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ABSTRACT: Although it is known that evaporated metals can penetrate into films of
various organic molecules that are a few nanometers thick, there has been little work
aimed at exploring the interaction of the common electrode metals used in devices with
fullerene derivatives, such as organic photovoltaics (OPVs) or perovskite solar cells that
use fullerenes as electron transport layers. In this paper, we show that when commonly
used electrode metals (e.g., Au, Ag, Al, Ca, etc.) are evaporated onto films of fullerene
derivatives (such as [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)), the metal
penetrates many tens of nanometers into the fullerene layer. This penetration decreases
the effective electrical thickness of fullerene-based sandwich structure devices, as
measured by the device’s geometric capacitance, and thus significantly alters the device
physics. For the case of Au/PCBM, the metal penetrates a remarkable 70 nm into the fullerene, and we see penetration of similar
magnitude in a wide variety of fullerene derivative/evaporated metal combinations. Moreover, using transmission electron
microscopy to observed cross-sections of the films, we show that when gold is evaporated onto poly(3-hexylthiophene) (P3HT)/
PCBM sequentially processed OPV quasi-bilayers, Au nanoparticles with diameters of ∼3−20 nm are formed and are dispersed
entirely throughout the fullerene-rich overlayer. The plasmonic absorption and scattering from these nanoparticles are readily
evident in the optical transmission spectrum, demonstrating that the interpenetrated metal significantly alters the optical
properties of fullerene-rich active layers. This opens a number of possibilities in terms of contact engineering and light
management so that metal penetration in devices that use fullerene derivatives could be used to advantage, making it critical that
researchers are aware of the electronic and optical consequences of exposing fullerene-derivative films to evaporated electrode
metals.

KEYWORDS: fullerene, PCBM, sequential processing, metal penetration, organic photovoltaic, conjugated polymer, gold nanoparticles,
plasmonics

1. INTRODUCTION

Polymer:fullerene bulk heterojunction (BHJ) organic photo-
voltaics (OPVs)1,2 and perovskite-based solar cells3,4 have
attracted widespread interest as potential low-cost solar energy
harvesters. Although much research has been directed toward
the optoelectronic processes occurring within the cell’s
photoactive layer,5−10 another critically important aspect of
these devices is their mesoscopic structure. In OPVs, for
example, it is desirable to have a vertical composition profile
that is enriched in fullerene material at the electron-collecting
contact to promote charge extraction out of the active layer and
increase cathode selectivity.11−14 Perovskite-based solar cells
also often use fullerene electron transport layers between the
active layer and the cathode for the same reason.15−17 For both
types of devices, the correct energetic alignment and

conductivity are important for achieving, as closely as possible,
selective Ohmic contacts.15,17−20

Despite a significant amount of research on both OPVs and
perovskite-based solar cells, somewhat less attention has been
paid to the morphology of the electrode interfaces.21,22 It is
typically assumed that the deposition techniques (e.g., thermal
evaporation, spin coating, etc.) used to create the device give
clean interfaces with minimal (≲ a few nanometers) inter-
penetration.21 In particular, there is little work examining how
commonly used evaporated cathode metals, such as Ca or Al,
specifically interact with the fullerene component of the active
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layer or electron transport layer. Understanding the interaction
of fullerene derivatives and metals is important because
fullerenes strongly prefer the metal interface due to their high
surface energy,23−25 and previous work has shown that C60
strongly interacts with metals, undergoing charge transfer with
essentially any metallic species to form fullerene:metal salts
(some of which can act as superconductors).26−31

In addition to the fact that metals can strongly interact with
fullerenes, there are several additional reasons to expect that
metal/fullerene interfaces might not be so simple. It is well-
known, for example, that evaporated metals can penetrate
through films of organic molecules that are a few nanometers
thick, allowing the creation of “memistors” and other devices
that originally were expected to behave as simple capacitors or
tunnel junctions.32 The nature of organic layer/metal contacts
also has been studied in films of small molecules such as
pentacene,33,34 tris-8-hydroxyquinolinato-aluminum (Alq3),

35,36

and diindenoperylene (DIP),33,37 where it has been established
that even though nearly all the metal remains on top of the
organic layer, small amounts of evaporated metal can penetrate
to the bottom of ∼60 nm thick films. A diffusion depth of ∼2
nm of Au atoms into amorphous polystyrene films during
sputtering also has been reported previously.38

There are important reasons to investigate the penetration of
commonly evaporated electrode metals into layers of fullerenes,
particularly in device physics experiments. For example, the
reduction of the effective active-layer thickness by metal
penetration can impact measurements that require accurate
knowledge of the (electrical) thickness of fullerene-based
devices (e.g., space-charge limited current, time-of-flight
measurements, charge extraction, etc.).33,34,39−41 Moreover,
excessive metal penetration likely causes increased leakage
current42,43 and exciton quenching,44 produces alterations of
the active-region energy band structure,45,46 and affects device
stability.47,48 Finally, metal interpenetration is expected to play
an important role in OPVs because certain fullerene derivatives
preferentially segregate toward the air interface. For example,
OPV active layers formed from novel polymer:fullerene blends
such as PCPDTBT:ICBA49 and PSPDTTBT:ICBA,50 unlike
the (thermally annealed) workhorse materials P3HT:PCBM,51

are known to have fullerene-rich layers on the top of the
underlying polymer/fullerene blend. Moreover, many poly-
mer:fullerene OPVs are now formed via sequential processing,
where the fullerene is deposited on top of a preformed polymer
film, leading to a fullerene-rich top surface.52−57

