www.advmat.de

COMMUNICATION

www.MaterialsViews.com

Solution-Processed Fullerene-Based Organic Schottky
Junction Devices for Large-Open-Circuit-Voltage Organic
Solar Cells
Bin Yang, Fawen Guo, Yongbo Yuan, Zhengguo Xiao, Yunzhang Lu, Qingfeng Dong,
and Jinsong Huang*
With their rapidly rising power conversion efficiency (PCE) in
the last decade, organic photovoltaic devices (OPVs) are now
seriously considered as a candidate for low-cost solar-energyconversion applications. Nevertheless, the PCE of OPVs is still
lower than that of the dominating silicon photovoltaic cells or
other thin-film photovoltaic technologies. In order to push the
PCE to 15% for its successful commercialization, an attractive
strategy is to improve the open-circuit voltage (Voc) without
losing other photovoltaic parameters such as the short-circuit
current (Jsc) and the fill factor (FF). Currently, all efficient OPVs
are based on bulk heterojunctions (BHJs) in which a donor and
an acceptor are mixed to split the light-generated high-bindingenergy Frenkel excitons.[1–6] The Voc of BHJ OPVs is determined
by the energy difference between the lowest unoccupied molecular orbital (LUMO) of the acceptor and the highest occupied
molecular orbital (HOMO) of the donor.[7] The broadly applied
strategy to increase the Voc in BHJ OPVs is to lift the LUMO
of the acceptor and/or to shift down the HOMO of the donor
by molecular design[5,8] or energy-level tuning with an inserted
dipole layer.[9] There is a trade-off between the charge-transfer
efficiency and the Voc in BHJ OPVs: a large energy offset
between the LUMO of the donor and the acceptor is required
for efficient charge transfer and separation, which would
squeeze the Voc.[10] Despite the recent encouraging discovery
that the LUMO offset between the donor and the acceptor can
be as small as 0.12 eV for efficient charge transfer,[11] most
high-efficiency donor/acceptor systems generally have a large
LUMO offset of 0.6–1 eV,[4,12–15] which limits the Voc to be much
smaller than the polymer’s optical bandgap (Eg).[10]
We recently found that the OPV devices with only a fullerene
(C60 and its derivatives, that is, [6,6]-phenyl-C61-butyric acid
methyl ester (C60-PCBM) and indene-C60 bisadduct (C60-ICBA))
as the active layer can output a Voc of 0.83–0.95 V. These
devices have a simple device structure of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS)/fullerene/bathocuproine (BCP)/aluminum (Al).
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The photocurrents of these devices under AM 1.5G simulated
illumination at 100 mW cm−2 are shown in Figure 1a. Since
the donor material is completely absent in the active layers,
the BHJ working mechanism does not apply for these devices.
Since fullerenes are slightly doped n-type semiconductors with a
reasonably high electron concentration of 1017–1018 cm−3,[16] the
Schottky barrier is expected to form at the fullerene/PEDOT:PSS
contact with a sizable band bending in the fullerene. An energy
diagram for these fullerene Schottky-junctions is plotted in
Figure 1b, which shows that the high Voc of these fullerene-only
devices arises from the Fermi energy-difference-induced band
bending in the fullerene close to the fullerene/PEDOT:PSS contact.[17–19] Since the work function of the anode is easily tuned
with previously established surface modification,[20] a high
Voc is therefore expected by the combination of the high work
function of the anode with the low LUMO energy level of the
semiconductor.
