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ABSTRACT Electron density of states (DOS) and recombination kinetics of bulk
heterojunction solar cells consisting of a poly(3-hexylthiophene) (P3HT) donor
and two fullerene acceptors, either [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) or 4,40-dihexyloxydiphenylmethano[60]fullerene (DPM6), have been
determined by means of impedance spectroscopy. The observed difference of
125mV in the output open-circuit voltage is attributed to significant differences of
the occupancy of the DOS in both fullerenes. Whereas DPM6 exhibits a full
occupation of the electronic band, occupancy is restricted to the tail of the DOS in
the case of PCBM-based devices, implying a higher rise of the Fermi level in theDPM6

fullerene. Carrier lifetimedescribes a negative exponential dependenceon the open-
circuit voltage, exhibiting values on the microsecond scale at 1 sun illumination.

SECTION Energy Conversion and Storage

O rganic solar cells utilize a donor-acceptor system to
breakupexcitons into free carriers.1 In thebulk hetero-
junction (BHJ) structure, these donor-acceptor

materials are intimately mixed to ensure that all generated
excitons reach an interface before recombining.2 Energy
disorder in the materials, represented by the distribution of
the electronic density of states (DOS) of donor and acceptor
materials forming the active layer, plays a fundamental role in
governing the physical processes in these devices and their
limitations for solar energy conversion. A key factor to be
improved in organic solar cells is recombination between
electrons in the acceptor lowest unoccupiedmolecular orbital
(LUMO) and holes in the donor highest occupied molecular
orbital (HOMO). The open-circuit voltage VOC is found to scale
with the difference between the HOMO of the donor and
the LUMO of the acceptor materials,3-5 suggesting that
recombination lossesmainly take place at the donor/acceptor
interface.6-9 However, the donor HOMO and acceptor LUMO
levels are usually determined from cyclic voltammetry of the
respective materials in solution, sometimes in combination
with absorption experiments.10 A detailed knowledge of the
relevant electronic state distributions for the materials after
forming the blend, in connection with device operation
parameters, is required to improve device quality, and this is
the topic of this Letter.

We have recently reported capacitance and carrier lifetime
measurements extracted from impedance spectroscopy
measurements combined with steady-state illumination to
derive recombination kinetics and DOS population in BHJ
solar cells.11 It was found that electronic states in the full-
erenedisplay broad energydispersion. The shape of theDOS
has the Gaussian form, as generally expected in organic
materials affected by chemical or structural defects,12,13 but
the higher lying energy states in the fullerene are not acces-
sible because the recombination kinetics severely limits
the occupation to the DOS tail. In general, the presence
of energy disorder in the materials forming the solar cell
is found to cause a decisive influence in the mechanisms
determining the photovoltaic properties. In organic blends
with phase segregation on the nanometer scale, disorder
eliminates any coherence effects, and all carriers will be
completely localized. As an introduction to the interpretation
of our experimental results, we discuss some effects of
carrier localization at the energydisordered landscape, using
the scheme of Figure 1, that is based on recent reports of BHJ
solar cells.11,14
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The first important aspect is that accumulation of photo-
generated electrons and holes in localized states sets the
Fermi levels for electrons (EFn) and holes (EFp) in the fullerene
and in the polymer, respectively. Therefore, the DOS deter-
mines a relationship between carrier density and voltage
in the cell, as expressed quantitatively in eq 3, below, which
is distinctively different from the standard expressions for
electrons statistics in crystalline semiconductors. This rela-
tionship places constraints on the VOC values. For example,
comparing two fullerene materials with higher and lower
number density of states (and the same properties of LUMO
level, recombination rate, etc.), the first one will produce a
higher photovoltage in a BHJ because the EFn will rise higher
for a given number of carriers received. This is the specific
point we discuss in this Letter, by a comparison of BHJ solar
cells consisting of a poly(3-hexylthiophene) (P3HT) donor
and two fullerene acceptors, either [6,6]-phenyl-C61-butyric
acidmethyl ester (PCBM) or 4,40-dihexyloxydiphenylmethano-
[60]fullerene (DPM6). (See Figure 2.)

In addition to the purely thermodynamic aspects, that is,
the charging of the DOS, the energy disorder also has a
strong influence on a series of kinetics aspects that control
the performance of the solar cell.15 In effect, the distribution of
localized states determines to an important extent the charge
transfer events for electron transfer in exciton dissociation, the
motion of electron escape by hopping (process B in Figure 1),
and perhaps most important of all, the rates of recombination
of electrons and holes. Given a certain rate of photogeneration,
the number of carrier at steady state is set by the recombina-
tion rate. Which is the mechanism of recombination? Because
the measurements show that carriers are immobilized at
localized states, it is likely that recombination occurs from an
electron in a localized state meeting a hole also in a localized
state in the polymer, as suggested by an arrow in Figure 1
(process A).11,14 In consequence, the disorder may determine
the rateof excitondissociationat the interface,16 theprobability

of escape of an electron at the interface from a geminate hole,
themobilityof electrons across the fullerenenetwork, and soon.