In this work, we show that evaporated electrode metals
penetrate extensively, through many tens of nanometers, into
films of both pure fullerene derivatives and the fullerene-rich
upper portion of OPV active layers. By using a combination of
capacitance measurements, cross-sectional transmission elec-
tron microscopy (X-TEM), and UV−visible spectroscopy on
fullerene/evaporated metal layers in various device geometries,
we find that commonly used electrode metals, including Au, Al,
Ag, and Ca, all readily penetrate extensively through thick
fullerene-derivative layers, significantly altering both the optical
and electrical properties of the devices. Our electrical
measurements show that the effective electrical thickness of
fullerene-based devices, as measured by their geometric
capacitance, can easily change by 70 nm, a result confirmed
by electron microscopy images. For the particular case of Au
evaporated onto as-cast sequentially processed poly(3-hexylth-
iophene) (P3HT)/[6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) quasi-bilayers,52−54 we show that metal penetration

results in the formation of ∼3−20 nm diameter nanoparticles
(NPs) that are embedded throughout the PCBM overlayer
matrix. This not only indicates an exceptionally high
penetration/diffusivity of the metal into the fullerene58,59 but
also results in readily measurable plasmonic effects from the
NPs, which can alter the optical properties of the device and
which could possibly be used to advantage. Because fullerene-
rich top layers paired with evaporated metals such as Au, Ca,
Ag, and Al are critical components of OPV and perovskite-
based solar cells as well as transistors and other organic
electronic devices,11,43,44,47,60−63 the fact that metals can
extensively penetrate into fullerene derivatives has important
implications for the organic electronics research community.

2. EXPERIMENTAL SECTION
2.1. Fabrication of Diodes with Fullerene and Polymer/

Fulllerene Active Layers. We used P3HT (Rieke Metals, Inc.
Sepiolid P100), and PCBM (Nano-C, 99.5% purity, used as received)
materials for all devices. We found that the quality of the P3HT batch
was important, because low molecular weight or regiorandom material
tends to segregate to the top of sequentially processed PCBM
overlayers during casting of the fullerene, blocking metal penetration.
The use of highly regioregular P3HT that has been doubly-extracted
with dichloromethane (DCM)52 also prevents the materials from
intermixing too much during PCBM casting, so that P3HT does not
block the metal penetration.

All devices with polymer in the active layer were fabricated by first
sequentially sonicating ITO-coated (150 nm, 20−25 Ω/□) glass
substrates in acetone and isopropyl alcohol, respectively. We then
dried the substrates and further cleaned them in a UV-ozone reactor
for ∼20 min, which was immediately followed by the spin-coating of a
∼35 nm thick PEDOT:PSS (Clevios P VP AI 4083) layer onto the
ITO-coated glass. The PEDOT-coated substrates were then thermally
annealed at 150 °C for 15 min in order to drive off residual water.
After PEDOT deposition and baking, we spin-coated the P3HT layer
from an ODCB solution, always keeping the polymer concentration at
20 mg/mL. For sequentially processed devices, we first spun the
P3HT solution at 1000 rpm for 60 s, which resulted in fully dried
P3HT films that were ∼115−130 nm thick. These P3HT films were
then placed in an evacuated antechamber for at least 1 h to remove any
residual ODCB solvent. If placed under vacuum for an insufficient
time, the ODCB remaining in the P3HT underlayer promoted
intermixing of the P3HT with the PCBM overlayer, which
substantially hindered metal penetration.

After the vacuum drying process, we deposited the PCBM layer
from a DCM solution at 10 mg/mL concentration at 4000 rpm for 10
s. Different PCBM overlayer thicknesses were obtained by adjusting
the PCBM concentration in DCM. For devices with pure PCBM as
the active layer, Si-based substrates were prepared in an identical
manner to the ITO substrates and the PCBM layer was spun from a 10
mg/mL PCBM solution at 1000 rpm for 20 s. Finally, we deposited
metal electrodes with an Angstrom Engineering, Inc. evaporator at a
pressure of ≤1 × 10−6 Torr. All initial metal layers were typically
deposited at a rate of 0.1−0.5 Å/s to a thickness of 10 nm, and the
subsequent layer was deposited at a rate of 1.5 Å/s to thicknesses of
≥40 nm. Before the devices were exposed, ∼5−10 nm of material was
typically evaporated onto the shutter to ensure layer purity. Film
thicknesses were measured with a profilometer (Dektak).

For the devices with a structure of ITO/ZnO/organic semi-
conductor/MoO3/Ag, the ZnO nanoparticle solution was synthesized
following the method by Beek et al.64 and then spun onto cleaned ITO
substrates from chloroform to form a 40 nm ZnO layer, as confirmed
by profilometry. These ZnO-coated substrates were then annealed at
150 °C in a nitrogen glovebox for 20 min. After the organic layer
fabrication, a 15 nm MoO3 layer was deposited on top of the organic
layer at rates below 0.5 Å/s, followed by a 70 nm Ag layer deposited at
rates below 1.0 Å/s.
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2.2. CELIV Experiment for Determination of Cg. For a
description of the analytical CELIV analysis approach, see the
Supporting Information and ref 53. Experimentally, we measured
CELIV traces with a DS345 function generator paired with a
Tektronix DPO 3014 150 MHz digital oscilloscope.53

