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O
rganic photovoltaics (OPVs) have
strong potential as a low-cost route
to sustainably harvesting elec-

tricity directly from sunlight, particularly
for the provision of off-grid electricity1�3

and portable consumer electronics.4 In this
class of photovoltaic device the electrode�
organic semiconductor interfaces are criti-
cal determinants of both the efficiency with
which light is converted to electricity and
the operational lifetime. It is therefore im-
perative that these interfaces are engi-
neered to be robust toward large fluctua-
tions in temperature and light intensity
while minimizing energy losses incurred
when extracting charges to the external
circuit. In recent years a number of innova-
tive electrode and charge carrier extraction
materials for OPVs have been proposed
including several based on nanomaterials.5�8

However, current understanding of the cor-
relation between device performance and
the detailed nanostructure at the electrode
interfaces is at an early stage of devel-
opment.8�14 Unlike interfacial barriers at
metal�inorganic semiconductor contacts,
which are largely insensitive to the initial
Fermi level of the electrode, the interfacial
energetics at metal�organic semiconduc-
tor interfaces are much more difficult to
predict.15,16 Consequently, there is a clear
need for the elucidation of generic design
rules that transcend specific materials sys-
tems to guide the development of new elec-
trodes and provide a framework for engi-
neering this important class of interface.
Themost powerful causes of photovoltaic

action in an OPV are the heterojunction
between the donor and acceptor materials
and the built-in electric field, both of which
operate to break the symmetry of the photo-
active layer. In the most efficient single-
junction OPV systems to date the donor
and acceptor phases have a bulk-hetero-
junction (BHJ) architecture, which is charac-
terized by a complex interpenetrating network
of the two phases.1,2,4,11 One consequence of

this morphology is that a large built-in
electric field is required to break device
symmetry, and so a major cause of energy
loss is the erosion of the charge carrier
collection efficiency close to the open-
circuit condition (Voc) due to the recombina-
tion of electrons and holes.17,18 Furthermore,
Jeong et al.19 have recently shown that this
voltage-dependent effect is amplified when
the device area is scaled for applications.
Strategies to increase the built-in electric field
strength in this important class of OPV there-
fore offer a path to maximizing device power
conversion efficiency (η).
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ABSTRACT

Generic design rules for electrode�organic semiconductor contacts that transcend specific

materials are urgently required to guide the development of new electrodes and provide a

framework for engineering this important class of interface. Herein a novel nanostructured

window electrode is utilized in conjunction with three-dimensional electrostatic modeling to

elucidate the importance of geometric electric field enhancement effects at the electrode

interfaces in organic photovoltaics. The results of this study show that nanoscale protrusions at

the electrode surfaces in organic photovoltaics dramatically improve the efficiency of

photogenerated charge carrier extraction to the external circuit and that the origin of this

improvement is the local amplification of the electrostatic field in the vicinity of said

protrusions. This wholly geometric approach to engineering electrodes at the nanoscale is

materials generic and can be employed to enhance the efficiency of charge carrier injection or

extraction in a wide range of organic electronic devices.

KEYWORDS: organic photovoltaics . geometric electric field enhancement .
electrode . bulk heterojunction . nanoprotrusion
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Herein we show that geometric electric field en-
hancement (GEFE) in the vicinity of nanoscale protru-
sions at the substrate electrode surface in BHJ OPVs
can be harnessed to increase device η by enhancing
the efficiency of charge carrier collection. The power of
this wholly geometric approach to electrode design is
threefold: (i) it can be applied to any electrode whose
surface can be decorated with nanoscale protrusions
and is thus materials generic; (ii) it can be employed to
facilitate charge carrier injection or extraction, render-
ing it useful for a range of organic electronic applica-
tions beyond photovoltaics, including light-emitting
diodes and transistors; (iii) electrode selectivity for the
injection or extraction of a specific charge carrier type
is enhanced, reducing electrical losses and simplifying
device architecture by removing the need for addi-
tional blocking layers. While the possibility that this
phenomenon plays a role in the operation of organic
optoelectronic devices has previously been proposed
in the context of carbon nanotube electrodes,20,21