The electron acceptor materials used in this study, PCBM
and DPM6, show the following properties.17 The different
functionalization of the fullerene cage leads to a similar LUMO
level, as determined from cyclic voltammetry, and pure full-
erene films show relatively similar charge transport capabi-
lities. This in turn leads to a similar optimal donor/acceptor
weight ratio of 1:1 of the active layer. Differences in film
morphology have been observed, however, with DPM6 show-
ing a reduced tendency to crystallize and phase separate from
the P3HT.

Figure 1. Pictorial energy scheme suggesting the Gaussian den-
sity of states (DOS) in both the polymer and fullerene materials
forming a bulk heterojunction solar cell and some electronic pro-
perties determining the cell performance. Thermalized electrons
in the fullerene and thermalized holes in the polymer are located
predominantly, respectively, in the lower and upper tails of the
DOS. The distribution of charges determines the Fermi levels of
electrons (EFn) and holes (EFp), which difference gives the open-
circuit voltage VOC (q is the elementary charge). Recombination of
an electron in a localized state in the fullerene with a hole in the
polymer is indicated by an arrow (A). An electron can also be
separated from the interface by hopping events to nearby avail-
able localized states (B).

Figure 2. (a) Current density (j) versus voltage (V) characteristics
for a P3HT/PCBM (black squares) and P3HT/DPM6 (red circles)
solar cells and fullerene chemical structure. (b) External quantum
efficiency for typical P3HT/PCBM (black squares) and P3HT/DPM6
(red circles) solar cells.



r 2010 American Chemical Society 2568 DOI: 10.1021/jz100956d |J. Phys. Chem. Lett. 2010, 1, 2566–2571

pubs.acs.org/JPCL

The BHJ solar cell devices made from PCBM and DPM6

blends with P3HT show differences of performance.17 (See
Table 1 and Figure 2a.) A significant shift of 0.125 V in the
output open-circuit photovoltage is registered under standard
AM1.5G conditions (1000Wm-2 of integrated power density).
Such a large shift in open circuit voltage has been observed
only for fullerenes with a significantly higher reduction
potential.18-21 DPM6 shows lower short circuit current due to a
reduced shoulder in the red part of the external quantum
efficiency (EQE). (See Figure 2b.) Similar power conversion
efficiencies for both acceptors were registered due to partial
compensation of the difference in voltages and currents. As
previously anticipated,we show in thiswork that the shift in the
VOC is caused by the different occupancy of the DOS of both
fullerenes. Whereas DPM6 exhibits a full occupation of the
electronic band, the electronic occupancy is restricted to the tail
of the DOS in the case of PCBM-based devices.

Impedance measurements were performed under open-
circuit conditions in such a way that the applied bias vol-
tage compensates the effect of the photovoltage (jdc= 0);
that is, photocurrent is canceled by the recombination flow,
jgen= jrec. Details of the impedancemeasuring conditions are
provided elsewhere.11 The impedance spectra of DPM6-based
solar cells at different illumination intensities are shown in
Figure 3. Similar impedance responses in the low-frequency
regionwere observed for PCBM-based devices.11 As observed
in Figure 3, the spectra are characterized by a major RC arc.
Such low-frequency arc is interpreted in terms of the chemical
capacitance and recombination resistance22 and provides the
essential information on carrier accumulation and recombi-
nation at each measurement potential.

Essential to the interpretation adopted in this Letter for
open-circuit voltage is the interpretation of the capacitance
measured by IS. We have already reported the properties of
the capacitance in BHJ solar cells.11,23,24 In brief, we find the
following behavior: (a) At deep reverse, the organic blend is
fully depleted of carriers, and the dielectric (geometric)
capacitance of the blend is measured. (b) At reverse and zero
bias, an interfacial capacitance is observed, related to a

Schottky barrier at the cathode, which consists of depletion
of the majority p-carriers.24 (c) At further forward bias, a
chemical capacitance is observed, in common with other
types of solar cells such as crystalline silicon25 or dye-sensi-
tized solar cells.22 (d) At further forward bias, the capacitance
decreases because of a negative contribution.24,26

Of interest here is the capacitance measured under open-
circuit conditions related to the ability of the solar cell to store
charge under influence of illumination; hereafter, we focus on
this contribution. In contrast with the standard dielectric
capacitor, this capacitance is denoted as chemical because it
describes a change in the electronic density that appears as a
consequence of the displacement of the electrochemical
potential (the Fermi level).27,28 Assuming that the carriers
follow the zero-temperature Fermi distribution, it can be
shown that the chemical capacitance is proportional to the
DOS, g(E), at a given position of the Fermi level29

