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Donor–Acceptor Shape Matching Drives Performance
in Photovoltaics
Theanne Schiros, Gregor Kladnik, Deborah Prezzi, Andrea Ferretti, Giorgia Olivieri,
Albano Cossaro, Luca Floreano, Alberto Verdini, Christine Schenck, Marshall Cox,
Alon A.Gorodetsky, Kyle Plunkett, Dean Delongchamp, Colin Nuckolls,
Alberto Morgante,* Dean Cvetko,* and Ioannis Kymissis

While the demonstrated power conversion efficiency of organic photovoltaics
(OPVs) now exceeds 10%, new design rules are required to tailor interfaces
at the molecular level for optimal exciton dissociation and charge transport
in higher efficiency devices. We show that molecular shape-complementarity
between donors and acceptors can drive performance in OPV devices. Using
core hole clock (CHC) X-ray spectroscopy and density functional theory (DFT),
we compare the electronic coupling, assembly, and charge transfer rates at the
interface between C60 acceptors and flat- or contorted-hexabenzocorone (HBC)
donors. The HBC donors have similar optoelectronic properties but differ in
molecular contortion and shape matching to the fullerene acceptors. We show
that shape-complementarity drives self-assembly of an intermixed morphology
with a donor/acceptor (D/A) ball-and-socket interface, which enables faster
electron transfer from HBC to C60. The supramolecular assembly and faster
electron transfer rates in the shape complementary heterojunction lead to a
larger active volume and enhanced exciton dissociation rate. This work provides fundamental mechanistic insights on the improved efficiency of organic
photovoltaic devices that incorporate these concave/convex D/A materials.
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1. Introduction
Organic semiconductors promise to
enable a new generation of low-cost,
light-weight solar cells with thin and
flexible form factors based on non-toxic
and elementally abundant materials.[1–3]
Extensive development of conjugated
polymer/fullerene bulk heterojunction
(BHJ) solar cells[4,5] has produced design
rules facilitating significant advances in
the performance of small area cells, with
demonstrated power conversion efficiencies (PCE) over 10%[6–8] and estimated
lifetimes in excess of 6 years.[9] Small
molecule semiconductors offer a number
of advantages for OPVs relative to their
polymeric counterparts, including welldefined molecular structure, fewer traps,
higher purity, and superior batch-to-batch
consistency. Design rules to optimize the
morphology and charge transfer efficiency
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Figure 1. Shape-complementarity of HBC-C60 donor-acceptor pairs. Schematic representation of HBC molecular donors (grey) with varying degrees
of contortion and shape matching to a fullerene acceptor (orange) (top) and chemical structures (bottom). 2c-HBC and 4c-HBC have four dodecyloxy
chains on the periphery (X = OC12H25) for solubility purposes; these were substituted with H atoms in the theoretical calculations.

at the donor/acceptor (D/A) interface in small molecule OPVs,
analogous to those established for BHJ solar cells, are required
to reach the still higher efficiency suggested by theoretical
models[2,5,10] and to make OPVs a component of a solar energy
economy.
Supramolecular assembly can be used to create ordered
nanostructures with extended interfaces between active materials[11–15] increasing the effective volume and external quantum
efficiency of an OPV device. The formation of crystallites at the
surface of a donor, for example, has been used to increase the
accessible interfacial volume, improving photon-harvesting efficiency.[16] The rate at which charges separate at the D/A interface[18–25] is also an important consideration in the design of
OPVs, as geminate and surface recombination will limit the
fill factor, open circuit voltage, and efficiency of a device.[1–6]
Several approaches have been proposed to decrease interfacial recombination, including the use of poled ferroelectric
layers[26] and engineering of the D/A interface to promote efficient, highly directional charge transfer[27] and create barriers
between electrons and holes.[28]
We have been examining the use of contorted hexabenzocorones (HBCs) and dibenzotetrathienocoronenes (DBTTCs) as
donors in OPV devices to improve overall photovoltaic efficiency
and address both active layer morphology and electronic interaction at the D/A interface.[15–17,29] HBCs have several favorable
properties for organic semiconductor devices[30–32] including a
high degree of functionalization,[33,34] a range of supramolecular
self-assembly motifs[17,34–37] and tunable contortion through
steric congestion on the exterior of the molecule.[17,36] Tailored
contortion, in particular, provides shape-complementarity to
fullerene acceptors, which can be seen through the “ball-andsocket” co-crystal formation in the vapor and solution phases of
these materials.[17,36] We previously observed that the efficiency
of OPVs fabricated with contorted HBCs and fullerenes exhibit
improved performance when compared with flat HBC analogs[17]
2
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but the reason for this difference is difficult to ascertain through
macroscopic device performance analysis. Here we probe the
heterojunction morphology and charge transfer dynamics in
HBC/C60 bilayers as a function of contortion of the donor and
the degree of shape matching with fullerene acceptors using a
suite of X-ray techniques, including near edge X-ray absorption
(NEXAFS), resonant photoemission (RPES) X-ray photoelectron
(XPS) valence band (VB) photoemission spectroscopy, together
with density functional theory (DFT). shape-complementarity
drives self-assembly that in turn increases both the interfacial
volume available for exciton dissociation, as well as the rate of
exciton dissociation itself, to improve the efficiency of the OPV
device.[17] Our analysis demonstrates that this rate increase and
improvement in efficiency is a direct consequence of the ball
and socket arrangement between the donor and acceptor.