2.3. FIB Processing, Cross-Sectional TEM, and Sample
Preparation. The as-cast P3HT/PCBM quasi-bilayer device made
by sequential processing was imaged in a FEI Titan S/TEM
instrument operated at 300 kV. As described in the Supporting
Information, we were careful to limit any potential electron beam
damage.65,66 Our cross-sectional TEM samples were prepared using
typical lift-out methods in an FEI Nova 600 Nanolab DualBeam Ga
FIB system. Prior to milling, the surface was protected with a ∼2 μm
thick layer of Pt deposited first by electron beam, then by ion beam.
Side-by-side trenches were cut into the bulk substrate to create a ∼20
μm × 2 μm thin section, which was then partially milled from the
substrate by a U-cut. Next, the detached end of the sample was
attached to a nanomanipulator needle, the opposite end was milled
completely out of the substrate, and the sample was adhered with ion-
beam-deposited Pt to a commercial Cu lift-out grid. The needle tip
and excess Pt were cut out, and the sample was further thinned to
electron transparency. The final thinning process was executed at the
low-power conditions of 10 kV beam energy, 40 nm beam diameter,
and 0.12 nA probe current.67 The final step involved making a 2°
wedge-shaped sample with thinner top and thicker bottom for
structural integrity.
2.4. XPS for Determination of Surface Composition. Surface

volume percent calculation details can be found in the Supporting
Information,68 whereas the experimental apparatus and approach are
described in detail in ref 53.
2.5. Spectroscopic Ellipsometry for Layer Thickness. The

organic layer thicknesses that were determined by spectroscopic
ellipsometry were obtained by fitting the transparent region of the
material to a thickness/Cauchy-dispersion model. All of these values
were obtained from equivalently processed layers deposited on a Si/
(1.8 nm SiO2 native oxide) substrate. The thick SiO2 thermal oxide
values reported in the text were determined by fitting the entire
tan(Ψ), cos(Δ) spectrum to the well-known optical constants of SiO2
and Si (SOPRA nk library). A detailed description of the experimental
setup and procedures can be found elsewhere.55

3. RESULTS AND DISCUSSION

3.1. Electrical Thickness of Fullerene Films Measured
via Device Geometric Capacitance. Our initial evidence for
the interpenetration of evaporated metals into fullerene-rich

layers comes from simple electrical characterization experi-
ments. We started by measuring the geometric capacitance (Cg)
of standard planar fullerene-based devices with different active
layers using the charge extraction by linearly increasing voltage
(CELIV) technique.69,70 The CELIV approach for obtaining Cg
is schematically shown in Figure 1A, and involves using (if
necessary) an initial steady-state reverse bias to deplete fully the
active layer of any equilibrium free charge. The experiment is
also run in the dark, which eliminates the presence of
photogenerated carriers. The initial bias is followed by a linear
reverse-bias ramp of the form V(t) = URt + V0 where t is the
time after the start of the ramp, V0 is the initial steady-state
reverse bias, and UR is the ramp rate (V/s). For a typical
parallel-plate capacitor, the current response to this voltage
ramp is constant in time and directly related to Cg (Figure 1A).
Because the device is initially depleted and the voltage ramp is
run in reverse bias, the device behaves essentially as a capacitor.
It is thus straightforward to fit the CELIV current transients to
an equivalent circuit model, described in the Supporting
Information, in order to extract accurately Cg.
One of the reasons CELIV is particularly well-suited for

measuring Cg is because it allows for easy decoupling of the
geometric capacitance from other quantities, such as the
equilibrium doping density, series/shunt resistances, and the
device’s built-in potential.40,71,72 The geometric capacitance is
determined solely by the device’s geometry, with Cg = Aϵ0ϵ/d
for a simple single-layer capacitor, where A is the device area, ϵ0
is the vacuum permittivity, ϵ is the dielectric constant of the
material between the electrodes, and d is the electrical thickness
of the device. Thus, we have chosen to focus on the device Cg
because it provides an excellent indicator of metal penetration
due to its high sensitivity to the active-layer dielectric constant
and electrical thickness, both of which are strongly impacted by
the incorporation of metal.
Our discovery of metal interpenetration took place when we

were examining CELIV transients on OPV devices based on
P3HT and PCBM. We built numerous devices via solution
sequential processing (SqP) of the active layer,55,73 where the
polymer layer is deposited first, in this case from o-
dichlorobenzene (ODCB), and then the fullerene layer is
deposited in a second step from a quasi-orthogonal solvent, in

Figure 1. (A) Schematic of how Cg is measured straightforwardly in the CELIV experiment. More details on the mathematical extraction of Cg from
CELIV traces are given in the Supporting Information. (B) Measured reverse-bias CELIV current transients of ITO/PEDOT:PSS/P3HT(115 nm)/
PCBM(66 nm)/Ca/Al devices showing a distinct difference between the predicted (solid curves, from eq 1 using the measured layer thickness(es)
and dielectric constant(s)) and measured Cg values (open symbols) when a PCBM-rich overlayer (sequentially processed quasi-bilayer) is added on
top of the P3HT and then exposed to the evaporated metal electrode. Note that V0 = 0 for the pure P3HT capacitor (no equilibrium free charge),
but a V0 value of −3 V was needed for the quasi-bilayer in order to ensure that the active layer was fully depleted.
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this case DCM. We used the active layers as-cast without
thermal or solvent annealing, which results in devices with a
quasi-bilayer geometry: ITO/PEDOT:PSS/P3HT/PCBM/
metal.56,57,74 Because the top of the active layer of these
devices is rich in PCBM,53,56,57,74 this provided a perfect
opportunity to observe how evaporated metal electrodes
interacted with fullerene-rich layers in sandwich-structure
devices. Our experiments explored as-cast sequentially
processed devices with varying active layer compositions,
thicknesses, and evaporated electrodes (see Table 1). In all
cases, we directly measured the thickness of the active layer
using profilometry, which has an accuracy of ±5 nm. Figure 1B
shows an example of the results, where the red circles are for a
device with a pure 115 nm thick P3HT film as the active layer,
and the blue squares are for a device with an active layer
consisting of an identically processed P3HT film with a ∼66
nm thick solution sequentially processed PCBM overlayer.
Surprisingly, even though the 181 nm thick sequentially
processed active layer is significantly thicker than the pure
P3HT layer, the sequentially processed device actually has a
slightly higher capacitive current and thus a slightly larger
geometric capacitance.
To analyze the geometric capacitances of our devices

obtained from CELIV, we calculated the Cg values for pure
active layers from the parallel-plate capacitor relation: Cg =
Aϵ0ϵ/d, with typical values for P3HT layers of dP3HT = 115 ± 5
nm, A = 7.2 ± 0.5 mm2 (we used this electrode area for all
devices unless otherwise specified), and ϵP3HT = 3 ± 0.1.75 For

the sequentially processed devices with fullerene overlayers, we
assumed a bilayer parallel-plate geometry, where fullerene
penetrates into the polymer film producing a mixed under-
layer,74 plus an essentially pure fullerene layer on top, resulting
in