convincing evidence to support this hypothesis has
been lacking due to the difficulty in separating GEFE
effects from other factors known to be critical deter-
minants of charge carrier transport across organic
semiconductor�electrode interfaces. For example, by
changing the electrode topography using carbon na-
notubes, the work function (j), surface energy (γ),
chemical makeup, and electrical conductivity of the
electrode are all simultaneously altered. The energetics
and morphology at electrode�organic semiconductor
interfaces are complex functions of all of these surface
parameters,10�16,22 and so it is not possible to isolate
the effect of the change in topography. From a prac-
tical perspective the surface roughness of most com-
mercially available substrate electrodes, including ITO
glass,23 is too high to be suitable for investigating the
impact of nanoscale protrusions at the electrode.
To demonstrate the operation of GEFE in OPVs, we

have developed a window electrode that is exception-
ally smooth and can be decorated with a controllable
density of nanoscale protrusions of well-defined geo-
metry. The electrode is designed such that the incor-
poration of protrusions at its surface does not perturb
j, γ, or the chemical composition, and so it can be
assumed that the energetics at the interface with any
given organic semiconductor are common to the
contacts with and without protrusions. These model
electrodes also enable direct correlation between ex-
perimental measurements and the results of three-
dimensional electrostatic simulations in which only the
system geometry is considered. Upon incorporation
into model BHJ OPVs, the current�voltage (J�V) char-
acteristics in the dark, under 1 sun simulated solar
illumination and as a function of the protrusion surface
density, all exhibit evidence of GEFE effects and de-
monstrate the power of this wholly geometric ap-
proach to electrode engineering.

The phenomenon of GEFE24 is exploited in applica-
tions where cold electron sources are required and the
electrons are injected into vacuum, including field-
emission displays and electron microscopes. In elec-
trode configurations resembling a parallel plate capa-
citor the bulk electric field (Fbulk) is given by V/d, where
d is the electrode separation and V is the potential
difference between the electrodes. The electric field
very close to the surface of the electrodes, Flocal, can
however be many times higher than Fbulk at the site of
microscopic protrusions on the electrode surface due
to the concentration of the lines of equipotential
around the protrusion apex.25�27 Since it is the electric
field strength within a few nanometers of the emitting
surface that controls the barrier to electron emission
via tunneling, it is Flocal rather than Fbulk that deter-
mines the onset of field emission from a surface
protrusion. When the density of protrusions at the
electrode surface is sufficiently high, the total field
emission current from the electrode is dominated by
that from the protrusions, and the J�V characteristic
can be expressed by the simplified Fowler�Nordheim
equation:28

J ¼ aF2e�( KβF)

where J is the current density, F = Fbulk, a and κ are
constants, and β is defined as the ratio Flocal:Fbulk.
According to this well-established model, a plot of
ln(J/F2) vs 1/F is linear and, to a good approximation,
β can be extracted directly from the gradient of the
graph in the high-field region.24�27 However, in the
context of the reverse process of charge carrier extrac-
tion the magnitude and extent of F enhancement at
distances greater than a few nanometers from the
protrusion surface is also of critical importance.
Figure 1 summarizes the results of three-dimen-

sional electrostatic simulations of F between parallel
plate electrodes, one of which has an isolated con-
ducting protrusion at its surface. In this configuration
the electrode planes are separated by 220 nm and the
surface protrusion has an idealized hemisphere-on-a-

post geometry24 with a height and radius of 13.6 and
7.5 nm, respectively. This geometry corresponds to the
dimensions of the conducting protrusions realized
experimentally herein. Likewise the electrode separa-
tion corresponds to that of hole-only diodes fabricated
as part of this study and is typical of prototypical BHJ
OPVs based on a poly(3-hexylthiophene) (P3HT):[6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) blend.29

In Figure 1a�c the Au electrode is biased by þ0.1 V,
although it is important to emphasize that the relative
enhancement in F is independent of the magnitude or
polarity of Fbulk.