2. Results
2.1. Molecular Design of Shape Complementary Donor-Acceptor
Interfaces
We compare three HBCs with different degrees of contortion,
shown in Figure 1, flat hexabenzocoronene (f-HBC), contorted
hexabenzocoronene (c-HBC), and doubly ring-closed hexabenzocoronene (2c-HBC). The synthetic pathways for these
structures have been previously reported.[17,36,38] f-HBC is a completely planar aromatic molecule, with no shape-complementarity with the fullerene. This molecule possesses a π-electronic
system extending above and below the molecular plane that is
available for electronic coupling and, due to these interactions,
f-HBC can operate as the donor layer in an OPV device.[17,30,32]
c-HBC (Figure 1 center left),[17] is bent out of planarity due to
the steric congestion of the proximal carbons. This contortion

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Energy Mater. 2013,
DOI: 10.1002/aenm.201201125

www.advenergymat.de
www.MaterialsViews.com

FULL PAPER
Figure 2. Intermixing morphology of donor-acceptor heterojunction probed by X-ray spectroscopy. a) Schematic definition of the β-intermixing model
used to describe the film intermixing morphology in C60/HBC heterolayers, where parameters β = 1 and β = 0, correspond to a fully intermixed heterojunction and a fully segregated bilayer, respectively. b) Carbon 1s XPS, c) VB photoemission (left) and orientation-independent NEXAFS (right),
measured at the magic angle (54.7°), for pristine C60, c-HBC and f-HBC films and two bilayer f-HBC/C60 and c-HBC/C60 heterojunctions. Black lines
for the heteroassemblies in (b) and (c) are best fits with pristine signals yielding β intermixing parameters (see main text for details). We note that the
apparent HBC/C60 stacking order shown in the Figure 2a serves only as an illustration of the 1-D depth profile distribution model. The ball-and-socket
interface is present between pure donor and acceptor layers that transport the separated charges to the electrodes.[17]

