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ilver electrodes on charge
collection and light distribution in semiconducting
organic polymer films†

Rachel L. Chamousis,a Lilian Chang,b William J. Watterson,c Rick D. Montgomery,c

Richard P. Taylor,c Adam J. Moule,b Sean E. Shaheen,d Boaz Ilan,e Jao van de
Lagemaatf and Frank E. Osterloh*a

Living organisms use fractal structures to optimize material and energy transport across regions of differing

size scales. Here we test the effect of fractal silver electrodes on light distribution and charge collection in

organic semiconducting polymer films made of P3HT and PCBM. The semiconducting polymers were

deposited onto electrochemically grown fractal silver structures (5000 nm � 500 nm; fractal dimension

of 1.71) with PEDOT:PSS as hole-selective interlayer. The fractal silver electrodes appear black due to

increased horizontal light scattering, which is shown to improve light absorption in the polymer.

According to surface photovoltage spectroscopy, fractal silver electrodes outperform the flat electrodes

when the BHJ film thickness is large (>400 nm, 0.4 V photovoltage). Photocurrents of up to 200

microamperes cm�2 are generated from the bulk heterojunction (BHJ) photoelectrodes under 435 nm

LED (10–20 mW cm�2) illumination in acetonitrile solution containing 0.005 M ferrocenium

hexafluorophosphate as the electron acceptor. The low IPCE values (0.3–0.7%) are due to slow electron

transfer to ferrocenium ion and due to shunting along the large metal–polymer interface. Overall, this

work provides an initial assessment of the potential of fractal electrodes for organic photovoltaic cells.
Introduction

Since the works by Mandelbrodt fractal geometry has been
recognized as a universal concept in nature.1–3 Fractal patterns
are not only found in physical objects (e.g. clouds and coast-
lines),4 and biological structures (trees, neurons, bronchial trees
and blood vessels),5 but also in transient phenomena, including
electrical discharge, or social, and economic networks.6 The
pervasiveness of fractal geometry can be understood by
considering the advantageous functionality that results from
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this structure type. By connecting structural patterns over vari-
able size scales with each other, one achieves large surface area
and good transport properties. Accordingly, fractal structures
are able to efficiently disperse or collect mass, energy, and
entropy (information) over large spatial and temporal dimen-
sions. Because of this function, articial fractal structures have
become a subject of fundamental and applied research. Tech-
nical applications of fractal structures have now been realized
in capacitors and antennas.7 Potentially, fractals are also well
suited to enhance the efficiency of excitonic photovoltaic cells.
The basic functions of a solar cell encompass collection of
photons (i), conversion into electrical charge and separation of
that charge (ii), transport and concentration of electrical charge
at their respective electrodes (iii). Branched fractal structures
can promote all of these functions. Their network of branches
enables them to absorb light over a large cross section and
redistribute it via scattering (i). The large surface/interface area
of the fractal efficiently separates excitons into positive and
negative charge carriers (ii). And lastly, the network of con-
nected branches aids transport and concentration of the charge
carriers at each electrode (iii). Indeed, theoretical calculations
conrm that charge separation and collection can be improved
at fractal interfaces. Fig. 1 shows the computed electric poten-
tial in a P3HT:PCBM lm adjacent to a metallic electrode sha-
ped into a Koch fractal with three levels of iteration. The electric
eld (the gradient of the potential) outside the electrode is
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Computed electric potential (color bar in volts) in a P3HT:PCBM
film adjacent to ametallic Koch fractal electrode (enclosedwhite area).
The length of the fractal perimeter is 237 nm. The thickness of the
polymer film device is 68 nm. It is illuminated from the right side. The
model (see ref. 33) is solved using a finite-element method (COMSOL),
and takes into account charge generation, recombination (both Lan-
gevin and Shockley–Reed–Hall), transport, and diffusion.