24�27 It is evident from Figure 1a that
for the geometry simulated F decays exponentially to
Fbulk over a distance of ∼50 nm from the protrusion
apex along the axis normal to the electrode, and so the
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increase in F results from GEFE rather than the reduced
distance between the tip of the protrusion and the
counter electrode.26 Figure 1b depicts the volume
immediately above the protrusion over which F is
enhanced as compare to Fbulk. The region of enhanced
F is approximately spherical, enabling the protrusion to
extract photogenerated charge carriers formed in parts
of the photoactive material that are not immediately
above it. This increase in F facilitates hole extraction to
the external circuit, while simultaneously inhibiting
electron extraction by increasing the potential barrier
to electron extraction. One characteristic of GEFE effects
is the sensitivity of β to the proximity of adjacent
protrusions. Two-dimensional electrostatic simulations
of carbon nanotube arrays by Nilsson et al. predict that
the onset of field screening begins for protrusion sepa-
rations approximately twice the protrusion height.30

On the basis of this rule-of-thumb, the optimal density
of protrusions in the current context is∼600 μm�2. To
illustrate the impact of F screening on β, the results of a

simulation pertaining to the specific case where three
protrusions are in very close proximity are shown in
Figure 1a, c (right). It is evident that the adverse impact
of clustering is threefold: (i) β is reduced; (ii) the surface
area of the protrusion apex over which F is enhanced is
reduced; (iii) in the direction normal to the plane of the
electrodes F converges to Fbulk more rapidly. For these
reasons it is important that protrusion clustering is
avoided and the surface density is carefully controlled.
A chemically well-defined, highly transparent, and

exceptionally smooth model electrode was fabricated
by evaporating 9 nm of Au onto a glass substrate
derivatized with a monolayer of the molecular adhe-
sive 3-mercaptopropyltrimethoxysilane (MPTMS). The
molecular adhesive binds to the glass substrate via

strong siloxane linkages and immobilizes incident Au
atoms upon arrival, which react with the thiol moieties,
thereby promoting continuous film formation at low
thickness.31�34 These ultrathin films have a mean
absolute transparency of 63% across the visible spec-
trum (400�750 nm) (Figure S1, Supporting Information)
and an exceptionally low root-mean-square roughness
(∼0.6 nm), making them ideally suited as a model

window electrode for the purpose of this study. To
realize an array of surface protrusions with a tight size
distribution and maximum height suitable for incor-
poration into an OPV device, MPTMS-derivatized glass
substrates were decorated with a random array of
12.5 ( 1.2 nm oleylamine (OAm)-capped Au nanopar-
ticles. The surface density of nanoparticles is controlled
by varying the time theMPTMS-derivatized substrate is
submerged in the nanoparticle solution. To render the
surface of the nanoparticles sticky toward incoming Au
atoms, the OAm ligand was exchanged with 1,5-pen-
tanedithiol, as illustrated in Figure 2b. Nine nano-
meters of Au was then thermally evaporated onto
the nanoparticle-decorated glass substrate to form a
9 nm Au film with a random array of 13.6( 2.9 nm tall
surface protrusions (Figure 2c). The sheet resistance of
these electrodes is marginally increased upon incor-
poration of protrusions from 13.6 ( 0.6 Ω sq�1 to
16.9 ( 1.8 Ω sq�1, although this is not sufficient to
significantly impact the performance of 6 mm2 diodes
fabricated on 1.44 cm2 substrates. The absolute trans-
parency of the 9 nm Au films was reduced by <5%
upon incorporation of protrusions (Figure S1, Support-
ing Information). Immediately prior to device fabrication
the substrates were UV/O3 treated to oxidize the sur-
face to a depth of∼1 nm, which raises thej to∼5.4 eV
while remaining sufficiently thin to be transparent to
electron transport across the interface.8,35 Importantly,
surface potentialmeasurementsmade using an atomic
force microscope (AFM) confirm that the protrusions
have the same j to within 15 meV as the surrounding
flat area (Figure S2, Supporting Information). The sur-
face energy of freshly UV/O3-treated substrates with
and without nanoprotrusions was measured to be