results in shape-complementarity with C60, demonstrated by
the formation of “ball-and-socket” co-crystals.[17] Closing the
bonds of c-HBC at the proximal carbons to form various numbers of five-membered rings at these sites creates highly concave conformations in the c-HBC core.[36] The 2c-HBC, shown
in Figure 1 (center right), possesses a cup shape on one half of
the molecule, while the other half of the molecule maintains
a similar conformation to that of c-HBC. The most extreme
case synthesized to date has four of the possible five-membered
rings closed (4c-HBC), resulting in a bowl-shaped system with
perfect shape-complementarity to C60 (Figure 1 right).[36]
We can quantify the degree of shape-complementarity by
evaluating the π-orbital axis vectors (POAV) for the HBC molecules in Figure 1 and comparing this to the curvature of the
fullerene acceptor. C60 has a POAV angle of 11.6°.[39] For the
2c-HBC, the POAV of the central carbon in the bowl region is
8.4°.[36] The POAV value for c-HBC is less than the 2c-HBC, and
the f-HBC by definition has a POAV angle of 0°. Therefore, the
degree of D/A shape matching, as defined by the similarity in
POAV values of the HBC donor and C60 acceptor, increases as
the degree of contortion is increased. Accordingly, fluorescencequenching experiments in solution have demonstrated that
2c-HBC interacts more strongly with fullerenes than c-HBC,[36]
while f-HBC has the weakest interaction with fullerenes of the
HBC series shown in Figure 1.
2.2. The Influence of Shape-Complementarity on the DonorAcceptor Heterojunction Morphology
An important question is whether the stronger association
between shape matched D/A materials[36] drives an interfacial
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assembly and morphology more favorable for OPV performance. To address this issue, we use C 1s NEXAFS, XPS and
VB photoemission data shown in Figure 2(b, c) to probe the
depth distribution of molecular species at the D/A interface for
bilayer films of C60/f-HBC and C60/c-HBC (shown schematically in Figure 2a). Bilayers were fabricated by vacuum sublimation of HBC on Au(111), followed by deposition of C60 and
compared with films of their single components. In particular,
the photoemission and absorption signals reflect the compositional distribution of HBC and C60 species in the bilayer in a
complex way, due to both X-ray attenuation and inelastic scattering of emitted electrons. We have developed a method to
account for these effects and extract from the experimental data
the compositional depth distribution of molecular partners in
HBC/C60 heterojunctions. We then use this depth distribution
model to analyze RPES and polarization-dependent NEXAFS
data to obtain, respectively, the charge transfer times and the
molecular orientational order in the intermixed D/A region
of the bilayer films (see Methods section and Supplementary
Information).
The depth profile model of the C60/HBC heterojunction is
shown in Figure 2a and includes three regions and a single
free fit parameter β reflecting the degree of D/A intermixing:
a bottom layer of pure HBC with thickness (1-β)∗dHBC, the
intermediate mixed region of thickness β∗(dC60+dHBC) and a
top layer of pure C60 of thickness (1-β)∗dC60. Here, dHBC and
dC60 describe the as-deposited film thickness determined by
the attenuation of the Au 4f photoemission signal relative
to the bare substrate (dC60 = 23 Å, dcHBC = 15 Å, and dfHBC =
15 Å for the pristine layers and 9 Å/15 Å for the C60/HBC
heterolayers (details provided in the Supplementary Information). We note that this description assumes the overall bilayer
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Figure 3. Resonant photoemission analysis of the rate of charge transfer at the donor-acceptor interface. RPES data for: a) f-HBC/C60 and b) c-HBC/
C60 heterojunctions. Top: 2D RPES maps for the heterojunctions, with the RPE contours measured in the HBC pristine films overlaid as black dashed
lines. DFT computed occupied (right hand vertical axis) and unoccupied (horizontal axis) energy levels indicated with sticks for C60 (white) and HBC
(yellow), respectively, are in good agreement with the experimental resonances. Bottom: I-RPE (participator decay) intensities of C60 and HBC components obtained from 2D RPES maps for the pristine layers (circles) and for the intermixed region of the heterojunctions (shaded curves). Orbital
resolved CT times are given as determined from respective I-RPE signal quenching within the CHC method. Reference I-RPE values for infinitely long
CT times are indicated by black dashes (see Supplementary Information for details).

thickness is conserved as dHBC+dC60 irrespective of the β value.
The depth distribution of molecular partners in the heterojunction is analyzed as a weighted sum of the electron emission
signal from pristine HBC and C60 layers with a best fit β value
(0 < β < 1) represented by the black curve in Figure 2b, c. A
rigid bilayer with C60 fully segregated atop of the HBC phase
(no intermixing) corresponds to β = 0, while a completely intermixed heterojunction (no pure phases), is represented by β = 1
(Figure 2a).
We note two findings, in particular, which validate the use
of β-model in our analysis. First, no new peaks (orbital resonances) are observed for the mixed layers; Figure 2c shows that
a linear superposition of the signals from the pure layers yields
excellent fits to all spectroscopic bilayer data with no additional interface states, consistent with a van der Waals interaction between the molecular components. Second, the XPS, VB
photoemission, NEXAFS (Figure 2b, c) and RPES signals
(Figure 3, bottom) for the bilayers constructed within the β
depth profile model are in excellent agreement with experiment
and identical best fit β-values are consistently derived from the
independent data sets.
β-values of 0.0 ± 0.05 (saturating at 0.3 ± 0.05 after several
hours) and 0.7 ± 0.05 for D/A heterojunctions of C60 with
f-HBC and c-HBC, respectively, indicate that the degree of
compositional intermixing throughout the depth of the film is
strongly enhanced by molecular shape-complementarity. In particular, β-values obtained from the data in Figure 2 indicate that
c-HBC strongly associates with C60 to rapidly form an extended
intermixed region, while the C60/f-HBC interface retains its asdeposited planar bilayer geometry.
4
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To better understand the driving force for the enhanced
intermixing of shape-matched molecular partners, we investigate the degree of HBC-fullerene coupling for the series shown
in Figure 1 by computing the interaction energy (Eint) of the
D/A dyads and for the homomolecular HBC pairs in terms of
DFT total energy differences. We use the arrangement of the
C60/c-HBC co-crystal,[17] i.e. the centered face-to-face configuration shown in Figure 1, as the starting point for the geometry
optimization of the dyad series. The results reported in Table 1
show that the coupling strength increases with increasing contortion (D/A shape-complementarity): Eint increases from 0.8 eV
to 1.4 eV in moving from flat to 4c-HBC, in accordance with the
trend in association constants derived from fluorescence measurements.[36] In contrast, the opposite trend is observed for
HBC homomolecular pairs, whose interaction decreases with
increasing contortion (1.5 eV for f-HBC vs. 0.8 eV for c-HBC).
Table 1. Computed interaction energy (eV) for D/A dyads and homomolecular HBC pairs.
System