Fig. 2 (A) Idealized morphology of fractal BHJ device together with
charge transport pathways. (B) Energetics in fractal BHJ films. VOC is the
theoretical open circuit voltage. E0 for ferrocenium/ferrocene Fc+/0 redox
couple from ref. 8. Band edges and workfunctions for P3HT/PEDOT:PSS
from Berson et al.9 and for Ag from ref. 10.
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largest where the fractal tip protrudes into the P3HT:PCBM
light absorber (center of image). Charge collection will be most
efficient in this region. In contrast, a relatively weak electric
eld is observed in the upper and lower parts of the fractal
electrode surface. Here, charge carriers in the polymer lm are
less attracted to the electrode and charge extraction is slower.
These results highlight the importance of ‘pointy fractals’ with
high electric eld strength for optimized charge collection.

Even though no experimental studies on fractal solar cells are
available yet, there is evidence that structured electrodes can
improve charge collection and light harvesting from polymer
lms.11–15 For example, the Fe2O3 electrodes prepared by Kay
et al.16 owe their improved transport properties to their fractal
(‘cauliower’) structure.11 Also, Meier et al.17 found an increase in
solar cell efficiency in bulk heterojunction (BHJ) devices resulting
from microstructuring PEDOT:PSS and aluminum layers. Here,
we use fractal electrodes to promote charge separation and
extraction from illuminated P3HT:PCBM BHJ polymer
blends.18–21 Polymer BHJ lms are commonly used as light-
absorbing layers in organic photovoltaic (OPV) devices,18,22,23 but
their performance is oen limited by their ability to absorb long
wavelength photons and/or to transport charges to the elec-
trodes.22,24–26 Both problems can potentially be overcome by using
silver fractals as charge collecting electrodes and for improved
light distribution. In order to test this hypothesis, we have
fabricated the photoelectrode shown in Fig. 2. It consists of a
fractal silver layer separated from the P3HT:PCBM light absorber
by a PEDOT:PSS hole selective layer. The fractal silver layer on the
FTO substrate was made by electrochemical deposition of silver
sulfate.27,28 Deposition under diffusion-limited conditions leads
to dendritic silver structures.27–32 Next, standard spin and drop-
coating procedures were used to deposit a PEDOT:PSS hole-
selective layer followed by the P3HT:PCBM bulk heterojunction
(BHJ) light absorber. Upon illumination, electron hole pairs are
This journal is © The Royal Society of Chemistry 2014
created in the BHJ, and the holes are selectively transported
through the PEDOT:PSS layer to be captured at the silver/FTO
electrode. Meanwhile the electrons accumulate in the BHJ layer
for extraction at the top surface in Fig. 2A. The energetics of this
device are shown in Fig. 2B. Theoretically, this photoelectrode
can produce an open circuit voltage of 0.7 V, as dened by the
work function of PEDOT:PSS and the conduction band of PCBM.

In the following, we employ optical spectroscopy, photo-
electrochemistry and surface photovoltage spectroscopy to char-
acterize the device. We nd that the silver fractals not only
promote charge extraction for thick BHJ layers, but they also
enhance horizontal light distribution in the lms. However, these
benets are off-set by increased shunting at the enlarged fractal
electrode polymer interface. While this work demonstrates the
potential of fractal structures for photovoltaic devices, it also
highlights the challenge of creating defect-free interfaces for
optimumcharge separation and low electron–hole recombination.
Experimental details
Reagents

Regioregular poly(3-hexylthiophene) (RReg-P3HT) (99.995%),
poly(3,4-ethylenedioxythiophene): poly(styrene-sulfonate) (PEDOT:
PSS) (2.8 wt% in H2O), ferrocenium hexauorophosphate
J. Mater. Chem. A, 2014, 2, 16608–16616 | 16609
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(FcPF6) (97.0%), and chlorobenzene (99.8%) were purchased
from Aldrich. Ag2SO4 (99.999%) was purchased from Alfa Aesar.
H2SO4 (96.4% w/w), acetonitrile (99.8%), and acetone (99.7%)
were purchased from Fisher Scientic. K2SO4 (99.9%) was
purchased from Mallinckrodt. [6,6]-Phenyl-C61-butyric acid
methyl ester (PCBM) (99.5%) was purchased from Nano-C.
Tetrabutylammonium hexauorophosphate (TBAPF6) (>99.0%)
was purchased from Fluka Analytical. F:SnO2 (FTO) (TEC 15, 12–
14 Ohm sq�1) coated glass substrates were purchased fromMTI
Corporation.

