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Energy distributions �density-of-states �DOS�� of defects in the effective band gap of organic bulk
heterojunctions are determined by means of capacitance methods. The technique consists of
calculating the junction capacitance derivative with respect to the angular frequency of the small
voltage perturbation applied to thin film poly�3-hexylthiophene� �P3HT� �6,6�-phenyl C61-butyric
acid methyl ester �PCBM� solar cells. The analysis, which was performed on blends of different
composition, reveals the presence of defect bands exhibiting Gaussian shape located at E
�0.38 eV above the highest occupied molecular orbital level of the P3HT. The disorder parameter
�, which accounts for the broadening of the Gaussian DOS, lies within the range of 49–66 meV. The
total density of defects results of order 1016 cm−3. © 2009 American Institute of Physics.
�doi:10.1063/1.3270105�

Bulk heterojunctions formed by an interpenetrating
blend of an optically active polymer and electron accepting
molecules constitute a very promising route toward cheap
and versatile solar cells.1,2 The combination of poly�3-
hexylthiophene� �P3HT� and �6,6�-phenyl C61-butyric acid
methyl ester �PCBM� in organic blends has recently shown
high photovoltaic performance approaching 5% energy-
conversion efficiency.3 In order to further improve organic
solar cell performance extracting information about defect
states and their role as trapping or recombination centers
seems to be crucial. It is well known that P3HT is a conju-
gated polymer that in exposure to oxygen and/or moisture
results p-doped.4–6 Under such conditions, it has been sug-
gested that the P3HT-aluminum contact shows a Schottky
diode behavior: band bending with a corresponding depletion
zone formed at the cathode contact7,8 due to the presence of
acceptor defects. Capacitance measurements usually exhibit
a Mott–Schottky characteristics �C−2�V�,8–10 which can be
readily interpreted as a strong indication of the presence of
acceptor levels within the P3HT energy gap. Information
about bulk defect states in polymer-fullerene solar cells has
been extracted from subgap optical absorption experiments,11

low excitation intensity transient absorption spectroscopy,12

and thermally stimulated current techniques.13

Defect states might have detrimental effects on the solar
cells performance.13 Charged defects within the gap alter the
electrical field profile and might reduce the drift driving
force for carrier transport, and consequently diminish carrier
collection at the contacts. In extreme cases, the electrical
field can be even suppressed in a significant portion of the
active layer.14 As usually admitted in the case of a-Si and

other thin-film p-i-n solar cell structures, the presence of
impurities in a high enough concentration lies behind the cell
performance degradation.15

This work further investigates the density and energetics
of defect states within the gap of P3HT, and explores the
effect of PCBM molecules in blends of different composi-
tion. The study is performed by analyzing capacitance de-
pendences on both bias voltage C�V� and frequency C�f� of
complete cells, following known techniques for characteriz-
ing semiconductor contact effects.16–18

Standard organic solar cells comprising the following
vertical structure ITO/PEDOT:PSS�40 nm�/P3HT:PCBM
�150 nm�/Ca�10 nm�/Ag�200 nm� were prepared using chlo-
robenzene as the solvent for both materials P3HT �from
Rieke Materials� and PCBM �from Nano-C�. The weight ra-
tio between P3HT and PCBM in the blend was varied in
order to verify the influence of the PCBM amount in the
defect states distribution. The resulting devices were then
thermally annealed at 140 °C for 15 min. Finally, all the
substrates were encapsulated with an epoxy resin and glass,
taking special care to leave at least 2 mm from the diode to
the encapsulating glass to prevent any oxygen/moisture pen-
etration from the edges.

The capacitance 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. Measure-
ments were performed at zero bias for C�f� analysis, and at
100 Hz for C�V� analysis, always in dark conditions and
room temperature. Photovoltaic response was observed to
result in conversion efficiencies around 3.5%.

Defect states within the band gap contribute to the junc-
tion capacitance depending on their energy and space posi-
tion. If the angular frequency of the perturbation is low
enough so that all states can follow the ac signal, the capaci-
tance reflects the energy density of defect states �DOS� gt�E�
at a certain position in the depletion region. Such a position
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is determined by the point at which the Fermi level EF
crosses the defect energy levels �see Fig. 1�. This simple
assumption gives rise to the following expression:19

C = q2 ũ0

ũext

gt�EF� , �1�

which informs that only states at the Fermi level efficiently
contribute to the capacitance. In Eq. �1�, q represents the
elementary charge and the ratio ũ0 / ũext stands for the drop of
the external ac perturbation over the space charge region of
the junction. This ratio depends on the junction type and the
consequent shape of the electrical field in the depletion zone.
If not all defects can follow the perturbation because of high
modulation frequencies or low temperatures, only defects be-
low �in case of a p-type semiconductor� certain demarcation
energy E� will be able to contribute to the junction
capacitance20

E� = kBT ln��0

�
� . �2�

Here kBT corresponds to the thermal energy and �0 denotes
an attempt-to-escape frequency, which usually lies within the
order of 1012 s−1, and �=2�f the angular frequency of the
perturbation. The same concept has been also used in ana-
lyzing the transient relaxation of photogenerated charges in
organic blends.21 This demarcation energy marks those de-
fect levels which can be charged and discharged by the ac
signal �Fig. 1� then contributing to the measured capacitance.
Varying the frequency of the perturbation voltage allows one
to establish different demarcation energies according to Eq.
�2�. Following this approach, the capacitance spectra is
viewed as an energy spectroscopy which explores energy
levels of faster states at high frequencies �near the �highest
occupied molecular orbital� HOMO of the polymer�, and
sweeps toward midgap as the frequency decreases �slower
defects far from the HOMO level�, i.e., E�=E−EHOMO. The
defect distribution was stated to be related to the derivative
of the capacitance with respect to the frequency as19

gt�E�� = −
Vfb

qwkBT

dC���
d ln �

�3�

being w the width of the depletion zone, and Vfb is the flat-
band potential. Equation �3� was derived assuming the sim-
plified relation ũ0� ũext.