Figure 1. (a) Three-dimensional electrostatic simulation
(COMSOL Multiphysics) of the change in F with distance
from the apex of an isolated nanoscale protrusion (black
line)with a hemisphere-on-a-post geometry. The radius and
height of the protrusion is 7.5 and 13.6 nm, respectively,
and the separation between the planes of the substrate
electrode and the counter electrode is 220 nm, which
corresponds to the geometry realized experimentally. The
simulation work space is 220 nm � 220 nm � 220 nm. The
potential difference across the electrodes is chosen to be
þ0.1 V. To illustrate the effect of F screening by adjacent
protrusions, the variation in Fwith distance from the apexof
a protrusion in close proximity to two others is also shown
(red line). The protrusion separation is 1.5 nm. The dashed
gray line corresponds to Fbulk≈ 0.45� 106 Vm�1. (b) Three-
dimensional representation of the sphere of influence
above an isolated nanoscale protrusion to within 99% of
Fbulk. Simulation performed in a 220 nm � 220 nm � 220
work space. (c) Variation in F in a plane 13.6 nm above the
plane of the substrate that intersects the apex of the
protrusions simulated.
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Figure 2. Step-by-step fabrication of ultrasmooth Au electrodes with a random array of nanoscale protrusions. (a)
Functionalization of a glass substrate with an MPTMS monolayer (left) onto which OAm-capped Au nanoparticles are
immobilized. The size distributionmeasured using a TEM of the OAm-capped nanoparticles is 12.5( 1.2 nm. (b) The OAm
ligand is exchanged with 1,5-pentanedithiol to render the surface sticky toward incoming Au atoms. The high efficiency
of this exchange reaction was verified using X-ray photoelectron spectroscopy. The loss of the N 1s signal intensity and
large decrease in the C 1s signal in conjunction with an increase in the S 2s and Au 4f signals is consistent with the
substitution of the long alkyl chain and buried amine headgroup of the OAm capping ligand with the much shorter 1,5-
pentanedithiol ligand. The S 2s signal from the OAm-capped nanoparticles prior to ligand exchange derives from the
MPTMS monolayer at the glass surface. (c) 9 nm of Au was thermally evaporated onto a glass substrate decorated with
nanoparticles, resulting in a random array of nanoscale protrusions on the electrode surface (3D AFM image, left, and
FE-SEM image, right; scale bar 100 nm). The protrusion heights and widths were measured using an AFM and FE-SEM,
respectively.
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73.3( 0.2 and 73.1( 0.2 mJm�2, respectively. In short
these model electrodes are essentially identical in
chemical composition, j and γ, allowing the impact
of GEFE effects to be isolated.
Field emission scanning electron microscopy (FE-SEM)

images of substrates decorated with nanoscale protru-
sions confirm that electron emission is most efficient
from protrusions (Figure 2c). To test the validity of the
electrostatic modeling, hole-only diodes based on the
archetypal organic semiconductor P3HT were fabri-
cated using Al as the counter electrode. In these diodes
the barrier to hole injection from the Fermi level of the
Au electrode into the highest occupied molecular
orbital (HOMO) of P3HT is small (∼0.1 eV),35 due to
the high j of surface-oxidized Au. Conversely the
barrier to electron injection from the Al Fermi level
(∼4.3 eV below the vacuum level)36 into the lowest
unoccupiedmolecular orbital (LUMO) of P3HT (∼2.7 eV
below the vacuum level)37 is expected to be prohibi-
tively large (.1 eV).38 A consequence of this asymme-
try in the barrier heights to electron and hole injection
is that the measured current is dominated by the hole
current injected from the Au electrode.38,39 To corro-
berate this assumption, the Al electrode in reference
diodes was substituted with Au, which has a much
higher j, ∼5.1 eV36 vs ∼4.3 eV,36 in order to further
increase the barrier to electron injection. Themeasured
current under forward biaswas found to be unchanged
(Supporting Information, S3), supporting the assump-
tion that the barrier to electron injection in diodes
employing both Al and Au as cathode materials is
sufficiently high to prevent significant electron injec-
tion over the range of F strengths investigated. Further-
more, in this study all diodes were fabricated and
tested in a dry nitrogen atmosphere without exposure
to the laboratory environment, since it is known that
P3HT forms a Schottky contact with Al upon exposure
to ambient air due to p-type doping of the P3HT.40