Flat and fractal Ag electrodes

FTO was initially cleaned by sonication in acetone, methanol,
and 2-propanol, followed by ozone/UV treatment. The 100 nm
at silver lms on the cleaned FTO were produced by thermal
evaporation through a mask. The fractal silver lms were elec-
trochemically deposited onto F:SnO2-coated (FTO) glass elec-
trodes connected to a copper wire with a black carbon tape.
These electrodes were placed in a solution of 0.005 M Ag2SO4,
0.01 M H2SO4, and 0.5 M Na2SO4 and biased with an applied
potential of �1.5 V to �1.6 V vs. NHE for ve minutes.27,28 The
as-deposited lms were immersed in ultrapure water to remove
any electrolytes, and carefully washed with acetone to remove
the electrode (copper wire/carbon tape) connection.

BHJ precursor

Solutions of PCBM and RReg-P3HT in chlorobenzene were
prepared by adding 10 mg mL�1 to 40 mg mL�1 of the polymers
and by heating to 60 �C in a nitrogen lled glove box for one
hour. Once fully dissolved, the two solutions were combined to
form the BHJ solution, with a 1 : 1 by mass PCBM:P3HT ratio.

BHJ/PEDOT:PSS/at Ag/FTO and BHJ/PEDOT:PSS/fractal Ag/
FTO

The at Ag lms were initially placed under nitrogen plasma
treatment for 3 s to provide a polar surface for PEDOT:PSS
deposition. For at and fractal Ag, a 40 nm layer of PEDOT:PSS
was prepared by spin coating the 2.8 wt% aqueous solution at
2500 rpm for 40 s followed by heating to 110 �C for 3 min. Next,
BHJ solutions with increasing concentrations (10mgmL�1 to 40
mg mL�1) were deposited by spin-coating onto the PEDOT:PSS
layer (2500 rpm to 500 rpm, 30 s to 2 min) to produce BHJ lms
of increasing thickness, as measured by prolometry (Fig. S2†).
The polymer thickness was obtained by subtracting the baseline
of the fractal Ag from the baseline of the polymer-coated lm.
Photoelectrochemical measurements were performed on 1.00 to
1.25 cm2

at and fractal and BHJ/PEDOT:PSS polymer lms on
FTO using a three-electrode cell, equipped with a Pt working
and a Ag/AgCl reference electrode. The cell electrolyte consisted
of 0.005 M FcPF6 and 0.1 M TBAPF6 dissolved in acetonitrile.
Acetonitrile was employed as the solvent to avoid dissolution of
the PEDOT:PSS layer. Potentials were generated with a Gamry
Reference 600 potentiostat controlled by a PC. Photocurrent
scans were measured by applying cathodic scans (10 mV s�1)
with chopped light from a 435 nm Roithner LED (10–20 mW
cm�2). The curves were calibrated to represent the voltage at
16610 | J. Mater. Chem. A, 2014, 2, 16608–16616
zero dark current as the Fc+/0 reduction potential. Sample
thickness was determined with a Dektak surface proler cali-
brated to a Si–SiO2 ellipsometry standard. For surface photo-
voltage (SPV) spectroscopy measurements, polymer lms on
silver coated FTO were grounded to a copper plate and trans-
ferred into a vacuum chamber containing a vibrating gold
Kelvin probe (Besocke Delta Phi, Germany). Each sample was
kept under vacuum (10�4 mbar) in the dark to remove any
adsorbed water from the air. The samples were then illumi-
nated through the probe using light from a 150 W Xe lamp
ltered through a Cornerstone 130 monochromator with a 1000
nm blaze grating. Wavelengths were scanned from 0.42 eV to 3.1
eV in increments of 0.01 eV. Diffuse reectance data were
collected using a Thermo Scientic Evolution 220 UV-Vis spec-
trophotometer equipped with an integrating sphere, and con-
verted to the Kubelka Munk function. SEM samples were
imaged with a Philips XL 30 FEG scanning electron microscope.
Calculations leading to Fig. 1 were performed using a COMSOL
nite-element code of a two-dimensional generalization of the
model in Koster et al.33 This model consists of coupled partial
differential equations for the electric eld potential and the
electron and hole densities. It takes into account the charge
generation rate of both the electron–hole pairs resulting from
the solar illumination throughout the device and of the carriers
generated at the surfaces (computed using the effective density
of states and Boltzmann thermodynamics). Also considered are
Langevin and Shockley–Reed–Hall recombination rates, the
applied voltage drop between the right (at) and le (fractal)
electrodes, and the transport and diffusion of the charge
carriers and electric eld between the electrodes.

