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To minimize interfacial power losses, thin (5– 80 nm) layers of NiO,
a p-type oxide semiconductor, are inserted between the active
organic layer, poly(3-hexylthiophene) (P3HT) ⴙ [6,6]-phenyl-C61
butyric acid methyl ester (PCBM), and the ITO (tin-doped indium
oxide) anode of bulk-heterojunction ITO/P3HT:PCBM/LiF/Al solar
cells. The interfacial NiO layer is deposited by pulsed laser deposition directly onto cleaned ITO, and the active layer is subsequently deposited by spin-coating. Insertion of the NiO layer
affords cell power conversion efficiencies as high as 5.2% and
enhances the fill factor to 69% and the open-circuit voltage (Voc)
to 638 mV versus an ITO/P3HT:PCBM/LiF/Al control device. The
value of such hole-transporting/electron-blocking interfacial layers
is clearly demonstrated and should be applicable to other organic
photovoltaics.
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I

n a world of ever-increasing energy demands and the need for
renewable energy resources, photovoltaics are becoming an
increasingly appealing option for energy production (1). Organic
photovoltaic (OPV) cells (2–8) offer a potential alternative to
conventional Si solar cells, as exemplified by (i) dye-sensitized
(9), (ii) polymer (10), and (iii) small-molecule (11) cells. Of
these, polymer cells offer the combined attraction of low cost,
light weight, mechanical flexibility, and amenability to manufacture by high-throughput, low-cost, large-area reel-to-reel
coating processes. It is estimated that such solar cells could be
commercially viable if power conversion efficiencies (PCEs) on
the order of ⬃10% were achieved (12). To date, the highest PCE
polymer solar cells have been fabricated with an active layer
composed of a blend of regioregular poly(3-hexylthiophene)
(P3HT) (13) and the fullerene derivative [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) (14) (Fig. 1). The P3HT ⫹
PCBM blend forms a phase-separated ‘‘bulk-heterojunction’’
(BHJ) nanostructure that provides a large interfacial area for
exciton dissociation. When photo-excited, the P3HT network
acts as an electron donor and transporter of holes to the cell
anode, while the PCBM network acts as an electron acceptor and
transporter of electrons to the cell cathode (10, 15–19). While
one materials limitation of this BHJ design is doubtless the less
than optimum match of the narrow P3HT:PCBM optical absorption to the solar spectrum (12), it is also likely that the
multiple, poorly understood interfaces represent a significant
and generic performance constraint to this type of solar cell.
Nanoscale ‘‘engineering’’ of the anode–organic interface has
been successfully implemented in organic light-emitting diodes
(OLEDs) for enhancing electrode–organic interfacial physical
and electrical contact, resulting in reduced turn-on voltage,
blocking of misdirected carriers, enhanced thermal durability,
and increased current/power efficiency (20–24). In BHJ OPVs,
interfacial effects probably limit realization of the maximum
theoretical open-circuit voltage (Voc). It is generally thought that
the magnitude of Voc parallels the energetic difference between
the highest occupied molecular orbital (HOMO) of the BHJ
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0711990105

donor material and the lowest unoccupied molecular orbital
(LUMO) of the acceptor material (25–28). This difference, less
the exciton binding energy, defines the theoretical maximum Voc;
however, in actual devices, the output is typically 300–500 mV
less than this maximum. The hypothesized source of this loss is
the field-driven nature of the devices, the presence of dark
current, and Schottky barriers formed at the interfaces (28). One
way to enhance OPV performance would then be to suppress
these losses to the greatest extent possible. An effective electronblocking layer (EBL)/hole-transporting layer (HTL) could, in
principle, achieve this goal by preventing current leakage and
consequent counterdiode formation (29).
In the simplest P3HT:PCBM BHJ cells, a blended solution of
P3HT ⫹ PCBM in a 1:1 (wt:wt) ratio is typically spin-cast onto
tin-doped indium oxide (ITO)-coated glass, which serves as the
anode, and is annealed to form the active layer. The cell is then
completed and its area defined by the sequential deposition of
LiF and Al as the cathode (Fig. 1A). Note that inherent to the
simplest BHJ cell architecture, the active layer donor and
acceptor materials are both in direct contact with the anode, and
it is possible for the acceptor material (PCBM) to transfer
electrons to the hole-collecting anode, thereby compromising
cell efficiency. P3HT:PCBM cells having this architecture typically exhibit PCEs of 2.7–2.9% where PCE is defined in Eq. 1,
with Pout the power output of the device, Pin the power of
incident light source (mW/cm2), and Jsc the short-circuit current
density (mA/cm2).
PCE ⫽