When P3HT diodes employing an Al electrode are
fabricated and tested in the absence of air, it can be
assumed that the p-type doping density is sufficiently
low that, to a good approximation, the electric field
across the P3HT layer is uniform and the metal�
insulator�metal model is applicable.38 To test this
assumption, the j of P3HT films prepared under nitro-
gen was measured using a Kelvin probe (also in a
nitrogen atmosphere) without exposure to the labora-
tory environment. The measured j, 4.28 ( 0.02 eV,
is essentially identical to that of the Al electrode
(4.28 eV),36 and so there is no thermodynamic driver
for Schottky contact formation. Furthermore, the max-
imum hole current that can pass through the P3HT
layer is limited by space charge and is achieved when
the hole-injecting contact is ohmic.41 When F across
the semiconductor layer is uniform, the space charge
limited current is given by the Mott�Gurney law,42

which predicts that J0.5 is proportional to V provided

the charge carrier mobility is independent of electric
field strength, as is known to be the case for highly
crystalline P3HT over the range of electric field
strengths used in this study.38 The linearity of the
graph of J0.5 vs V (Supporting Information, Figure S3
(inset)) is consistent with the expectation that the
barrier to hole injection is sufficiently small to be ohmic
and that the electric field falls uniformly across the
P3HT layer. When the barrier to hole injection is small,
holes tunnel directly from theAu/AuOx electrode Fermi
level into the HOMO of the P3HT according to the
Fowler�Nordheimequation.28 The linearityof the ln(J/F2)
vs 1/F plots in the high-F regime for diodes with and
without protrusions at the surface of the Au electrode
indicates that the emission mechanism is consistent
with Fowler�Nordheim tunneling injection (Figure 3).
From the gradient and intercept of the plots associated
with the reference electrode, the prefactor a and
exponent κ can be extracted. These constants embody
a number of physical parameters that are common to
electrodes with and without protrusions including
the effective mass of holes in P3HT, corrections to
account for the relatively low charge carrier mobility
and random energetic barriers caused by disorder in
organic semiconductors and the oxide layer thick-
ness.43,44 Using these constants in conjunction with β
determined by electrostatic simulation on the basis of
protrusion geometry alone, the calculated J�V char-
acteristic for the electrode with protrusions is shown in
Figure 4. The protrusion density was assumed to be the
average achieved experimentally: ∼720 μm�2. The
emission current is weighted by the fraction of the
total area with and without protrusions. The model
accounts for the variation of β across the surface of
each protrusion (Figure 4, inset) and in the area
between protrusions as predicted by the simulation
(Supporting Information, S4 and Table S.1). Since it
is the magnitude of F within 1�2 nm of the elec-
trode surface that controls charge carrier injection

Figure 3. Representative Fowler�Nordheim plots for P3HT
hole-only diodes employing Au electrodes with∼720 nano-
scale protrusions μm�2 (red) and without protrusions
(black). The P3HT thickness was 220 nm. Only the high-field
regime is shown.
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via field-assisted tunneling, it is β at the electrode surface
that is the relevant β parameter in this context. Details of
this calculation are provided in the Supporting Informa-
tion. The excellent agreement between the experimental
data and the calculated J�V characteristic provides
compelling evidence that the origin of the increase in J

is local amplification of F in the vicinity of the protrusions.
Themodest divergencewith increasing F stems from the
assumption in the model that the maximum β value is
always achieved. It is evident from Figure 2c that in
practice a significant proportion of nanoprotrusions are
in close proximity to one another, which operates to
reduce β (Figure 1c), and so the model fractionally over-
estimates the gradient of the J/V characteristic.
Having demonstrated that the experimental mea-

surements of hole injection in unipolar diodes can be
rationalized in terms of wholly geometric considera-
tions, the possibility that GEFE effects might be har-
nessed to improve the efficiency of the reverse process
of hole extraction in the context of BHJ OPVs was
investigated. For this purpose prototypical BHJ OPVs
were fabricated using a 1:1 blend of the electron
acceptor PCBM and electron donor P3HT. The photo-
active layer was deposited from a slowly dried 40
mg mL�1 1,2-dichlorobenzene solution, yielding a total
film thickness of 270nm. In thefirst instance the number
density of protrusions was chosen to be as high as
possible without significant aggregation (∼720 μm�2)
and is close to the optimal number density predicted by
Nilsson et al.30 for carbon nanotube electron field
emitters. To check that the incorporation of protrusions
at the electrode surface does not significantly perturb
the blend microstructure in the critical region close
to the substrate electrode, thin P3HT:PCBM films
were prepared from a 5 mg mL�1 solution and probed
using AFM and electronic absorption spectroscopy.