It is noted that the Voc of Schottky junction devices, around
0.83 V for the C60-PCBM-based device, is much larger than
that of many BHJ devices, such as P3HT:C60-PCBM-based
BHJ devices. Since band bending at the Schottky junction is
determined by the Fermi energy difference between the anode
and the fullerene, a varied Fermi energy of fullerene materials
should tune the band bending and thus the Voc of Schottky
junction devices.[21] In this work, three fullerene family materials, C60, C60-PCBM, and C60-ICBA, were studied. The LUMOs
of C60, C60-PCBM and C60-ICBA are 4.5 eV,[22] 3.9 eV,[8,21] and
3.7 eV,[8,21] respectively, and the HOMOs are almost the same
(≈6.1 eV), as shown in Figure 1b. It is obvious that the variation trend of the obtained Voc follows that of the LUMOs of
the fullerene materials (Figure 1a). The highest obtained Voc
was 0.95 V, which was achieved by the C60-ICBA-based Schottky
junction devices. The Voc of the C60-PCBM devices can be further increased to 0.87 V by increasing the work function of the
anode using thermally deposited molybdenum oxide (MoO3) on
an ITO substrate.
The weak electric field in the Schottky junction should not
provide enough driving force for the separation of photogenerated Frenkel excitons in organic semiconductor materials
because the Frenkel excitons have too large a binding energy, of
the order of 0.4–1 eV, to be separated by the weak electric field
in regular OPVs.[23–26] Early studies of Schottky junction-based
organic solar cells gave a very small photocurrent on the order of
≈10 μA cm−2.[27,28] While these fullerene-only Schottky junction
devices can output a Jsc on the order of 1 mA cm−2, which is 1–2
orders magnitude larger than those Schottky junction devices
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Figure 1. a) J–V curves of C60-, C60-PCBM- and C60-ICBA-based Schottky
junction devices. b) Schematic energy diagram showing the variation of
Voc of C60-, C60-PCBM- and C60-ICBA-based Schottky junction devices. For
better clarity, the energy levels were not drawn in scale.

with conjugated polymers such as poly(3-hexylthiophene)
(P3HT) as the active layer, as shown in Figure 1a. The relatively large photocurrent output from fullerene-based Schottky
junction devices can be understood by the delocalization of
electrons in the fullerene aggregates.[29–31] The delocalization
of electrons in fullerene aggregates is caused by the coherent
intermolecular electron transfer between fullerene molecules[29]
on the timescale of 60 fs,[32] which stabilizes the molecules,
results in long-lifetime polarons, and reduces the energy barrier for electron transfer.[29] The intermolecular charge transfer
excitons (CTEs), formed by electron transfer between the
fullerene molecules, have a bandgap of 2.3–4.0 eV,[30,33] which
is significantly larger than the Frenkel exciton bandgap of
1.5–1.9 eV.[33] The CTE binding energy is thus much smaller
than that of the Frenkel excitons in a fullerene. A small binding
energy of 25 meV for CTEs in fullerene was derived by an
electric-field-assisted photoluminescence quench study.[33] The
electron delocalization diameter derived from such a small CTE
binding energy is around 10 nm, which is consistent with the
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quantum-dynamics calculation result that electrons delocalize
over several molecules in fullerene aggregates.[29] Therefore,
photogenerated excitons can be separated at a relatively small
electric field of 105 V cm−1, which results in a strong photoconductivity of fullerene materials at room temperature.[34]
The built-in electric field on the order of 105 V cm−1, which is
induced by the Fermi energy level difference between the anode
and the fullerene, is then high enough to separate the intermolecular CTEs in the fullerene and results in a reasonable large
photocurrent in fullerene-only Schottky junction devices. It
is noted that the delocalization of electrons in the aggregates
and the small CTE exciton binding energy are also considered
to be responsible for fast diffusion of excitons in the crystalline C60-PCBM domain,[35] the efficient dissociation of chargetransfer excitons at polymer/fullerene interface,[36] and the
highest-reported field-effect mobility of 8–11 cm2 V−1 s−1[37,39] in
fullerene field-effect transistors.