Pout V oc J sc FF
⫽
P in
P in

[1]

To prevent electron leakage from the BHJ acceptor to the
anode, to aid in photogenerated hole extraction, and to planarize
the ITO surface, a thin semiconducting poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) electronblocking layer (EBL) is typically spin-cast as an aqueous dispersion onto the ITO before active layer deposition (Fig. 1B). This
device design has achieved confirmed power efficiencies up to
4% (10). Despite these positive characteristics, note that aqueous
PEDOT:PSS dispersions are at pH ⬃ 1 and corrosive to the ITO
anode (30, 31). Furthermore, many researchers find that PEDOT:PSS depositions yield inconsistent film morphologies and
electrical properties in accord with the demonstrated electrical
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Fig. 1. Schematic drawings of the bulk-heterojunction photovoltaic device structures used here without (A) and with (B) an interfacial electron-blocking
layer/hole-transporting layer (EBL/HTL). The chemical structures of PEDOT:PSS and the active layer components P3HT and PCBM are also shown.
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emitting diode results show that PEDOT:PSS is an inefficient
electron-blocking layer, reducing device current efficiency due
to electron leakage to the anode (21, 22, 24, 30). This combination of limitations motivates replacement of PEDOT:PSS by
a more suitable material for optimum OPV performance.
Realistic PEDOT:PSS replacements are subject to several
fundamental constraints. (i) Sufficient optical transparency to
allow solar photon access to the active layer, requiring wide
band-gap semiconductors (Egap ⬎ 3 eV) transparent in the
visible spectral region. (ii) Effective blocking of electron leakage
to the anode while efficiently transporting holes to the anode.
This capability would address the aforementioned shortcoming
of BHJ cells having both donor and acceptor active layer
materials in direct contact with both electrodes. All other things
being equal, a wide band-gap p-type semiconductor should be far
more resistive to electron than to hole transport provided that
the conduction band minimum (CBM) is sufficiently above the
LUMO of the organic donor (and hence also the organic
acceptor) material. (iii) Appropriate energy level alignment to
allow ohmic contact to the donor material. (iv) Ambient chemical stability and inertness with respect to the adjacent device
layers (34–36).
The device structure reported here incorporates NiO, a cubic
wide band-gap semiconductor, which is essentially transparent as
very thin layers and is p-type to facilitate hole conduction (i.e.,
acts as a HTL) (37–39). Previously, Yang et al. used n-type V2O5
(40, 41) and MoO3 (42) as interfacial layers in BHJ OPVs;
however, reported efficiencies less than those for optimized
PEDOT:PSS-based devices (34). It will be seen here that NiO
has a band structure well suited for P3HT:PCBM OPVs and
provides an ohmic contact to P3HT while having a sufficiently
high CBM to function as an EBL. Easily deposited NiO is shown

here to be an effective PEDOT:PSS replacement and to afford
both exceptional fill factor (FF) and open-circuit voltage (Voc)
metrics, as well as a BHJ cell power conversion efficiency
of 5.2%.
Results and Discussion
To investigate the present OPV interlayer concept, a well studied
model BHJ materials system was chosen, and the oxide p-type
semiconductor was applied to the anode as a thin film (see
Materials and Methods for details). The cell structure (see Fig. 1)
employs P3HT as the donor and PCBM as the acceptor material,
with the relevant energy levels shown in Fig. 2. As noted above,
NiO was chosen as the p-type interfacial layer. Although arguably the most studied and modeled of binary transition metal
oxides, exact details of the band structure, band-gap (Eg), Fermi
level (Ef), conduction band minimum (CBM), valence band
maximum (VBM), and conduction mechanism continue to
stimulate discussion (39, 43–45). Near-stoichiometric NiO has a
room temperature conductivity of ⬇10⫺12 S/cm (45); however,
Ni2⫹ vacancies are readily formed in undoped NiO that substantially increase the conductivity (39, 46), and films with
conductivities of ⬇10⫺3 to 10⫺4 S/cm have been reported (47).
Additional discussion of the energy level orderings is presented
below.
Thin films of p-NiO were deposited by pulsed laser deposition
(PLD) on patterned ITO anodes, and the presence of crystalline
NiO was confirmed by glancing-angle x-ray diffraction (GA-XRD)
(Fig. 3). The characteristic NiO (111) and (200) reflections are
clearly visible along with the ITO background (44). The morphology of the present NiO surfaces was surveyed by SEM and AFM
[see supporting information (SI)]. The AFM and SEM images
reveal distinct grains remarkably similar to those of the ITO