Cμ ¼ q2gðEFnÞ ð1Þ
As previously mentioned, the DOS in disordered organic

conductors usually exhibits a Gaussian distribution.12 There-
fore, we have the expression

gðEÞ ¼ Nffiffiffiffiffiffi
2π

p
σ
exp -

ðE-E0Þ2
2σ2

" #
ð2Þ

HereN accounts for the totalDOSwithmeanenergyE0 and
width σ. The distribution of the DOS is broad if σ > kBT. It
should be noticed that the approximation in eq 1 strictly holds
in the case of high (>1%) occupancy levels.

By measuring the open-circuit capacitance, we have pre-
viously identified11 an approximate Gaussian DOS associated
with the LUMO manifold of the acceptor compound PCBM.
Such an electronic band exhibits an electron density on the
order of NI ≈ (1 to 3) � 1018 cm-3. (See Figure 4.) This value
appears to be very low in comparison with that derived from
simple geometric considerations about the volume occupa-
tion of PCBM phase (van der Waals diameter of the PCBM
molecule about 1 nm) because the expected total density

Table 1. Solar Cell Parameters under 1 Sun Irradiation Conditions
Extracted from j-V Curve and Impedance Measurements

fullerene jSC (mA cm-2) VOC (V) FF η (%) n (cm-3) τ (μs)

PCBM 9.94 0.600 0.52 3.10 4.0� 1016 6.0

DPM6 7.52 0.728 0.51 2.60 3.5�1015 3.8

Figure 3. Impedance spectra measured under different irradia-
tion intensities (open-circuit conditions) for DPM6-based devices.
VOC is indicated. The low-frequency response is modeled by
means of a parallel RC subcircuit.

Figure 4. Capacitance values extracted from fits of the low-
frequency arc of the impedance spectra as a function of VOC
reached under varying illumination levels. White dots correspond
to PCBM-based solar cells and blackdots toDPM6-based solar cells.
Gaussian DOS (solid lines) and distribution parameters resulting
from fits.
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would be around NPCBM = 1021 cm-3. The ratio NI/NPCBM

remains within the range 0.1 to 0.2% for different cells. The
Gaussian DOS resulting from the fits of several cells are
centered at E0= 0.75 to 0.80 eV, and the disorder parameter
σI lies within the range 125-140 meV, consistent with the
results of the decay of photogenerated carriers monitored by
transient microwave conductivity measurements.30 We con-
clude that the electronic levels monitored by the trail of the
Fermi level as the voltage is increased can be associated with
an intermediate band (IDOS) that is located below the upper
lying LUMO manifold. These results suggest the existence of
additional states at higher energies∼1.1 eV corresponding to
the fullerene LUMO DOS.

Chemical capacitance measurements on DPM6-based
devices showadifferent result. A full electronic band is found
by the capacitance measured at high open-circuit photovol-
tages, which slightly exceeds the geometrical capacitance
value of∼30 nF cm-2. (See Figure 4.) This capacitance peak
signals the presence of an intermediate band that is half-
occupied at VOC ≈ 0.68 V, again below the DPM6 LUMO
position at∼1.1 eV. Values forNI= (1 to 2)�1016 cm-3were
encountered, much smaller than the expected value for
NDPM6

= 1021 cm-3, in a similar fashion as that observed
in the case of PCBM-based solar cells. This IDOS is found to
be centered at E0= 0.675 eV, and the disorder parameter σI
results around 72 meV. The most significant feature in
comparing the IDOS identified for PCBM and DPM6 full-
erenes is a difference of two orders of magnitude between
the total number of electronic levels. It is around 1016 cm-3

for DPM6, whereas a density of 10
18 cm-3 is exceeded in the

case of PCBM.
It should be noted here that themeasured capacitances on

the order of 0.1 to 1 μF cm-2 are hardly related to interfacial
mechanisms. If one assumes eq 1 to be governing the
occupation of interfacial states, the corresponding surface
charge density would be within the orders 1018-1020 cm-2,
which has no physical meaning. As previously mentioned,
an interfacial capacitance (due to a depletion layer at the
cathode) is measured in another domain of bias potential
(the initial rise in Figure 4) and can be characterized by
Mott-Schottky behavior.