=
ϵ ϵ ϵ

ϵ + ϵ
C

A
d dg

0 P3HT:PCBM PCBM

PCBM P3HT:PCBM P3HT:PCBM PCBM (1)

where for the devices in Figure 1B, ϵPCBM = 3.9 ± 0.1,75 and
dPCBM = 66 ± 5 nm. Previous work using neutron reflectometry
on as-cast sequentially processed P3HT/PCBM active layers
found that the P3HT-rich underlayer contains ∼25−30 wt %
PCBM and that the underlayer does not change appreciably in
thickness.56,57,74 Using this information and the effective
medium approximation, we employed typical values of
dP3HT:PCBM = 115 ± 5 nm and ϵP3HT:PCBM = 3.25 ± 0.1 for
the P3HT-rich underlayer. The uncertainties quoted here lead
directly to those quoted for Cg in Table 1 using standard
propagation of errors.76

A further statistical comparison of numerous devices
processed identically to those shown in Figure 1B reveals
that pure P3HT devices of this thickness should have a Cg value
of 1.66 ± 0.08 nF, which is in good agreement with the
measured value of 1.74 ± 0.09 nF. In contrast, the sequentially
processed quasi-bilayer has a predicted Cg value of 1.25 ± 0.1
nF, which is well outside the error of the measured value. The
fact that the measured Cg value for the quasi-bilayer is
significantly larger than expected indicates that the effective

Table 1. Measured and Predicted Geometric Capacitance (Cg) Based on the Measured Active-Layer Thickness for Various
Organic Semiconductor Diodesa

active layer evaporated electrodea measured Cg (nF) calculated Cg (nF) measured thicknessb (nm) Cg thickness
c (nm)

P3HTd Ca/Al 1.74 ± 0.09 1.68 ± 0.08 115 ± 5 110 ± 6
P3HT MoO3 1.39 ± 0.01 1.39 ± 0.01 115 ± 5 115 ± 1
PCBM (80 nm) Ca/Al shorted 3.11 ± 0.19 80 ± 5
PCBM (80 nm) MoO3 2.27 ± 0.01 2.30 ± 0.19 80 ± 5 79 ± 1
P3HT/PCBM (37 nm) SqP Ca/Al 1.83 ± 0.12 1.41 ± 0.12 152 ± 5 111 ± 7
P3HT/PCBM (66 nm) SqP Ca/Al 1.81 ± 0.13 1.21 ± 0.10 181 ± 5 115 ± 8
P3HT/PCBM (75 nm) SqP Ca/Al 1.78 ± 0.03 1.16 ± 0.09 190 ± 5 118 ± 2
P3HT/PCBM, 150 °C SqP Ca/Al 1.29 ± 0.02 1.25 ± 0.09 178 ± 5 171 ± 3
P3HT/PCBM, 110 °C SqP Ca/Al 1.51 ± 0.09 1.29 ± 0.10 178 ± 5 147 ± 9
P3HT:PCBM, 150 °C Blend-Cast Ca/Al 1.25 ± 0.07 1.30 ± 0.04 173 ± 5 177 ± 10
P3HT/PCBM SqP Ca (0.3 nm)/Ag 1.87 ± 0.16 1.21 ± 0.10 181 ± 5 112 ± 10
P3HT/PCBM SqP Al 1.78 ± 0.19 1.21 ± 0.10 181 ± 5 117 ± 12
P3HT/PCBM SqP Mg 2.40 ± 0.02 1.21 ± 0.10 181 ± 5 87 ± 9
P3HT/PCBM SqP Au 2.01 ± 0.06 1.21 ± 0.10 181 ± 5 104 ± 3
P3HT/PCBM SqP Ag shorted 1.21 ± 0.10 181 ± 5
P3HT/PCBM SqP Pte shorted 1.21 ± 0.10 181 ± 5
P3HT/PCBM SqP Na (15 nm)/Ag shorted 1.21 ± 0.10 181 ± 5
P3HT/PCBM SqP K (15 nm)/Ag shorted 1.21 ± 0.10 181 ± 5
P3HT/bis-PCBM SqP Ca/Al 2.16 ± 0.20 1.21 ± 0.10 176 ± 5 97 ± 9
P3HT/ICBAf SqP Ag shorted <1.21 >181
P3HT/ICBA SqP Ca (45 nm) 2.52 <1.21 >181 89
P3HT/ICBA SqP Al 3.11 <1.21 >181 72
SiO2 (270 nm) Ca/Al 1.55 ± 0.01 1.55 ± 0.1 270f 270 ± 2
SiO2 (285 nm)/PCBM (95 nm) Ca/Al 1.35 ± 0.03 1.10 ± 0.1 380g 310 ± 3

aIf not specified, the thickness for Ca is 10 nm, for Al is 70 nm, for Ag is 70 nm, for MoO3 is 15 nm, and for ZnO is 40 nm. The corresponding
underlayer for MoO3 was ZnO and the corresponding underlayer for all metals was 35 nm of PEDOT:PSS (Clevios P VP Al 4083) unless otherwise
noted. bAll thickness values are determined by profilometry and refer to the organic layer(s) only, except for the last two rows. cCalculated from
measured Cg.