Fig. 2. Energy level diagrams of device components referenced to the vacuum level. (A) Typical P3HT:PCBM BHJ OPV with a PEDOT:PSS hole transport layer.
(B) Device structure reported here. The published valence band, conduction band, and the Fermi level energies of NiO are shown.
2784 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0711990105
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surface, as expected. The NiO deposition process significantly
planarizes the anode surface from an RMS roughness of 4–5 nm for
bare glass/ITO to 1.0–1.5 nm for glass/ITO/NiO. PLD-derived NiO
films on ITO are found to be highly transparent for 5- to 10-nm
layers (Fig. 4) and should allow the maximum photon flux to reach
the active layer for photo-current generation.
To prepare the active BHJ layer, an o-dichlorobenzene
(ODCB) solution of P3HT and PCBM was spin-coated in a glove
box onto the ITO/NiO surface. Within the glove box, the film was
annealed and device fabrication was completed by vapordepositing LiF and then the Al cathode. Preliminary optimization of the p-NiO interlayer for maximum OPV performance was
carried out by varying the O2 partial pressure during film growth,
and the optimum O2 partial pressure was found to be 7.0 ⫻ 10⫺4
Torr. The effect of NiO film thickness on device response was
also investigated, and there is a clear trend of decreasing cell
efficiency with increasing NiO thickness (Fig. 5). Series resistance and incident photon absorption by NiO are likely the
dominant factors here (for dark J–V curves, see SI). The
optimum NiO interlayer thickness was found to be 5–10 nm,
where an 80% increase in PCE versus the control is observed.
Additionally, inclusion of 10-nm NiO results in a slight increase
(6%) in Jsc versus the control with a 24% increase in Voc and a
37% increase in FF. External quantum efficiency (EQE) was
measured on a device containing a 10-nm NiO layer and was
found to reach a maximum of 87% between 400 and 700 nm (for
EQE data, see SI). Response parameters for all NiO interlayerbased devices are summarized in Table 1 along with a community-

Fig. 5. Current density–voltage plots for glass/ITO/NiO/P3HT:PCBM/LiF/Al
BHJ solar cells fabricated with varying layer thicknesses of NiO on the ITO
anode. The control device has the structure: glass/ITO/P3HT:PCBM/LiF/Al.

standard device having the structure glass/ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al. The largest PCE measured was 5.2%.
An essential requirement for an effective OPV anode interfacial layer is that it provide a temporally durable device. At NiO
interlayer thicknesses of 5 and 10 nm, a ‘‘break-in’’ period is
observed (common in organic light-emitting diodes) where
device response increases over the first few days after fabrication. It is hypothesized that these changes reflect active layer
phase separation/reconstruction (10, 19) or polymer diffusion
into the NiO grain boundaries, thus increasing the available
surface area for charge collection. The performance of 10-nmNiO devices reaches a maximum of ⬇5.2% PCE and then slowly
declines with continuous testing under AM1.5G radiation to
⬇4.7%, where it remains essentially constant (Fig. 6). Although
data are not shown, devices with a 5-nm NiO interlayer exhibit
negligible temporal decay from a maximum PCE of ⬇4.7% over
the same time period. Devices containing a 20-nm or thicker NiO
interlayer display flat device performance and no decay over
time with continuous testing.
The reported optical band-gap of NiO ranges from 3.4 eV (47)
to 4.3 eV (38) depending exactly on how the location of the band
edge is defined: location of the first absorption feature, midpoint
of the first rise, or where the maximum slope of absorption
extrapolates to zero (38). In this contribution, the optical bandgap is determined from a standard plot of (␣h)2 versus h,
where ␣ is the absorption coefficient and h is energy in eV; the
x axis intercept of the linear portion of the plot is then taken as
the optical band-gap. This yields a slightly lower value for the
band-gap (3.6 eV) but as shown, even at the measured value, the
band-gap is more than sufficient to serve as an effective electronblocking layer (Fig. 2B). Note that some weak absorption in the
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Table 1. Response parameters for the glass/ITO/interlayer/
P3HT:PCBM/LiF/Al BHJ photovoltaic devices in Fig. 4

Fig. 4. Optical transmission spectra of various-thickness NiO films grown on
ITO/glass. ITO/glass is included as the blank.
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Device