The comparable topography of the surface of these thin
films confirms that the protrusions are embedded in the
organic overlayer (Figure S5, Supporting Information).
Electronic absorption spectroscopy is a sensitive probe
of differences in the morphology and microstructure
of P3HT and PCBM films,45�48 and so the absence of
any significant difference in the absorption spectrum
is evidence that the microstructure of the P3HT:PCBM
film in the region close to the interface is essentially
unchanged (Figure S6 Supporting Information). Upon
incorporation of protrusions at the electrode interface,
short-circuit current density (Jsc), Voc, and fill factor
(FF) are all significantly enhanced (Figure 5, Table 1).
Across a sample set of 30 reference devices and 23 de-
vices with protrusions, FF increased from 0.55( 0.02 to
0.65 ( 0.03, Jsc increased from 4.8 ( 0.03 mA cm�2

to 5.5 ( 0.03 mA cm�2, and Voc increased from 0.54 (
0.01V to 0.59( 0.01V. The absenceof any change in the
shape of the external quantum efficiency spectrum
across the entire visible spectrum (Figure S7, Supporting
Information), combined with the significant increase in
Voc, indicates that plasmonic effects are not the origin of
this improvement in device performance.49,50

Incorporation of nanoscale protrusions at the elec-
trode surface increased the electrode surface area by

Figure 5. J�V characteristics for P3HT:PCBM OPVs employ-
ing model Au window electrodes with different densities of
nanoscale surface protrusions: 0 μm�2 (black squares);
∼720 μm�2 (red circles);∼1250 μm�2 (blue triangles). Device
characteristics were measured under 1 sun simulated solar
illumination (100 mW cm�2) (top) and in the dark (bottom).
Top (inset) Schematic energy level diagram illustrating the
effect of GEFE on the frontier orbital energies of P3HT (red
continuous line) and PCBM (dotted black line).

Figure 4. J�V characteristics for hole-only P3HT diodes
based on Au electrodes with ∼720 protrusions μm�2 (red
curves) and without protrusions (gray curves). The blue
lines represent the J�V characteristics calculated according
to the simplified Fowler�Nordheim equation using β values
derived from the 3D electrostatic simulation and the range
of κ and a extracted from the Fowler�Nordheim plots for
diodes employing electrodeswithout protrusions. Details of
the calculation are given in the Supporting Information.
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∼25%. To investigate the possibility that this increase
in area is responsible for the improvement in OPV per-
formance, the protrusion density was increased by a
factor of 1.75 from an average of∼720 protrusions μm�2

to ∼1250 μm�2 such that the surface area was in-
creased by ∼60% as compared to the electrode with-
out protrusions. The impact on device performance of
this further increase in electrode surface area is a
reduction in Jsc from 5.5 ( 0.03 to 4.8 ( 0.02 with no
change in Voc or FF (Table 1), ruling out the possibility
that the improvement in performance observed with
the lower density of protrusions results from an in-
crease in the electrode surface area. Furthermore, the
reduction in Jsc with increasing nanoprotrusion density
cannot be rationalized in terms of plasmonic or scattering
effects, which, if significant, would result in a photocur-
rent that scaledwith nanoprotrusion number density due
to increased light absorption.51 The sensitivity of OPV
performance to theprotrusiondensity is however entirely
consistentwith GEFE effects, since increasing the number
density of protrusions reduces the average separation
such that F screening begins to erodeGEFE at the apex of
each protrusion. Indeed, due to the electrode fabrication
method used, at a protrusion density of ∼1250 μm�2