Results and discussion

Scanning electron micrographs of electrodeposited silver
structures are shown in Fig. 3. About 50% of the FTO area is
covered with spherical silver nanoparticles of 45 nm (�10 nm),
while the remaining surface area is covered by the dendritic
microstructures of 2–10 micrometer average size and mean
height of 0.5 mm, based on SEM and prolometry data (Fig. S1
and S2†). The nanoparticles represent the initial species formed
during electrochemical reduction of silver ion in solution. They
serve as the seeds for the dendritic microstructures. Nano-
particles found near the stems of the dendrites likely are a result
of secondary nucleation. The dendritic structures have a ‘fern’-
like morphology that consists of a central stem with ne
branches extending from the stem, and a subsequent set of
hyper-ne branches.

The fractal properties of a representative ‘fern’ (highlighted
in white) are analyzed in Fig. 4A. Clearly, the statistical char-
acteristics of the branches repeat at different size scales, i.e. the
fern exhibits statistical self-similarity. This repetition is quan-
tied with the fractal dimension D value that can be obtained
through a box-counting technique.34 The D value of the silver
dendrite is 1.71. As expected, this value lies between one for a
smooth one-dimensional line and two for a two-dimensional
plane. By increasing the amount of ne structure in the fractal,
it lls more of a 2D plane, and the D value approaches 2. The
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Scanning electron microscopy images of fractal silver on FTO
obtained by electrodeposition at �0.85 V vs. NHE for 300 s from an
aqueous solution containing 0.005 M Ag2SO4, 0.01 M H2SO4, and 0.5
M Na2SO4.

Fig. 4 (A) Scanning electron micrograph of silver fractal (white line
emphasized shape). The insert shows the length distribution of the
hyperfine branches. (B) Idealized fractal model of the structure in (A).
(C) Plot of fractal surface area (measured per 1 mm length of the central
stem) as a function of D for fractals with 1, 2, and 3 iterations. The red
dot represents the measured area and D for the fractal in (A).

This journal is © The Royal Society of Chemistry 2014
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impact of D on the functional properties of the fractal can be
demonstrated using the model silver dendrite in Fig. 4B.
Matching the physical electrodes, the model features a central
stem with ne and hyperne branches projecting at a charac-
teristic angle of 60�. For simplicity, the model patterns repeat
exactly at different size scales (this exact fractal and the statis-
tical fractal of the physical electrode exhibit identical depen-
dencies of their functional properties on D value). Fig. 4C plots
the surface area of the model structure as a function of its D
value. The plot highlights the increase in surface area obtained
by increasing the D value and the number of repeating itera-
tions. The red dot represents the measured D value and surface
area of the physical electrode. Note that it lies below the model
line for 2 iterations because the hyperne structure of the
physical electrode is not fully formed. The model emphasizes
how increasing iteration could affect performance – inclusion of
a third iteration would increase the surface area by �20%, and
with it the theoretical charge extraction efficiency.