dP3HT Cg is sensitive to polymer batch and thermal annealing.
eThe e-beam deposited to 50 nm at less than 0.5 Å/s rate. fThe ICBA-

based SqP devices were thicker than their PCBM counterparts but with indeterminate thickness due to surface roughness. gSiO2 contribution
determined by spectroscopic ellipsometry and PCBM contribution determined by both profilometry and spectroscopic ellipsometry.
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electrical thickness of the device is much thinner than
anticipated, and in fact, this device has essentially the same
electrical thickness as the original P3HT underlayer (Table 1).
The only simple explanation for this discrepancy between the

measured and predicted Cg values is that in the quasi-bilayer
samples, the evaporated Ca/Al electrode penetrates entirely
through the PCBM-rich overlayer and only stops at the P3HT-
rich interface, so that the quasi-bilayer Cg values become
identical to those of the pure underlayer. Despite the fact that
the Cg values indicate that metal is penetrating a significant
distance into the organic layer, none of these devices in Figure
1 were shorted or leaky, as evidenced by the roughly constant
current versus time, confirming that the metal does not
penetrate the entire organic layer. Table 1 presents measured
and predicted Cg values for a number of as-cast P3HT/PCBM
SqP quasi-bilayer devices with different evaporated metal
electrodes (Ca/Al, Ca, Al, Mg, Ag, Pt, K, Na, and Au) and
varying PCBM overlayer thicknesses, all of which exhibit
discrepancies between the measured and predicted geometric
capacitances that are consistent with significant metal
penetration into the active layers. In particular, the Cg values
in Table 1 indicate that Au, Al, and Ca electrodes penetrate
entirely through the fullerene-rich overlayer but not into the
P3HT-rich underlayer, and that Ag, Mg, Pt, K, and Na can
actually penetrate through the fullerene-rich overlayer and into
the P3HT-rich underlayer as well (Table 1). We note that the
diffusion of alkali metals in polymers has been studied by
others,77 who argued that alkali metals ionize in contact with
most polymers and thus are highly mobile both because
positive ions repel each other, preventing agglomeration of the
metal, and because cations are smaller than neutral metal
atoms. These ideas are consistent with the results of our Cg
analysis.
To evaluate how far the evaporated metal can penetrate

through a fullerene-rich overlayer, we next analyzed the
geometric capacitances of P3HT/PCBM quasi-bilayers as the
thickness of the PCBM overlayer was varied. Figure 2A shows a
strong divergence between the measured and predicted Cg
values for P3HT/PCBM/Ca/Al devices when the PCBM

overlayer is made successively thicker by increasing the PCBM
concentration of the casting solution (at 4000 rpm, a 5 mg/mL
solution of PCBM in DCM gives a 37 nm PCBM overlayer, a
10 mg/mL solution results in a 66 nm thick overlayer, and a 15
mg/mL near-saturated solution yields a 75 nm thick overlayer).
For all these devices, it is particularly striking that the measured
Cg remains constant and approximately equal to that of the
pure P3HT underlayer despite the additional PCBM overlayer
thickness. This is a strong indication that metal penetration can
occur through PCBM overlayers of essentially any thickness
obtainable by spin-coating. This result also indicates that any
metal−organic “salts” formed by the reaction of the metals with
the polymer likely reside only near the interface and do not
penetrate through the entire fullerene layer (because otherwise
the measured Cg values for SqP devices with different
thicknesses would not be similar). Thus, the slight increase in
capacitance observed with fullerene incorporation in Figures 2A
and 1B (blue squares vs red circles) could reflect the formation
of a high-dielectric salt near the surface, but more likely results
either from a small amount of the P3HT underlayer being
washed away by the DCM fullerene-casting solvent or from an
increase in the dielectric constant of the underlayer, as PCBM
has a higher dielectric constant than P3HT and the SqP
approach results in ∼25−30 wt % intercalation of PCBM into
the P3HT underlayer.74

In addition to diodes built with pure P3HT active layers and
P3HT/PCBM quasi-bilayers (as in Figure 1B), we also
fabricated devices with well-mixed P3HT:PCBM active layers
using both traditional blend-casting and thermal annealing of
the sequentially processed quasi-bilayers. It is well-known that
annealing P3HT/PCBM quasi-bilayers results in rapid
interdiffusion of the two components,56,57,74,78 transforming
the quasi-bilayer into a more well-mixed P3HT:PCBM bulk
heterojunction film. Because the degree of mixing increases as
the temperature is raised above 110 °C,57 we expect annealing
at temperatures above this threshold to increase significantly
the amount of P3HT that resides at the top surface of the active
layer. In all our experiments, metal evaporation was performed
after thermal annealing of the quasi-bilayer. This leads to an