Recalling now the difference in the achieved open-circuit
photovoltage between cells based on these two fullerenes
(Table 1 and Figure 4), one can estimate the amount of
photogenerated charges under 1 sun irradiation conditions.
Such a photogenerated charge is approximated by the area
below the DOS curve in Figure 4 as

n ¼ 1
q

Z Voc

0
CμðVÞ dV ð3Þ

By applying eq 3, one can determine the density of photo-
generated charges that result in nPCBM(VOC = 0.60 V) =
4� 1016 cm-3 and nDPM6

(VOC= 0.73 V)=3.5� 1015 cm-3.
Despite DPM6 exhibiting an intermediate band (Figure 4) that
becomes fully occupied at high irradiance levels, PCBM-based
devices are able to accumulate more charge at lower-lying
states because of the larger DOS. The difference of one order
of magnitude in the amount of photogenerated charges

cannot be solely explained by considering the difference in
short-circuit current. (See Table 1.) For DPM6-based devices,
jSC is reduced by only 25% with respect to PCBM-based
devices. Hence the PCBM cell's ability to accumulate photo-
generated charges should also be related to a reduced re-
combination rate. Because solar cells under open-circuit
conditions operate under kinetic balance between photoge-
neration (G) and recombination rates (U), that is,G=U,31 and
taking into account the fact that U ≈ n/τ (where τ is the
recombination time), it follows that τDPM6

< τPCBM under 1
sun irradiation conditions.Wewill next explore inmore detail
the validity of this argument by extracting the recombination
resistance and lifetime from the impedance measurements.

As mentioned above the low frequency arc is attributed to
charge recombination in the photoactive blend. The resis-
tance of the arc is the differential recombination resistance
Rrec (per unit volume), which is related to the recombination
current density jrec as

22

Rrec ¼ L
djrec
dV

� �-1

ð4Þ

with L being the absorbing layer thickness. We observe in
Figure 5a a nearly exponential decrease in the recombination
resistance with increasing voltage Rrec � exp(-βVOC/kBT),
where β ≈ 0.70 to 0.76. Remarkably, there is a shift in the
recombination resistance with respect to VOC, which approxi-
mately coincides with the photovoltage difference between
the two devices. The recombination time (lifetime) can be
calculated from the impedance response time as τ= RrecCμ,
and it is plotted in Figure 5b as a function of VOC. We can
extract recombination time values under 1 sun irradiation
conditions, which results in τPCBM(VOC = 0.60 V) = 6.0 μs,
whereas τDPM6

(VOC = 0.73 V) = 3.8 μs. As expected from
simple arguments on the recombination kinetics, we then
observe that τDPM6

< τPCBM, with τDPM6
being 40% smaller

than τPCBM.
The main conclusion of this work is that the output VOC

reached by different fullerene acceptor materials in BHJ solar

Figure 5. (a) Specific recombination resistance as a function
of VOC resulting from the analysis of low-frequency impedance
under varying illumination levels. (b) Recombination time
(effective lifetime) as a function of VOC calculated from the RC
time constant.
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cells is closely related to the amountandenergydistributionof
available electronic sites. Electronic carriers thermalize to
lower-lying available levels under steady-state conditions of
continuous irradiation and form a Gaussian distribution that
sets the position of the Fermi level.11,14 Thereby, we have
observed that DPM6-based solar cells reach higher VOC values
because of a smaller IDOS that lies below the upper LUMO
manifold of the fullerene. Remarkably, the existence of larger
IDOS in the case of PCBMhas the detrimental consequence of
keeping the Fermi level within the tail of the distribution,
therefore limiting the rise of the outputVOC. Because themain
difference betweenPCBMandDPM6 is observed tobe the less
crystalline nature of the latter, we suggest that the origin of the
electronic intermediate bands lies in the existence of pure
fullerene (PCBM) crystals with reduced energy gaps. Indeed,
experiments changing the crystallinity of the donor material
have shown a similar relationship between active layer crystal-
linity and open circuit voltage.32

The results discussed in this Letter underline the impor-
tance of the distribution of electronic states of the actual solid-
state active layer. Whereas the HOMO and LUMO levels
deduced from CV measurements give a first order approxi-
mation, it is the perturbation of these levels that governs the
open circuit voltage in real devices. Recent results on the
use of fullerene bisadducts have also shown a much larger
increase in open circuit voltage versus PCBMwhen taking into
account only the change of their LUMO levels.18,21 Similar
to thework presented here, the origin of this behavior is likely
to be a much more featured shape of the DOS, in this case
caused by the existence of a multitude of isomers of the
acceptor. Electricalmeasurements indeed show signs of IDOS
states causing charge trapping in these devices.19 The mea-
surement technique presented here allows for a direct insight
into the size and shape of these energy states.

In summary, it is derived fromthis study that a determining
factor of both open-circuit voltages is the amount and energy
distribution of intermediate electronic states (IDOS) below
the LUMO level of the acceptor molecules. Less crystalline
fullerenes (DPM6) allow for a higher rise of the Fermi level by a
reduction of the available number of electronic states.
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