Fig. 5A and B compare the optical properties of the fractal
electrodes with those of at silver lms prepared by physical
vapor deposition on FTO. The at silver lm is reective in the
visible and has the appearance of a mirror. In contrast the
fractal silver lm appears black due to light scattering within
the dendritic structures. Accordingly, the diffuse reectance
spectrum of the fractal electrode (solid black line in Fig. 5D)
contains a featureless scattering tail reaching from 330 nm (the
optical absorption edge of silver) to beyond 900 nm, into the
near infrared. Light scattering is not apparent in the spectrum
of the at electrode (black trace in Fig. 5C), where reection and
the silver absorption edge at 320 nm dominate the optical
properties.

Signicant changes in the spectra occur upon coating the
electrodes with PEDOT:PSS/BHJ lms (the PEDOT:PSS layers
were kept constant at 40 nm). For the 60 and 160 nm thick lms
the silver absorption edge shis to 330 and 350 nm respectively.
This is due to the increased dielectrical constant of the added
polymer lm. Similar shis have been observed before for gold
and silver absorption bands.35–37 In the thicker lms, the silver
absorption is covered up completely by the absorption of the
BHJ layer. That layer contributes absorptions at 450 and 600
nm, due to HOMO–LUMO absorption of P3HT in amorphous
and crystalline domains, respectively.38–41 The diffuse reec-
tance spectra of the fractal silver electrode are entirely different
(Fig. 5D). Here, the initial addition of the polymer increases the
reectivity of the electrode, because of the smoother surface of
the added polymer lm. As a result, the apparent absorption at
450 nm decreases for the thin lms (50 nm and 440 nm). But as
the polymer lms get thicker (1020 nm and above) this trend
reverses, and the absorption is dominated by the 450 nm
absorption (HOMO–LUMO of P3HT) as observed for the at
silver lm. Notably the absorption of P3HT at 450 nm saturates
at �1000 nm thickness in the fractal lm whereas for the at
lm, saturation of this absorption requires a thickness of 1300
nm. This suggests that light absorption is improved by the
fractal, as explained with the schemes in Fig. 5A and B. While
the at silver electrode favors reection, the fractal lm
promotes horizontal light distribution within the lm. As a
J. Mater. Chem. A, 2014, 2, 16608–16616 | 16611
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Fig. 5 (A) Flat silver film on FTO from vapor-deposition, (B) fractal
silver on FTO from electrodeposition. Diffuse reflectance spectra
(Kubelka Munk function) for (C) flat BHJ/PEDOT:PSS Ag/FTO films with
varying BHJ thickness, and (D) for fractal BHJ/PEDOT:PSS Ag/FTO.
Arrows indicate increasing BHJ layer thickness.

Fig. 6 (A) SPV, absorbance, and PL spectra for flat and fractal BHJ/
PEDOT:PSS films on FTO. (B) Variation of features 1 + 2 with BHJ
thickness.
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result, light penetration in the polymer layer is increased
compared to the at support. Interestingly, the 600 nm
absorption of crystalline P3HT is hardly observable in the
fractal lm, which indicates that crystallization of P3HT is
inhibited by the silver fractals. Neither the at or fractal BHJ
lms were thermally annealed, to minimize device damage.
Lastly, we note that light scattering from the silver dendrites
remains signicant at wavelengths above 650 nm, as judged
from the absorption spectrum. This lateral light distribution
affect could be useful to enhance the absorption for polymers
with low light absorption below 1.9 eV.