Voc , V

Jsc , mA/cm2

FF, %

Efficiency, %

40-nm PEDOT:PSS
Control
5-nm NiO
10-nm NiO
20-nm NiO
43-nm NiO
77-nm NiO

0.624
0.515
0.634
0.638
0.591
0.586
0.581

9.54
10.7
11.5
11.3
8.83
8.09
7.49

40.4
50.7
63.3
69.3
55.2
52.4
49.8

2.40
2.87
4.75
5.16
2.96
2.55
2.23

The control has the structure: glass/ITO/P3HT:PCBM/LiF/Al. Interlayers in the
device column are deposited directly onto ITO.
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Fig. 3. Glancing-angle x-ray diffraction patterns of a NiO film grown on
ITO/glass and the ITO/glass background. Features are labeled with the corresponding (hkl) reflections of cubic phase NiO.

efficiency and should be extendable to other p-type materials of
appropriate work function. These results also highlight the
general importance of suppressing OPV interfacial losses, and
their adverse effects on Voc and power conversion efficiency.
Materials and Methods
Materials. PCBM was purchased from American Dye Source and was further
purified by several cycles of sonication in toluene followed by filtration, and
then sonication in pentane, followed by centrifugation. P3HT was purchased
from Rieke Metals and was further purified by sequential Soxhlet extractions
with methanol and hexanes.

Fig. 6. Temporal response characteristics of two sets of BHJ devices with NiO
anode layer thicknesses of 10 nm (solid line) and 20 nm (dashed line) on ITO.
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visible range occurs due to low oscillator strength d–d interband
transitions (37, 48); however, the overall transparencies of these
thin NiO films are quite high (Fig. 4). The reported Ef for
undoped NiO ranges from 3.8 eV (49) to 5.4 eV (50) and has
been found to depend on the deposition substrate (51) and the
NiO surface treatment (49). A frequently cited value is 5.0 eV
(20, 23, 44, 52) while the valence band maximum (VBM) of
undoped NiO is ⬃0.4 eV below Ef (Fig. 2B) (52, 53). In the
present BHJ devices, NiO functions as both a hole-transport and
an electron-blocking layer. Because of the essentially ohmic
contact between NiO and P3HT (Fig. 2B), a large Schottky
barrier is not formed, allowing holes to freely transfer from the
active layer to the Ni2⫹ vacancy-based (excess O) holeconducting anode band. The VBM of NiO is ⬃0.4 eV below the
Fermi level (Ef ⫽ 5.0 eV), and with a NiO band-gap of ⬇3.6 eV,
the conduction band energy is ⬇1.8 eV, while the LUMOs of
P3HT and PCBM are at 3.0 and 4.0 eV, respectively. This
energetic ordering should provide a 1.2- to 2.2-eV barrier to
electron collection at the anode. These level energetics are
important because the donor and acceptor materials are both in
contact with the electrodes in BHJ cells, and it is energetically
favorable for an electron from the PCBM LUMO to be collected
at the anode [here, the ITO work function (⌽) is ⬇4.7 eV]. This
electron flow opposes the built-in field created by the differences
in the anode and cathode work functions (Al, ⌽ ⫽ 4.2 eV), and
this, in turn, creates an opposing field and an overall decrease in
positive cell potential (a decrease in Voc).
The P3HT HOMO lies at 5.0 eV, while the PCBM LUMO lies
at 4.0 eV. Thus, the theoretical Voc maximum for this type of
P3HT-PCBM BHJ cell is 1.0 V (energy levels were determined
by thin-film solution cyclic voltammetry), but without any anode
interfacial layer, the experimental Voc is commonly near 0.50 V,
representing a 500-mV loss. Importantly, the 10-nm NiO EBL
recovers ⬃140 mV of the lost potential by increasing Voc 40%
from 0.515 V of the control device to 0.638 V. The effectiveness
of the NiO EBL can doubtlessly be improved by further optimizing growth conditions because the present layer was found to
be somewhat ‘‘leaky’’ in metal–insulator–semiconductor structures (see SI). This should further increase the Voc.
Conclusions
The results of this study show that replacement of PEDOT:PSS
with a p-type oxide semiconductor anode interfacial layer in an
archetypical BHJ photovoltaic device results in a dramatic
performance increase, while exhibiting excellent device stability.
Inserting a 5- to 10-nm p-NiO layer in a P3HT:PCBM BHJ
device increases the performance to 5.2% power conversion
2786 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0711990105