there is an increased prevalence of small clusters of
protrusions (Figure S.8, Supporting Information).
The dark current characteristics of OPVs with and

without protrusions provide further evidence that
GEFE effects are operative. According to the Shockley
equation Voc is a logarithmic function of the ratio of Jsc
to the reverse saturation current, and so achieving
the maximum Voc requires the latter to be mini-
mized.52 However, in this case the increase in Voc is

accompanied by a dramatic increase in the reverse
dark current by 2 orders of magnitude, which runs
contrary to the Shockley model. This observation is
entirely consistent with GEFE effects, since under
reverse bias in the dark the only source of current is
electrons injected from the Au electrode Fermi level
into the LUMO of the P3HT layer and holes injected
from the Al electrode Fermi level into the HOMO of
PCBM. At both of these interfaces the Schottky barrier
height to injection is very large (.1 eV), which gives
rise to the diodic J�V characteristic. However, GEFE at
the surface of nanoscale protrusions will operate to
enhance F regardless of the direction of F, thereby
increasing the reverse saturation current as compared
to the same device employing planar electrodes, as is
observed to be the case. Another signature of GEFE
effects in the dark J�V characteristic is the sharp knee
in the forward current, which is observed only in
devices employing window electrodes with protru-
sions. This feature is characteristic of GEFE effects8,53

which would operate to facilitate hole extraction for V
less than the built-in field (Vbi) before abruptly switch-
ing to enhance hole injection for V > Vbi. Further
indirect evidence that GEFE effects are responsible
for the large improvement in device performance is
provided by the device characteristics under 1 sun
illumination. In BHJ OPV both donor and acceptor
phases are in electrical contact with the hole-extracting
electrode, and so there is a significant possibility that free
electrons in the PCBM phase are extracted by the wrong
electrodewhen F is small. This reverse current operates to
reduce Voc

17 and can be blocked by incorporating a
carrier-selective blocking interfacial layer.54 Since GEFE
at the hole-extracting electrode amplifies F in this critical
interfacial region, it operates to drive photogenerated
electrons away from the contact, consistent with the
observed increase in Voc and FF.
Collectively these findings show that GEFE at nano-

scale protrusions on the electrode surfaces in organic
photovoltaic devices can be harnessed to greatly en-
hance the efficiency of charge transport across the
electrode�organic semiconductor interfaces, while
simultaneously improving charge carrier selectivity.
The power of this wholly geometric approach to elec-
trode engineering is that it is entirely materials generic
and can be employed in a range of organic electronic
devices. Compelling evidence of the importance of
GEFE at the nanoscale also provides further impetus to
the burgeoning field of nanoimprinting, which offers a
path to the fabrication of large-area electrodes deco-
rated with nanoscale protrusions for applications.

METHODS

Electrode Design and Fabrication. Glass microscope slides
(Menzel-Gläser) were cleaned using a four-stage ultrasonic

bath procedure: (i) acetone; (ii) Decon-Neutracon/H2O; (iii)

H2O; and finally (iv) propan-2-ol. Solvent residue was re-

moved by UV/O3 treatment before transfer to a desiccator,

TABLE 1. OPV Performance Parameters for Devices Em-

ploying Ultrathin Au Window Electrodes with Different

Nanoscale Protrusion Densitiesa

device type

Jsc

(mA cm�2) Voc (V) FF

η

(%)

Rs

(Ω cm2)

0 protrusions μm�2 4.8 ( 0.3 0.54 ( 0.01 0.55 ( 0.02 1.4 4.4 ( 2.7
∼720 protrusions
μm�2 (average)

5.5 ( 0.3 0.59 ( 0.01 0.65 ( 0.03 2.1 2.3 ( 0.4

∼720 protrusions
μm�2 (best)

5.6 0.60 0.69 2.3

∼1250 protrusions
μm�2 (average)

4.8 ( 0.2 0.59 ( 0.01 0.64 ( 0.01 1.8 4.7 ( 1.1

a Across a sample set of 30 reference devices and 23 devices with∼720 protrusions
μm�2, FF increased from 0.55 ( 0.02 to 0.65 ( 0.03, Jsc increased from 4.8 (
0.03 mA cm�2 to 5.5( 0.03 mA cm�2, and Voc increased from 0.54( 0.01 V to
0.59 ( 0.01 V. At a higher number density of protrusions clustering becomes
increasingly prevalent. Ten devices with ∼1250 protrusions μm�2 were tested.
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where substrates were exposed to MPTMS (Sigma Aldrich)
vapor at 5 mbar for 20 h.