In order to investigate the ability of the polymer lms to
generate a photovoltage upon illumination, surface
16612 | J. Mater. Chem. A, 2014, 2, 16608–16616
photovoltage (SPV) spectroscopy was employed. SPV probes the
contact potential difference between a reference gold Kelvin
probe and a sample lm under vacuum.42 The photovoltage that
develops under illumination and as a function of the wave-
length of the exciting light provides information about charge
separation in inorganic and molecular lms.43–51 SPV spectra
recorded for fractal and at silver PEDOT:PSS/BHJ samples are
shown in Fig. 6A. Both contain two positive features (F1 and F2)
below and near the bandgap of the blend, and a negative super
bandgap feature (F3) at >2.0 eV. According to our previous
analysis,52,53 F1 and F2 are due to excitation of BHJ/PEDOT:PSS
interfacial states in the PCBM rich and P3HT-PCBM mixed
domains, respectively. The photovoltage arises from polariza-
tion of these electron–hole pairs by the built-in eld at the
PEDOT:PSS\BHJ interface, as shown in Fig. 7B. The built-in eld
is due to the difference of the BHJ and PEDOT:PSS work-
functions, of 4.7 eV53 and 5.0 eV,9 respectively. On the other
hand, F3 at 2.0–2.4 eV is assigned to free carriers formed under
direct band-gap excitation of crystalline P3HT domains
(Fig. 7A). This feature is weaker for the fractal electrode lm,
due to the lower crystallinity of the polymer layer, as evident
from the absence of the 600 nm (2.06 eV) optical absorption.
Therefore, the interpretation of the SPV data will focus on F1
and F2, whose combined value can be used as a reporter of the
net polarization of charge carriers along the polymer–silver
interface. The sum is plotted in Fig. 6B as a function of BHJ lm
thickness. On at silver, F1 + F2 rst increases with thickness
This journal is © The Royal Society of Chemistry 2014
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Fig. 7 (A) P3HT-PCBM/PEDOT:PSS energy scheme and assignment of
F1–3 photovoltage features. (B) Mechanism of photovoltage genera-
tion in thin (<400 nm) and thick BHJ films (>400 nm). In the exposed
fractal, in the thin films, the polarization at the BHJ/PEDOT:PSS
interface moves the local vacuum level (VL) of the silver fractals to a
more oxidizing value. Band edges for P3HT and PEDOT:PSS from
Berson et al.9
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and then decreases to below 0.30 V. Themaximum photovoltage
value of 0.55 V is reached at about 200 nm lm thickness. That
corresponds to 79% of the theoretical open circuit voltage (0.7
V) of the device, based on the energy diagram in Fig. 2B. For the
fractal electrodes, F1 + F2 is much smaller, but increases
monotonically with BHJ thickness. Here, the largest voltage of
0.42 V (60% of the theoretical max) is found above 600 nm,
when the polymer lm thickness exceeds the average physical
height of the fractals (500 nm from prolometry in Fig. S2†).
The observed trend can be explained with the scheme in Fig. 7B.

At small BHJ thickness, the 0.5 mm tall silver fractals are
partially exposed and stick out towards the Kelvin probe. The
exposed silver counteracts the negative polarization of the BHJ
lm and decreases the observed SPV signal. As the BHJ lms
become thicker, this ‘fractal shunting’ becomes less
pronounced, and F1 + F2 increase. Eventually F1 + 2 exceeds the
values in the at lms, because the interfacial area (which
contains F1 and F2 states) in the fractal lm is greater than for
the at lm, and the number of electron–hole pairs is increased
This journal is © The Royal Society of Chemistry 2014
proportionally. For the at lms, F1 + F2 decreases with thick-
ness because less light reaches the interface due to shading.
Overall, the SPV results show that both fractal and at BHJ lms
can generate photovoltages of 60 to 78% of the theoretical open
circuit voltage of the polymer mixtures, but that shunting from
exposed silver structures is a problem when the polymer layer
thickness is below the average fractal electrode height. In
addition, the larger roughness of the fractals also leads to pin-
hole defects in the PEDOT:PSS layer, which further promotes
shunting and reduces the photovoltage (see also Discussion
below). In order to determine the ability of the BHJ layers to
generate photocurrents under illumination, a series of electro-
chemical measurements was performed on at and fractal BHJ
devices, using ferrocenium ion (Fc+) as sacricial electron
acceptor. Electrochemical scans under chopped illumination
from a LED (435 nm, 10–20 mW cm�2) are shown in Fig. 8A/B. It
can be seen that all lms are able to produce cathodic photo-
currents at applied potentials negative of the ferrocenium
reduction potential E(Fc+/0) ¼ +0.4 V vs. NHE.11 These cathodic
photocurrents are in addition to a cathodic dark current from
direct electrochemical reduction of the ferrocenium ion. At
positive potentials EApp > E(Fc+/0), small anodic photocurrents
from oxidative decomposition of the polymer can be observed.
This photocurrent behavior can be explained with the energy
diagram in Fig. 2B. Because the Fc+ reduction potential is only
160 mV more reducing than the PEDOT:PSS workfunction, hole
extraction at the BHJ–silver interface competes with direct Fc+