Figure 2. (A) Measured and predicted geometric capacitances of P3HT/PCBM/Ca/Al sequentially processed as-cast quasi-bilayer devices with
different PCBM overlayer thicknesses. The divergence of the measured and predicted Cg values indicates metal interpenetration through the entire
fullerene overlayer. (B) Device geometric capacitance as a function of quasi-bilayer active-layer annealing temperature before metal deposition (black
line; error bars one standard deviation). All devices were thermally annealed for 20 min prior to metal deposition. The evaporation rate for Ca was
∼0.5 Å/s and for Al was ∼1.0 Å/s. The thick blue bar represents the measured pure P3HT underlayer geometric capacitance with ± one standard
deviation uncertainty. The thick pink bar represents the predicted device Cg with uncertainty calculated using the measured active-layer thickness.
Annealing as-cast quasi-bilayers intermixes the P3HT and PCBM, which causes the measured Cg to approach the predicted Cg due to blocking of the
metal-penetration by the presence of P3HT at the top interface. The right vertical axis shows P3HT volume percent at the top surface (black
spheres; obtained from XPS S/C analysis68). Traditional blend-cast devices (dark cyan symbols) also show no measurable metal penetration due to
the presence of nearly pure P3HT at the top surface of the active layer (dark cyan sphere).
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expectation that the more annealed the film, the more P3HT
will cover the top surface, so less metal penetration should
result. Indeed, Figure 2B shows that the measured Cg of
annealed P3HT/PCBM quasi-bilayers steadily decreases with
increasing annealing temperature from 110 to 150 °C.
Moreover, when the mixing becomes strong enough (by
annealing for 20 min at 150 °C) the measured Cg becomes,
within error, equal to the predicted Cg based on the measured
active-layer thickness. Also plotted in Figure 2B is the Cg of a
blend-cast P3HT:PCBM device that has the same total
thickness and composition as the quasi-bilayer devices.53 The
Cg of this blend-cast device also shows no deviation between
the measured and predicted Cg values, consistent with the idea
that blend-casting produces devices with large amounts of
P3HT on the top surface.
All of these results suggest that even small amounts of P3HT

at the top surface of the active layer can block metal penetration
in the same way that a P3HT-rich underlayer stops metal
interpenetration from completely shorting a quasi-bilayer
device. To quantify better this effect, we measured the surface
composition of these active layers using X-ray photoelectron
spectroscopy (XPS). For the P3HT/PCBM system, the
measured XPS sulfur/carbon ratio provides a direct measure
of the amount of P3HT in the top few nanometers of the active
layer.53,68 The right vertical axis of Figure 2B shows the volume
percent of P3HT at the top surface of each of these samples as
determined by XPS (see the Supporting Information for S/C
calculation details). The data show that 150 °C-annealed quasi-
bilayers and traditional blend-cast P3HT:PCBM active layers
have >70 vol % P3HT at their top surfaces, whereas as-cast
P3HT/PCBM quasi-bilayers only have ∼3 vol % P3HT at their
surfaces. Clearly, Figure 2B suggests that evaporated metal
electrodes can easily penetrate through fullerene-rich layers but
cannot penetrate through even a small amount of dilute
conjugated polymer such as P3HT. Taken together, the Cg
analysis in Figures 1 and 2 and Table 1 leads to three major
conclusions: first, that the device geometric capacitance is a
reliable indicator of metal penetration; second, that the
functional device structure is dramatically changed when an
electrode metal is evaporated onto a PCBM-rich layer; and
third, that P3HT acts as a remarkably efficient blocker of metal
penetration.

Because the presence of even small amounts of P3HT at the
top surface can affect metal penetration, it makes sense to
investigate the interaction of evaporated metals with pure
fullerene films. Table 1 shows that when we fabricated diodes
with a pure PCBM active layer (device structure ITO/
PEDOT:PSS/PCBM/Ca/Al), the devices were always either
shorted or too leaky to obtain reliable Cg values. This indicates
that the evaporated electrode can effectively penetrate through
the entire fullerene layer to make electrical contact with the
bottom electrode, consistent with the quasi-bilayer results
discussed above. To verify that there is nothing special about
P3HT stopping metal interpenetration, Table 1 also summa-
rizes results indicating metal penetration can be blocked by
placing a thin insulating interlayer (e.g., 15 nm of MoO3, which
is typically used to fabricate “inverted” OPV devices24,79) on
top of the fullerene layer; see also Figure S5 of the Supporting
Information. This observation might be an important reason
why inverted device architectures that utilize metal oxide buffer
layers typically work better than their normal-structure
counterparts for OPVs,79−81 as metal interpenetration could
easily be detrimental to solar cell performance. Finally, Table 1
also shows that we obtained identical Cg trends using other
fullerene derivatives, including indene-C60 bisadduct (ICBA)

82

and bis-PCBM,83 demonstrating that evaporated metal inter-
penetration is a general phenomenon for many fullerene
derivatives.
As another way to investigate evaporated metal penetration

into pure fullerene films, we also fabricated devices using doped
Si with a thick thermal oxide overlayer as the bottom electrode.
Table 1 shows that when a Ca/Al top electrode is evaporated
directly onto the thick SiO2 thermal oxide layer, the measured
Cg of the resulting device is in excellent agreement with the
parallel-plate capacitor equation prediction: Cg = Aϵ0ϵSiO2

/dSiO2

= 1.55 nF, with dSiO2
= 270 nm, ϵSiO2

= 3.9, and A = 12.1 mm2.
However, when 95 nm of PCBM (as measured by profilometry
and spectroscopic ellipsometry) is spun on top of the SiO2
overlayer, the measured Cg is just 1.35 nF (with the same Ca/Al
top electrode), which is much larger than that predicted and
only slightly smaller than that of the device built without
PCBM. A simple analysis reveals that this Cg value accounts for
only ∼25 nm of the PCBM layer, leaving ∼70 nm of PCBM

Figure 3. Bright-field, cross-sectional TEM images of a glass/ITO/PEDOT:PSS/P3HT:PCBM/PCBM:Au/Au as-cast, sequentially processed quasi-
bilayer device (the same device used in the Cg analysis in the previous section). (A) Representative section of the entire device stack and each layer’s
persistence in the in-plane direction. (B) Higher magnification view of the P3HT:PCBM/PCBM:Au/Au interfaces, showing the clear formation of
metal nanoparticles resulting from the thermal evaporation of Au onto the PCBM-rich portion of the active layer. (C) Further magnified view of the
region just above the interface with the P3HT-rich underlayer, showing a layer of fairly monodisperse ∼3.5 ± 0.5 nm diameter Au nanocrystals. Gold
was chosen as the electrode metal for these experiments due to its high Z-contrast with the organic layer and its stability in air. The evaporation rate
for the gold electrode was kept <0.5 Å/s.
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‘missing’ from the dielectric thickness. This demonstrates that
the evaporated Au electrode has an effective electronic
penetration depth of approximately 70 nm into the 95 nm
thick PCBM film. These data indicate that either the top 70 nm
of the fullerene layer has become a part of the electrode or that
the dielectric constant of this portion of the film has become so
high because of the amount of intercalated metal that it
essentially has no measurable capacitance when placed in series
with the effective ∼25 nm of “pure” PCBM.
3.2. X-TEM Analysis of Metal Interpenetration in