Substrate Preparation. ITO-coated glass (10 ⍀/▫) was purchased from Delta
Technologies in 25 ⫻ 75-mm strips. These were patterned to make two
electrically separate 3-mm strips by applying a mask and dipping in hot
concentrated HCl for 10 sec. The substrate was then quenched in saturated
NaHCO3 solution, dried, and sonicated in hexanes at 50°C for 30 min. The ITO
was next cut into 25 ⫻ 12.5-mm substrates and cleaned by sonicating in 50°C
aqueous detergent for 30 min, DI water for 5 min, and finally methanol,
isopropanol, and acetone, respectively, for 30 min each. The solvent-cleaned
substrates were further cleaned, immediately before use, in a UV-ozone
cleaner for 10 min under ambient atmosphere.
NiO Film Growth. NiO films were grown by pulsed-laser deposition (PLD). A
248-nm KrF excimer laser with a 25-ns duration and a repetition rate of 2–5 Hz
was used. The 230 mJ per pulse beam was focused onto a 1 ⫻ 2-mm spot on
the NiO target. The target, ⬇25 mm in diameter, was rotated at 5 rpm to
prevent localized heating, and the laser pulses were swept cyclically across the
target radius to additionally prevent localized heating. The target-substrate
separation was fixed at 10 cm. An ambient O2 atmosphere at a pressure
between 2 ⫻ 10⫺2 and 2 ⫻ 10⫺5 torr was maintained during the NiO film
deposition. The same system configuration was also used for the deposition of
gold contacts from a metallic gold target: ⬇13-mm-diameter target; 5 Hz; 135
mJ per pulse; deposition ambient 5 ⫻ 10⫺3 torr argon.
Patterned NiO films were fabricated either by shadow mask or by prepatterning the substrates with AZ-1518 photoresist and postdeposition lift-off. Films
patterned by shadow mask were used in the fabrication of solar cells. Films
patterned with AZ-1518 were used for step-edge film thickness measurements
and fabrication of NiO/n-Si diode structures. Film thicknesses were measured with
a Tencor P-10 profilometer. NiO film crystallinity was examined by glancing-angle
( ⫽ 0.4°) -2 scan x-ray diffractometry on a computer-interfaced Rigaku ATX-G
instrument using Ni-filtered Cu K␣ radiation. Current–voltage characterization of
NiO/n-Si diode structures was performed with a Keithley 237 source meter.
Optical transparency was measured with a Varian Cary 1E spectrophotometer in
dual-beam transmission (T) mode. A Hitachi S4800 instrument was used for SEM
imaging, and a ThermoMicroscopes CP Research instrument was used for AFM
imaging in the tapping mode.
BHJ OPV Device Fabrication. A solution of P3HT (20 mg) and PCBM (20 mg) was
prepared in purified o-dichlorobenzene (1.0 ml, distilled from P2O5) the day
before fabrication. The solution was stirred overnight in the dark at 50°C
under nitrogen and was then sonicated at 50°C for 1 h the next day. The active
layer solution and the cleaned substrates were immediately transferred to a
nitrogen-filled glove box (⬍1 ppm O2 and H2O), and the active layer solution
was spin-coated onto bare ITO or the ITO/NiO anodes at 550 rpm for 60 sec,
then 2,000 rpm for 1 sec (thickness ⫽ 210 –230 nm). Contact areas were cleaned
with dry toluene and a cotton swab, and the films were then annealed on a hot
plate in the glove box at 120°C for 10 min. In the glove box, LiF/Al (0.6 nm/130
nm) cathodes were next deposited sequentially without breaking vacuum,
using a thermal evaporator. The rates used were 0.1 Å/sec for LiF (Acros;
99.98%) and ⬇2 Å/sec for Al (Sigma–Aldrich; 99.999%), with a chamber
pressure of 1.1 ⫻ 10⫺6 torr. The cathodes were deposited through a shadow
mask with two 2.0-mm strips perpendicular to the two patterned ITO strips to
make four devices per substrate. Finally, the completed solar cells were
encapsulated with a glass slide by using UV-curable epoxy (Electro-Lite ELC2500), which was cured in a UV chamber inside of the glove box.
BHJ OPV I–V Characterization. Device evaluation was performed at 298 K by
using a Class A Spectra-Nova Technologies solar cell analyzer having a xenon
lamp that simulates AM1.5G light from 400 to 1,100 nm. The instrument was
calibrated with a monocrystalline Si diode fitted with a KG3 filter to bring
spectral mismatch to unity. The calibration standard was calibrated by the
National Renewable Energy Laboratory (NREL). Four-point contacts were
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made to the substrate with Ag paste and copper alligator clips (28, 54).
Individual devices were isolated by a mask during testing to avoid current
collection from adjacent devices and edge effects. A device fabricated and
tested on the above instrument having the structure glass/ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al exhibited a Jsc ⫽ 9.5 mA/cm2, in agreement with the literature (10). Devices containing a 20-nm NiO interlayer where tested at the
NREL, and the results mirrored those obtained at Northwestern University.

