.1 We note that such a
0.36 V upward shift of the HOMO level is also in accordance
with cyclic voltammetry signals of PBBTDPP2 in an ODCB
solution. In ODCB, PBBTDPP2 is partly aggregated and
shows two consecutive onsets of oxidation for aggregated
and fully dissolved chains that are 0.27 eV apart (see the
Supporting Information). Polymer aggregation then stabilizes
energy levels by moving them upward, causing both the
observed red shift and the offset in Vfb. As pointed out in
previous work, it is the perturbation of the HOMO and LUMO
levels produced by aggregation or crystallinity after blending
that actually lies behind values of the open-circuit voltage
achieved in devices.15

A general device operating picture (Figure 2c,d) draws upon
consideration of a band bending at the cathode that scales with
the polymer HOMO energy. As discussed previously, such a
HOMO level offset does not alter the relative position of the
Fermi energy with respect to the polymer HOMO, as derived
from the similar doping encountered. Importantly, it is observed
that Vfb scales with the PBBTDPP2 HOMO level, and it is much
smaller than the built-in voltage Vbi resulting from the work
function difference between the ITO/PEDOT and LiF/Al
contacts (Vbi≈ 1 V). Therefore, Vfb appears to be a distinctive
feature of the cathode, forming the anode ohmic contact
(Figure 2c,d). We highlight the fact that C�V measurements
in combination with absorption experiments provide com-
plete information about the polymer HOMO and LUMO level
location.

After observing that the ΔVfb of 0.36 V correlates with the
∼0.3 eV red shift of the absorption spectra, we would have
expected similar changes in Voc, because the polymer HOMO
displacement should affect both Vfb and Voc by the same
amount. We notice, however, that ΔVoc = 0.18 V. To uncover
the reasons behind this discrepancy, we next need to intro-
duce 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 illumina-
tion.16,17

qVoc ¼ EFn � EFp ð2Þ

Hence, the output voltage measured under open-circuit
conditions monitors the splitting of the Fermi levels, which in
turn are stated by the charge carrier concentrations. This idea
is drawn in Figure 2e,f, where qVoc amounts to the free energy
distance between carrier (electron and hole) Fermi levels.
Because of the p-doping character of the polymer, the down-
ward shift of EFp via the effect of illumination should be
restricted within a few kBT (thermal energy), as EF0 � EFp ≈
kBT ln(Δp/p0). This is because the amount of excess, photo-
generated holes for usual illumination intensities of around 1
sun, lies within an order of magnitude of the density of
dopants (p0 ≈ Δp = 1016�1017 cm�3).18 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.

When the band bending vanishes at V ≈ Vfb, we expect that
the device capacitance is governed by a chemical capacitance due
to the excess of minority carriers Cμ,

8,16 which is related to the

change in the occupancy of electrons in the LUMO of the
fullerene, as follows

Cμ ¼ q2L
dn
dEFn

ð3Þ

Here the capacitance is given per unit area, and n corresponds
to the electron concentration. The chemical capacitance is in fact
a representation of the electron density of states (DOS) as Cμ =
q2Lgn(Voc).

8,15,19 According to eq 3, the capacitance should
increase with the forward bias as the DOS occupancy progresses.
However, the measured capacitance in Figure 3 exhibits a
decrease at forward bias, which eventually develops a negative
value at large forward bias for samples processed with the
choloform/ODCB mixture. We notice that the negative capaci-
tance effect appears under operating conditions in which a dc
current is allowed to flow.20 Recently, we have proposed a
measuring procedure of the capacitance at different illumination
intensities,8 to avoid the negative response in the capacitance.
The applied bias voltage compensates for the effect of the
photovoltage, so that effectively the cell is measured under
open-circuit conditions; i.e., the photogeneration current is
canceled by the charge recombination flow, and Jdc = 0. Such
measuring conditions have the additional effect of assuring a
homogeneous distribution of charge carriers along the active
layer. A comparison of the chemical capacitance (under open-
circuit conditions under varying illuminations) and the depletion
layer capacitance (in the dark under varying bias) is drawn in
Figure 4. By examining this plot, we observe that the capacitance
exceeds the depletion layer capacitive values at Voc g Vfb. This
entails that the proposed experimental method allows for a direct
measurement of the chemical capacitance.7

The filling of fullerene LUMO levels starts at larger open-
circuit voltages in the case of chloroform-processed devices. This
is viewed as a voltage shift in Figure 4 of ∼0.32 V, which
approximately coincides with the difference in flat-band potential
between these cells. Regardless of the voltage shift, the similar
shape of the Cμ(Voc) plot in Figure 4 suggests that the same
acceptor LUMO states are being monitored. The DOS extracted
from Cμ exhibits an approximate exponential form as gn (Voc) �
exp(RqVoc/kBT) with R≈ 0.14, indicating a large DOS tail with