PCBM Films. With ample evidence in hand for metal
penetration, the obvious question becomes: can we directly
observe and measure the infiltrated metal distribution inside
these fullerene layers? To address this question, we turn to
cross-sectional transmission electron microscopy (X-TEM),
where a focused-ion beam (FIB) is used to cut a thin section
from an as-cast, sequentially processed P3HT/PCBM quasi-
bilayer device, and the resulting device cross section is directly
imaged with TEM.21,52,84,85 To generate a sample for this
process, we evaporated a Au top electrode onto an as-cast
P3HT/PCBM quasi-bilayer active layer at a rate of only 0.1 Å/
s, leading to an expected device architecture of glass/ITO (150
nm)/PEDOT:PSS (35 nm)/P3HT:PCBM (130 nm)/PCBM
(45 nm)/Au (50 nm); here, as above, we expect the
P3HT:PCBM underlayer to have ∼25−30 wt % PCBM from
the SqP.74 When collecting this data, care was taken to limit
electron beam exposure and any subsequent possible sample
damage.65,66,86 We note, however, that our primary interest in
this work is the structure of the interpenetrated metal, which is
robust to beam exposure. We chose to use gold as the
evaporated top electrode material for three reasons: first, the
capacitance measurements described above indicate that Au can
penetrate up to ∼70 nm into fullerene-rich films; second, Au
has excellent Z-contrast in comparison to the carbon-based
P3HT/PCBM active-layer materials; and third, Au does not
readily degrade or oxidize, making it robust to the necessary
processing steps leading up to TEM imaging.
Figure 3A clearly shows that instead of the nominally

fabricated glass/ITO/PEDOT:PSS/P3HT:PCBM/PCBM/Au
device structure, there is indeed readily visible Au metal
penetration into the PCBM overlayer. Further inspection
suggests that a more accurate description of the actual device
architecture is glass/ITO/PEDOT:PSS/P3HT:PCBM/
PCBM:Au/Au, with clear distinct boundaries for each of

these layers. We used high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM), discussed
below, and spot EDS spectra, shown in the Supporting
Information, to verify the elemental composition in each
region of the image. One of the most striking and unexpected
features of Figure 3A is a distinct layer of Au nanoparticles
(NPs) that is visible ∼175 nm above the ITO/PEDOT:PSS
interface. This distance is consistent with the nominal thickness
of the P3HT-rich underlayer plus PEDOT:PSS interlayer,
indicating that Au penetration proceeds all the way down to the
P3HT-rich layer. This may seem surprising given that P3HT
has a lower mass density than PCBM,87 but is in perfect
agreement with the conclusions reached above from our Cg
analysis. We hypothesize that the sulfur heteroatom in the
polymer plays a role in stopping metal penetration, because
gold, for example, has an otherwise high diffusivity in
conjugated carbonaceous systems.58,59 In the P3HT/Ca system,
for instance, it has been shown that the Ca/S-heteroatom
interaction is significant enough to abstract the sulfur from
P3HT.88,89

Figure 3B focuses on what should have been the P3HT/
PCBM quasi-bilayer interface,56,57,74 but instead is found to be
a PCBM:Au-NP matrix in contact with the P3HT-rich
underlayer. This image reveals that moving upward from the
P3HT-rich underlayer interface, there is first a dense region of
small (∼3.5 nm diameter) Au NPs located at and just above the
interface, followed by a PCBM-rich region that contains very
little Au, followed by a PCBM-rich layer that contains larger-
sized (∼10−20 nm diameter) Au particles. Figure 3C shows
higher magnification of the small Au NP layer just above the
P3HT-rich interface, making clear that the spontaneously
formed Au NPs are highly crystalline (see also the selected-area
electron diffraction pattern in Figure S4 of the Supporting
Information). These particles are nominally spherical and fairly
monodisperse in size with diameters in the range of 3.5 ± 0.5
nm. Not only is this type of NP formation at the bottom of a
thick organic layer extremely rare, but the pattern of small Au
nanoparticles, pure organic layer, then larger Au NPs is
completely different than that observed in previous inter-
penetration studies.37 We postulate that the P3HT-rich
underlayer has much to do with both the metal NP formation
and distribution. There likely is a small amount of P3HT in the
PCBM-rich overlayer (because SqP does mix the polymer and
fullerene components, as indicated by the XPS data of Figure