The photocurrent in fullerene-only-based Schottky junction
devices is still low (Figure 2a), compared with that of most BHJ
devices.[9,40] One reason is that the bandgap of CTEs of ≈2.3 eV
is too large, so that only a small portion of absorbed sunlight
can yield photocurrent. The lower-energy Frenkel excitons still
cannot be split and do not contribute to the photocurrent. This
is confirmed by the measured external quantum efficiency (EQE)
of pure-fullerene-based Schottky junction devices, as shown
in Figure 2b. The EQE dramatically drops to almost zero at a
wavelength of 532 nm which coincides with the bandgap of
CTE (2.3 eV). Another reason for the low photocurrent and EQE
from the fullerene-only-based Schottky junction devices should
be the very low hole mobility in the fullerene, which causes
severe charge recombination due to inefficient hole extraction. To
address this issue and enhance the absorption, a small amount
of hole-transporting polymer, 5 wt% of P3HT was added into
[6,6]-phenyl-C71-butyric acid methyl ester (C70-PCBM). Strikingly,
the addition of a low concentration of donor material does not
impair the large Voc in Schottky junction devices, while significantly increasing the Jsc to 9–10 mA cm−2, which is comparable to
that of optimized P3HT:C70-PCBM-based BHJ devices (Figure 2a).
The EQE of approximately 64%, as shown in Figure 2b, is also
comparable to that of BHJ devices. The small P3HT loading
ratio of 5 wt% contributes a negligible light absorption, which is
shown by the almost-identical transmission-absorption spectra
of the C70-PCBM-only film and the 5 wt% P3HT-doped C70PCBM film (Figure 2c). The large photocurrent observed here
should be ascribed to the very strong absorption coefficient of
C70-PCBM. To include the optical-interference effect, the absolute
absorption spectra of the Schottky junction devices were measured using the reflection method, as described elsewhere.[34] As
shown in Figure 2d, the maximum absorption of the C70-PCBM
film in the Schottky junction device reaches 90% and the absorption is above 60% in a broad wavelength range above its optical
bandgap. Again, the reflective-absorption spectra of the C70PCBM-only film and the 5 wt% P3HT-doped C70-PCBM film
are almost identical. We also observed a significant increased
internal quantum efficiency (IQE) of 80% in the device with the
5 wt% P3HT-doped C70-PCBM film (Figure 2d), which is close
to the calculated IQE of ≈85% by measuring the saturated EQE
under a reverse bias of −2 V to extract all of the photogenerated
charges (Figure 2e). Despite the doped small amount of P3HT
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Figure 2. a,b) The photocurrent curves (a) and EQE curves (b) of Schottky junction devices based on pure C70-PCBM and C70-PCBM:P3HT (95
wt%:5 wt%). c) The transmission absorption spectra of C70-PCBM-only film and the blend film C70-PCBM:P3HT (95 wt%:5 wt%). d) The IQE (right) and
reflective absorption spectra (left) of C70-PCBM-only- and C70-PCBM:P3HT (95 wt%:5 wt%)-based devices. e) The EQE curves of the Schottky junction
device based on C70-PCBM:P3HT (95 wt%:5 wt%) under different reverse biases. f) The PL spectra of the C70-PCBM-only film and the C70-PCBM:P3HT
(95 wt%:5 wt%) blend film.

not contributing to light absorption, it significantly increases the
device efficiency by increasing the Frenkel exciton dissociation
and forming a hole-percolation path in the C70-PCBM matrix
for efficient hole extraction. The normalized EQE curve of the
devices with 5 wt% P3HT-doped C70-PCBM is totally different to
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that of the C70-PCBM-only-based device, as shown in the inset
of Figure 2b. The expansion of the EQE cut-off from 532 nm to
700 nm indicates that the Frenkel excitons from C70-PCBM in the
Schottky junction device with the doped P3HT also contribute to
the photocurrent, in addition to the CTEs. This was confirmed
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Figure 3. a,b) Normalized photocurrent curves of the BHJ devices (a) for different donors and Schottky junction (SJ) devices (b) for different donors,
with donor polymers P3HT (50 wt% for BHJ, 5 wt% for SJ), PBDTTT-C-T (50 wt% for BHJ, 5 wt% for SJ), 8TPDC8 (50 wt% for BHJ, 5 wt% for SJ), and
FTQ (40 wt% for BHJ, 5 wt% for SJ). c) The measured Voc of SJ and BHJ devices. d) Comparison of the energy diagram of Voc determined by SJ and
BHJ; the black bars represent the donor materials, the grey bars represent C70-PCBM.