The MPTMS-functionalized glass substrates were sub-
merged in toluene solutions with andwithout Au nanoparticles.
The surface density of nanoparticles was controlled by varying
the dipping time. The nanoparticle-decorated substrates were
then rinsed with toluene, and the OAm capping ligand was
exchanged with 1,5-pentanedithiol by submerging in a dilute
ethanol solution of the latter for 18 h, followed by rinsing with
ethanol. Substrates were then transferred to a vacuum system
(∼5 � 10�6 mbar) for evaporation of a 9 nm Au film. Immedi-
ately prior to device fabrication the Au electrodes were UV/O3

treated using a Novascan PSD-UVT unit. This process involves
exposure of the substrates to UV light from a Hg lamp (185 and
254 nm, 20 mW/cm2) at a distance of 25 mm from the substrate
in a closed air-filled chamber followed by a 15 min incubation
period.

P3HT:PCBM OPV Fabrication and Characterization. Filtered blends
(PTFE 0.22 μm) of P3HT (Rieke Metals Inc.) and PCBM (Solenne)
were spin-cast onto Au electrodes under a nitrogen atmosphere
from anhydrous 1,2-dichlorobenzene solutions (1:1 by weight,
20 mg mL�1:20 mg mL�1). The P3HT and PCBM were blended
together at 40 �C for three days prior to filtering. Spun films
(1000 rpm, 90 s) were allowed to dry at room temperature for
45 min, then annealed at 120 �C for 10 min under an inert
atmosphere, before transfer to the vacuum chamber for deposi-
tion of 8 nm of bathocuproine (Alfa Aesar) and∼100 nm Al. The
photoactive area of devices was defined using a shadow mask
to be 6 mm2.

Device testing was performed in the dark and under AM 1.5
(100 mW cm2) simulator solar illumination. The light intensity
was calibrated using a PV Measurements Inc. calibrated silicon
diode with KG5 color filter.

P3HT Diode Fabrication and Characterization. P3HT solutions
(20 mg mL�1, 1,2-dichlorobenzene) were processed using the
same procedure as for OPV device fabrication. The annealed
polymer films were then transferred into the vacuum chamber
for deposition of 6 mm2 Al electrodes through a shadow mask.
J�V measurements were undertaken in the dark at 298 K.

Contact Potential Difference (Kelvin Probe) Measurements. Work
function measurements were performed using a Kelvin probe
in a nitrogen-filled glovebox and referenced to freshly cleaved
HOPG.

Sheet Resistance Measurements. Sheet resistance measure-
ments were made using the 4-point probe Van der Pauw
method on square substrates with an applied current of 1 mA.

Scanning Electron Microscopy (SEM). SEM images were made
using a ZEISS-SUPRA 55VP operating with an accelerating volt-
age of 20 kV.

Transmission Electron Microscopy (TEM). The size and shape dis-
tribution of the Au nanoparticles were determined using a JEOL
2000FX TEM fitted with a GATAN ORIUS digital camera. Dilute
solutions were drop-cast onto lacey carbon Cu (400 mesh) grids
for imaging.

Atomic Force Microscopy (AFM). Topography images were ob-
tained using anMFP-3D System (Asylum Research) operating in
ac (noncontact) mode. Surface potential measurements were
obtained using a Veeco Multimode AFM with Nanoscope V
controller in electrical surface potential mode using Ir-coated
noncontact mode AFM tips.

Optical Transparency Measurement. Far-field transmittancemea-
surements of Au electrode electrodes on glass weremade using
a Perkin-Elmer Lambda 25 UV spectrometer over the wave-
length range 400�750 nm. The incident beam passed through
the glass first, as is the case in OPVs.
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