We show in Fig. 2�a� the capacitance spectra C�f� ob-
tained at zero bias in the dark at room temperature for dif-

ferent devices. The C�f� curves exhibit an increment of the
capacitance toward low frequencies resulting from contribu-
tions of defect levels in the gap. In order to verify that the
analyzed devices exhibit Mott–Schottky characteristics, it is
displayed in Fig. 2�b� the capacitance measured at low fre-
quency �100 Hz� as C−2�V�. A linear relationship is observed
at low forward voltages, being the intercept with the real axis
related to the flat-band potential. The density of defect states
n is derived from the slope the by means of the Mott–
Schottky relation

C−2 =
2�Vfb − V�
A2q��0n

, �4�

where A corresponds to the device active surface �9 mm2�, �
is the relative dielectric constant of the blend, �0 the permit-
tivity of the vacuum, and n the total concentration of accep-
tor impurities, including the defect density explored from
C�f� because the measuring frequency is low-enough to con-
sider their contribution16 �see Table I�. The total density re-
sults in n�3–6�1016 cm−3.

By applying Eq. �3� to the capacitance spectra in Fig.
2�a�, the DOS obtained as a function of E−EHOMO is plotted
in Fig. 3. We have used values for Vfb extracted from the
Mott–Schottky analysis in Fig. 2�b� and listed in Table I, and
assumed that the layers are nearly fully depleted at zero bias.
It is observed that high-energy data �low-frequency� are very
noisy because of the derivative procedure required. Never-

FIG. 1. �Color online� Band diagram of a p-doped P3HT:PCBM blend at
zero bias voltage. A depletion zone is formed near the cathode. The crossing
point between the Fermi level EF and the defect energy Et within the deple-
tion zone marks the position of occupancy change. E�1 corresponds to a
measurement condition at which defects cannot respond to the perturbation
because of the high frequency or low temperature. Instead E�2 �low fre-
quency or high temperature conditions� is far above the defect energy so that
the occupancy is determined by EF.

FIG. 2. �Color online� �a� Capacitance spectra measured at zero bias voltage
for devices of different blend composition �weight ratio as indicated�. �b�
Mott–Schottky characteristics �C−2�V�� exhibiting full depletion at reverse
bias and a linear relationship �Eq. �4�� at low forward bias �0.0–0.3 V�. In
the inset: example of current density-voltage characteristics of a cell of
P3HT:PCBM of weight ratio �1:0.8�.
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theless the technique allows extracting the DOS shape at
midenergies with high-enough resolution. The DOS can be
analyzed by regarding a Gaussian shape centered at the
maximum of the distribution E0

gt�E�� =
nt

�2��
exp	−

�E0 − E��2

2�2 
 . �5�

The Gaussian DOS resulting from the fits by using different
cells are centered at E0=0.38 eV. The disorder parameter �,
which accounts for the broadening of the Gaussian DOS, lies
within the range of 49–66 meV. In good agreement with
values found in most cases for conducting polymers �
�0.1 eV.22,23 Finally, nt denotes the density of defects
which results in 1–2�1016 cm−3 �see Table I�, in accor-
dance to densities extracted from absorption methods.12 It
should be noted the slight dispersion exhibited by the param-
eters appearing independent of the blend composition, even
for pure P3HT devices. This observation reinforces the idea
that the investigated defect states belong to the polymer. To
confirm this we also built devices containing only PCBM
molecules which did not exhibit at all the behavior reported
here. As listed in Table I, the acceptor density extracted from
the C�V� analysis results slightly greater than the defect den-
sity obtained from C�f�, i.e., n�nt. This is because the
Mott–Schottky slope includes the effect not only of nt but
also of shallow impurities �E−EHOMO	0.3 eV� which are
presumably ionized at room temperature.

The origin of the defect states reported here must be
found within intrinsic impurities induced during film prepa-

ration: vacancies, dangling bonds, or ends of chains. These
defects create localized states in the band gap, as usually
reported in amorphous semiconductors.24,25 Defect bands
split up into two set of states representing neutral �lower,
singly electron occupied� and acceptorlike �higher, double
electron occupied� bands. Band broadening is also expected
by effect of interactions resulting from the disordered envi-
ronment in which each molecule is placed. We then conclude
that the defect band found in this study might have a great
influence on the electrical field profile when charged because
of the defect DOS of order 1016 cm−3.
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TABLE I. Fitting results obtained from defect DOS �Eq. �3�� and Mott–
Schottky analysis �Eq. �5�� using blends of different weight ratio.

P3HT:PCBM
�weight ratio�

nt

�1016 cm−3�
�

�meV�
E0

�eV�
Vfb

�V�
n

�1016 cm−3�

1:0.0 2.1 56 0.39 0.40 3.2
1:0.4 1.5 49 0.38 0.36 5.0
1:0.6 1.5 52 0.38 0.36 6.8
1:0.8 1.2 66 0.38 0.30 4.3
1:1.2 1.7 59 0.38 0.33 6.2

FIG. 3. �Color online� Density of defect states as a function of the energy
with respect to the P3HT HOMO level �demarcation energy�, E−EHOMO,
calculated using Eq. �3� and the capacitance spectra in Fig. 1�a�. Gaussian
DOS fits �Eq. �5�� are also displayed. Composition of the blend is marked in
each distribution.
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