reduction when EApp < E(PEDOT:PSS). More importantly, no
electrical power eVOC can be drawn from the illuminated BHJ
photocathode, because that would require an electron acceptor
with a reduction potential close to ECB(PCBM). Despite these
problems, the device conguration in Fig. 2B allows measure-
ment of photocurrent densities and internal photon to current
conversion efficiencies (IPCE) values for both fractal and at
polymer lms. Compared to typical BHJ devices,54 experimental
IPCE values for the photoelectrochemical device here (Fig. 8C)
are below 2.5%. The reason for these low values is that charge
transfer is limited by the kinetics of Fc+ reduction at the BHJ–
electrolyte interface and by competitive light absorption at 450
nm from the ferrocenium reagent.26

Values for the at silver lms are 1.7% for the thinnest lms,
then go up to 2.2% for the 220 nm BHJ lm, and then decrease
to 2.0% for the 650 nm lm. This points to light absorption
problems in the thinnest and charge transport problems in the
thickest lm, in agreement with the literature.18–21,55,56 The IPCE
values for the fractal lms are lower (0.3–0.7%), but here the
highest values are observed for the thickest lms. This suggests
that the silver fractals do indeed promote charge extraction, but
that the photoelectrochemical performance is limited by
shunting at the silver–polymer interface, as already seen in the
SPV results. The silver–polymer interface is much larger than for
the at silver devices – this makes it more prone to interfacial
defects that cause recombination. In addition, shunting may
occur due to incomplete coverage of the fractal silver branches
with PEDOT:PSS. Lastly, we cannot rule out that some of the
performance variations between fractal and at devices are due
to changes in P3HT:PCBM morphology, as they could result
J. Mater. Chem. A, 2014, 2, 16608–16616 | 16613
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Fig. 8 Photoelectrochemical data for BHJ/PEDOT:PSS films on (A) flat
and (B) fractal silver electrodes, as a function of BHJ thickness.
Conditions: 0.01 M (Bu4N)PF6, 0.005 M FcBF4 in CH3CN using 435 nm
LED (10–20 mW cm�2). Potentials are reported versus the Fc+/0

potential of +0.4 V (vs. NHE). Cross-bars indicate zero current. (C)
Incident photon to current efficiencies (IPCE%) versus active layer
thickness.
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from the difference in electrode structure, and from the
resulting differences in deposition parameters, including
coating speed and solvent evaporation rate.57

Conclusion

In summary, we present the rst evaluation of a fractal electrode
to extract charge from a polymer bulk heterojunction. The
fractal electrode increases light absorption in the polymer due
to horizontal light distribution throughout the lm, especially
at short wavelengths, where the scattering power is strongest.
This optical enhancement is not signicant for P3HT, due to its
short light penetration depth of 200 nm, but it could be useful
to increase light penetration in other, less strongly absorbing
polymers. The fractal electrode also improves charge extraction
for thick polymer lms, as observed in the higher photovoltage
value for the >500 nm BHJ lms, and in the increasing
16614 | J. Mater. Chem. A, 2014, 2, 16608–16616
photocurrents measured for the 650 and 950 nm polymer lms.
This effect is due to the combination of higher interfacial area
and better electronic connectivity in the fractals. At the same
time, the fractal electrodes suffer from higher electron–hole
recombination, caused by the increased area of the silver–
polymer interface. Improved performance may be achievable if
ways to reduce shunting at the fractal-light absorber interface
can be found, and methods to grow more homogeneous silver
lms with higher fractal coverage and smaller structure size
(<500 nm) can be developed.
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