Figure 4. HAADF STEM images of the same device cross section studied in Figure 3. (A) Lower magnification view, showing each distinct layer of
the device as labeled. (B) Higher magnification view of the P3HT:PCBM/PCBM:Au/Au interface. The high contrast between the Au nanoparticles
and the surrounding PCBM matrix indicates extensive phase separation of the metal and the organic materials.
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2).56,57 Given that P3HT interacts strongly with the penetrated
metal, it is entirely possible that the few P3HT chains dissolved
in the PCBM-rich overlayer act as nucleation sites for the
penetrated Au to grow into NPs, leading to the observed
nanostructure.
3.3. HAADF X-TEM Analysis. To visualize better the

compositional nanostructure studied in Figure 3, we employed
STEM HAADF imaging of this same device cross section.
HAADF STEM is not influenced by diffraction effects and
primarily reveals variations in atomic mass density (Z-contrast),
making it ideal for examining the distribution of metallic Au in
organic matrices. As expected, the HAADF images in Figure 4
show sharp contrast between the carbon-rich and gold-rich
regions of the Au:PCBM layer. Figure 4A shows the entire
glass/ITO/PEDOT/P3HT:PCBM/PCBM:Au/Au layer stack,
confirming that the layered structure of each region persists
throughout the in-plane direction. Notably, there are several Au
NPs visible as small gray dots in the P3HT-rich layer, although
it is not clear whether these particles diffused into the layer via
interpenetration from above or were simply displaced during
the FIB processing and are located on top of the cross-section.
Figure 4A also better reveals the nonuniform Au:PCBM
nanostructure seen in Figure 3A, which consists of a dense
region of small, ∼3.5 nm diameter gold NPs at the P3HT-rich
interface, followed by a region devoid of Au, and then a thicker
Au:PCBM matrix composed of large, semi-interconnected Au
NPs (∼10−20 nm diameter). In Figure 4B, higher magnifica-
tion HAADF imaging shows high contrast (i.e., a complete lack
of gray scale) between the particles and surrounding matrix,
indicating essentially complete phase separation of Au in the
PCBM-rich layer. The formation of discrete Au nanoparticles
suggests that a significant contributor to the reduction of Cg, as
discussed above, is the large increase in effective dielectric
constant of the mixed metal:fullerene layer, which causes this
layer to have no effective contribution to the overall device
capacitance (eq 1 with ϵPCBM:Au → ∞).
Overall, Figures 3 and 4 completely change our perception of

what can happen when evaporated electrode metals are
deposited onto layers rich in fullerene derivatives. The fact
that electrode metals penetrate many tens of nanometers into
fullerene-rich layers is not only unexpected but also will clearly
have a significant impact on device optoelectronic properties.
Although most of the effects are deleterious, it might be
possible to use the penetration to advantage, particularly if the
size of the intercalated NPs can be tuned, as we discuss in the
next section.
3.4. Plasmonic Effects of Interpenetrated Nano-

particles. One particularly important impact comes from the
fact that interpenetrated metal need not be uniformly present in
the fullerene layer, but instead can be phase-separated into NPs
that are of exactly the size required for significant plasmonic
effects (Figures 3 and 4).90−93 We show that plasmonic effects
can be readily measured in metal-interpenetrated fullerene films
in Figure 5. In this figure, we plot the normal-incidence
absorbance of a glass/PCBM (55 nm) sample both before
(black curve, squares) and after (red curve, circles) the
evaporation of 3 nm of gold. The blue curve in the inset
shows absorption difference expected if the 3 nm Au overlayer
were planar, as calculated via a transfer-matrix approach using
published optical constants.94,95 Instead, the actual change in
optical density upon Au evaporation is shown by the orange
curve in the inset, which has a distinct peak at ∼620 nm. This
peak is in the range one would expect for the collective

plasmon resonance of inhomogeneously distributed, interact-
ing, Au nanoparticles.96,97 Because the NPs formed in fullerene
films are obviously bare (i.e., they have no capping agents),
there should be significant near-field coupling to the organic
material around the NPs. This means that the presence of metal
NPs must be accounted for when performing optical modeling
of any devices with evaporated metal electrodes on fullerene-
rich layers. Moreover, it is possible that with appropriate design
this effect could be utilized to enhance, for example, the
absorption of fullerenes such as PC71BM that are placed
intentionally at the top surface of OPVs.90,98

4. CONCLUSIONS
In summary, we have shown that evaporated metal electrodes
significantly penetrate into films of fullerene derivatives, having
substantial implications for optoelectronic devices that involve
metal/fullerene interfaces (e.g., OPVs, perovskite solar cells,
thin-film transistor contacts, etc.). The most direct conse-
quence is that the effective electrical thickness of fullerene-
based devices, as measured by their geometric capacitance, is
dramatically reduced due to the metal incorporation. For
example, we showed using a model doped-Si/SiO2/PCBM/Au
device structure that there is ∼70 nm of effective Au
penetration into a pure PCBM film. We also confirmed via
Cg analysis that evaporated metal penetration into fullerene-rich
films occurs with numerous fullerene derivatives and
evaporated metal combinations, and thus is a general
phenomenon that is not specific to materials such as Au and
PCBM. Our X-TEM analysis shows that a striking and
unexpected interpenetrated nanostructure is formed when an
electrode metal is evaporated onto a fullerene-rich layer that is
cast on top of a polymer-rich underlayer. Instead of yielding a
clean fullerene/metal interface, metal evaporation results in
extensive penetration and metal nanoparticle formation
throughout the fullerene-rich layer. Furthermore, the images
and Cg analysis indicate that metal penetration is efficiently
stopped by the presence of even small amounts of conjugated
polymers such as P3HT or insulating materials such as MoO3.
In addition to all the implications for optoelectronic device

Figure 5. Normal-incidence optical density of a 55 nm PCBM layer on
glass before (black curve, squares) and after (red curve, circles)
thermal evaporation of 3 nm of Au. The red circles/curve in the inset
shows the measured change in OD upon metal evaporation, whereas
the blue squares/curve shows the expected ΔOD (calculated using a
transfer matrix approach with published optical constants)94,95 if the
Au formed a 3 nm overlayer on top of the PCBM film. The fact that
the observed ΔOD peaks near 600 nm is consistent with the plasmon
resonance of Au NPs that have formed within the fullerene layer.
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physics experiments, this discovery opens up a number of
possibilities in terms of interface and optical engineering with
fullerene semiconductor materials.
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