by the photoluminescence (PL) quenching study, as shown in
Figure 2f. The 5 wt% P3HT doping in the C70-PCBM can reduce
the PL of the C70-PCBM by almost half through photoinduced
electron transfer from the P3HT to the C70-PCBM.
The Mott–Schottky analysis of the capacitance–voltage measurement result gives an almost-constant carrier concentration around 1.0 × 1017 cm−3 in the C70-PCBM material before
and after doping with a low concentration of 5 wt% P3HT, as
shown in Figure S1 in the Supporting Information, which is
consistent with the reported value as mentioned previously.[16]
The Fermi energy level of C70-PCBM was then calculated to be
about 0.2 eV below the LUMO of C70-PCBM, which is approximately 4.1 eV below the vacuum level. The Fermi energy difference of 0.9 eV between PEDOT:PSS and C70-PCBM agrees well
with the experimentally obtained Voc of 0.8–0.9 V (Figure 2a).
The depletion widths for both the pure C70-PCBM film device
and the 95 wt% C70-PCBM:5 wt% P3HT device are almost the
same, approximately 80 nm, because the carrier concentration
is unchanged. Since the depletion width is much larger than
the active film thickness of 55 nm, the band bending is able to
extend to the entire active film as depicted in Figure 1b, which
helps efficient charge extraction.
It is noted that a large increase in Voc with a low donor doping
concentration has been observed in several other material
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systems by several other groups.[41,42] However, in these studies
the devices with low donor concentration were still believed to
work with the BHJ mechanism, and the high Voc was explained
by a reduced reverse saturated dark current.[42] Recently, Tang
and co-workers reported that a small loading of several donors
in a C70 active layer in devices with MoOx as the anode could
produce a much-larger Voc than a large loading of donor.[43] It
was proposed that the Voc might be determined by the barrier
at MoOx/BHJ interface instead of the BHJ mechanism.[43] Nevertheless, there was no clear evidence to support this claim to
exclude the BHJ mechanism. It is still possible that the large
Voc in Tang’s devices with low donor loading might follow the
rule of the BHJ device because a diluted donor in C70 should
result in a lowered HOMO of the donor and thus a larger Voc.
In this work, firstly, we excluded the possibility of a reduced
reverse saturated dark current because no obvious dark-current
reduction was observed in our devices with low P3HT doping
concentration, compared with those devices with a high P3HT
doping concentration. Secondly, the following three phenomena
exclude the possibility of the BHJ mechanism and confirm that
the Voc in the fullerene-based Schottky junctions is only determined by the Fermi level of the fullerene and the PEDOT:PSS.
Firstly, we reduced the P3HT loading ratio from 5 wt% to
1 wt%, which should further push down the HOMO of the
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P3HT, since the down-shift of HOMO of P3HT was observed
previously.[44] However, the Voc remained unchanged and did
not follow the variation of HOMO. Secondly, we tested four
donor materials with different HOMO energy levels, including
P3HT, poly[4,8-bis-substituted-benzo[1,2-b:4,5-b′]dithiophene2,6-diyl- alt -4-substituted-thieno[3,4-b]thiophene-2,6-diyl]
(PBDTTT-C-T),[45] 5-(2,6-bis((E)-2-(3,4-dioctyl-[2,2′:5′,2′′:5′′,2′′′quaterthiophen]-5-yl)vinyl)-4H-pyran-4-ylidene)-1,3-diethyl-2thioxodihydropyrimidine-4,6 (1H, 5H)-dione (8TPDC8) and
fluorine-substituted poly[2,3-bis-(3-octyloxyphenyl) quinoxaline5,8-diyl-alt-thiophene-2,5-diyl] (FTQ), whose chemical structures are shown in Figure S2 in the Supporting Information. In
order to compare conveniently the Voc difference among these
four kinds of donors in the BHJ and Schottky junction devices,
the obtained J–V curves under simulated AM 1.5G illumination
were normalized, as shown in the Figure 3a,b. Despite these
donor materials having completely different Voc values in BHJ
devices (with donor loading ranges from 40–50 wt%), varying
from 0.58 V to 0.96 V, all of the devices with 5 wt% donor as the
active layer show almost the same Voc, around 0.86 V, which is
irrespective of the HOMO of the donor molecules. Thirdly, the
HOMO levels for FTQ and 8TPDC8 are so low that the Voc of
0.91–0.96 V in a BHJ is larger than the Schottky junction Voc of
0.86 V. A smaller donor loading ratio of 5 wt% should lead to an
even larger Voc if the Voc is determined by the BHJ mechanism.