Figure 4. Comparison of depletion zone capacitance as in Figure 3a and
the chemical capacitance Cμ extracted from impedance spectroscopy
analysis under open-circuit conditions under varying illumination in-
tensities. The increase in Cμ at Vocg Vfb points to the filling of fullerene
LUMO DOS. A voltage shift of ∼0.32 V is encountered between the
DOS manifolds that relates to the displacement of the PBBTDPP2
HOMO level (ΔVfb = 0.36 V). Dashed vertical lines correspond to Voc

values achieved at a 1 sun illumination intensity with each type of cell.
A ΔVoc of 0.18 V is found to be lower than ΔVfb.
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a characteristic energy near 180 meV.15 Moreover, the absolute
energy position of the fullerene LUMO is observed to be
unaltered, but the acceptor LUMO occupation achieves different
levels at 1 sun illumination as derived from the difference in
chemical capacitance values resulting for samples processed with
the choloform/ODCB mixture (Cμ = 390 nF/cm2) in compar-
ison with a Cμ of 196 nF/cm2 for samples processed with
chloroform alone (see Figure 4). We then observe that the shifts
in flat-band potential and the onset of PC70BM LUMO occu-
pancy are correlated, because it is actually the hole Fermi level
EFp that takes the role of the energy reference in both cases, as
depicted in Figure 2e,f. In this diagram, the cathode contact
Fermi level follows the rise of EFn via the effect of illumination,
starting from EF0 in the dark, as explained previously.7,20 This
means that the cathode work function does not actually pinVoc as
observed experimentally.15,21

We now return to the remaining question of theVoc offset. It is
demonstrated that both Vfb and Cμ(Voc) displacements
(∼0.32�0.36 V) correlate with the offset of the PBBTDPP2
HOMO level as derived from the red shift of the absorption
spectra. However, the Voc difference at 1 sun is lower than
expected (0.18 V). The open-circuit voltage increment and flat
band shift are expected to be similar (ΔVoc≈ΔVfb) only in those
cases in which the increase in EFn attains comparable values, as
stated in eq 2. We then attribute the difference (ΔVfb � ΔVoc =
0.18 V) to a relatively lower position of EFn in the case of
chloroform-processed samples (see Figure 2e,f), rather than a
shift of the fullerene LUMO level, for a similar (1 sun) illumina-
tion intensity. The lower position of EFn informs on the reduced
charge density involved in the photovoltaic process in the case of
chloroform-based devices. We notice here that the lower charge
density that is responsible for the reduced photovoltage also can
be inferred from the different short-circuit current density levels
encountered (see Table 1). Addition of ODCB to the solvent
increases Jsc by approximately 1 order of magnitude. This has
been attributed to a morphological effect: while layers from the
chloroform/ODCB mixture exhibit more uniform structures
with only small features (<100 nm), films from chloroform
contain domains with lateral dimensions of several hundreds of
nanometers.1 It has been suggested that large fullerene domains
act as electron drains reducing the observed photocurrent.22

Because the short-circuit current scales virtually linearly with
light intensity, a light intensity of 0.1 sun brings the ODCB-
processed cell to the same level of charge generation as the
chloroform cell under 1 sun. At 0.1 sun, the reduction in Voc is
∼0.08V for the cell processedwithODCB(ΔVoc + 0.08V=0.26V),
in qualitative agreement with the absorption red shift and flat-
band offset of ∼0.3 V. This last observation entails that the
photogeneration current is voltage-independent, giving rise to Jsc
under short-circuit conditions, and equaling the charge carrier
recombination current under open-circuit conditions. Remark-
ably, phase-separated large domains within the active layers are
then responsible for the reduced extent of generation of charges,
which lies behind both the lower photocurrent and the lower
than expected photovoltage of chloroform-processed devices.

3. CONCLUSIONS

Wehave presented a coherent picture describing the operating
energetics of diketopyrrolopyrrole-based bulk-heterojunction
solar cells. The addition of ODCB produces an upward offset
of the PBBTDPP2 HOMO level in accordance with the red shift

of the absorption, which correlates with ΔVfb. The key point is
the observation that the hole Fermi level EF0 determines the flat-
band potential, extracted from the usual Mott�Schottky analysis
of the reverse and low-forward capacitance.We have also pointed
out that the actual EF0 position is linked to the amount of
negatively charged defects that donates holes to the polymer
HOMO levels, then displacing EF0 downward and approaching
the HOMOmanifold. Moreover, EF0 acts as an energy reference
forVoc. Finally, the open-circuit voltage difference does not reach
the expected values because of the limited occupancy of the
fullerene LUMO levels, which do not undergo significant shifts,
in the case of chloroform-processed devices. This photovoltage
loss is linked with the reduced charge density involved in the
photovoltaic process as derived from the morphology-influenced
short-circuit current density.
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