Therefore, as summarized in Figure 3c,d, the Voc in a fullerenebased Schottky junction is only governed by the work function
of the PEDOT:PSS and the Fermi level of the fullerene, which
is different to the BHJ devices whose Voc should be determined
by the HOMO of the donor material.
The 95 wt% C70-PCBM: 5 wt% P3HT-based Schottky junction devices have an efficiency of 3.3% under simulated AM
1.5G illumination at 100 mW cm−2. There is still a strong
charge recombination in the present Schottky junction device
due to the unoptimized hole extraction, which is reflected by
the increased photocurrent output at reverse bias and the low
FF of the Schottky junction devices, as shown in the Figure 2a.
To understand the recombination mechanism in the fullerenebased Schottky junction device, the light-intensity dependence
of the photocurrent output was measured under illumination
from 0.001 Sun to 3 Suns. The variation in Voc with incident
light intensity is shown in Figure 4. It is clear that the Voc
increases linearly with light intensity [ln(I)]. The linear fitting
result shows that the slope is approximately equal to kBT/e
(here, kB is the Boltzmann constant, T is temperature, and e
is the element electron charge), indicating the main recombination mechanism is bimolecular recombination at the open
circuit in the fullerene-based Schottky junction devices.[46] As
shown in the Figure 4, the responsivity decreases continuously
with increasing light intensity. The FF is maintained constant
at low light intensity below 2 mW cm−2 and then decreases
with further increased light intensity. The reduced responsivity and FF under strong light indicates again the existence
of significant charge recombination in this Schottky junction
device. The PCE increases to 5% at low light intensity, below
2 mW cm−2, due to the reduced charge recombination, which
is higher than that of BHJ devices. The high efficiency at low
light intensity makes it ideal for the application of indoor lightenergy harvesting. Compared with the thermally evaporated
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Figure 4. The variation of the photovoltaic parameters with light intensity
for the Schottky junction device with C70-PCBM:P3HT (95:5 wt%) as the
active layer.

C70-based devices, as reported by Tang and co-workers,[43] the
solution-processed Schottky junction devices reported here are
simpler to fabricate, and are compatible with large-scale, lowcost fabrication methods such as spray-coating and the roll-toroll fabrication process.
In conclusion, a high Voc of 0.95 V was obtained in the
fullerene-based Schottky junction devices. The Voc is expected
to be even higher by the combination of a higher work function
of the anode and a lower LUMO energy level of the fullerene.
The PCE of the C70-PCBM:P3HT (95:5 wt%) Schottky junction
device reaches 5% at low light intensity, higher than that of the
corresponding BHJ devices. This is the highest-reported efficiency in solution-processed Schottky junction devices. An additional potential advantage of using Schottky junction devices is
that the low concentration of the donor polymer makes it more
stable, likely due to the more-stable morphology with less donorpolymer aggregation. The device stability is still under study.

Experimental Section
Approximately 10 min of plasmonic treatment was conducted on
cleaned ITO/glass substrates using UV-ozone. Subsequently, the
PEDOT:PSS (Baytron-P 4083, used as received) was spin-coated onto
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