Eint [eV]

C60/f-HBC

0.8

C60/c-HBC

1.0

C60/2c-HBC

1.2

C60/4c-HBC

1.4

f-HBC/f-HBC

1.5

c-HBC/c-HBC

0.8

C60-C60

0.3
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2.3. The Influence of Shape-Complementarity on the Rate
of Donor-Acceptor Charge Transfer
We probe the influence of molecular shape-complementarity
on exciton dissociation rates at the D/A interface using the
core hole clock (CHC) timing measurement[40–43] to determine
charge transfer times across the D/A heteromolecular junction
(see Methods). The CHC method is based on the measurement of the resonant photoemission (RPES) intensity and its
quenching due to fast delocalization of the excited electrons. In
this specific case we extend the CHC method to a binary system
by comparing resonant intensities of mixed interlayers and the
corresponding pure layers through the use of our β-model,
which takes into account C60/HBC intermixing and X-ray
absorption by the different species in the layer. Using X-ray
photons scanned across the carbon K-edge, we create core-holes
on the carbon sites of HBC (C60) together with excited electrons
in the unoccupied molecular orbitals (LUMO+n, n = 0,1,2,3…)
and measure the delocalization dynamics of these excited
core electrons both in pure and in intermixed heteroassembly
regions. In this way we can measure charge transfer times,
which are orbital specific and spatially resolved and can also
determine the charge transfer direction (from HBC to C60 or
vice versa). We emphasize that in such CHC timing experiment
the hole of the resonantly created exciton is spatially localized,
so by measuring the excited electron transfer rate we also indirectly measure the exciton dissociation rate. In fact, for large
π-conjugated molecules like fullerenes and naphthalenes it has
been established that valence excitons due to optical excitations
are similar to core-level excitons due to X-ray absorption in both
exciton binding energy and spatial extent of charge density.[44]
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Moreover, the coupling between f-HBC molecules is stronger
than the coupling to fullerenes (1.5 eV vs. 0.8 eV); the opposite
is observed for c-HBC (0.8 eV for homomolecular c-HBC vs.
1.0 eV for c-HBC-C60).
Thus, favorable coupling enabled by shape-complementarity
drives self-assembly of c-HBC and C60 into an extended D/A
interfacial morphology, in contrast to f-HBC molecules, which
instead prefer to associate with themselves as indicated by the
β-values (Figure 2) and computed interaction energies (Table 1).
This trend is also observed in the orientational packing of HBC,
where the (high) degree of orientational order observed for pristine HBC layers (see Supplementary Figure S1), is preserved
for the f-HBC film after C60 deposition, but reduced in the
C60/c-HBC assembly. Based on these results, we predict that
the still stronger coupling of C60 and 2c-HBC will lead to a selfassembled, intermixed heterojunction in which β approaches
1 on a time scale substantially shorter than observed for both
f-HBC and c-HBC. This has in fact been observed in the
NEXAFS data shown in the Supplementary Figure S2. We note
that the observed self-assembly of C60 and c-HBC persists in
thicker bilayers with dimensions comparable to that of the OPV
devices, to create a 3–6 nm extended D/A interface that can be
modeled by a ball-and-socket co-crystal structure.[17] In the context of a photovoltaic device, the contortion-driven intermixed
morphology provides a larger active volume and therefore a
higher external quantum efficiency (EQE).

Figure 3 compares the electron transfer dynamics from
c-HBC (left panel) and f-HBC (right panel) to C60 in the intermixed (β) region. The RPES maps in the upper panels of Figure 3
contain only the resonant intensity of the intermixed C60/HBC
interface layers, showing the VB resonances (from occupied
molecular orbitals) due to participator decay of the core-hole in
both C60 and HBC molecules (Figure 3, top); details are provided in the Experimental Section. The orbital energy values
computed with DFT for C60, f-HBC and c-HBC (as described
in the Supplementary Information) indicated in Figure 3 with
sticks along the vertical and horizontal axes, respectively, agree
well with the energy positions of experimental resonances.
Thanks to the β-depth profile model we can disentangle the
contributions from the donor and acceptor to the VB spectra
and analyze the intensity of the respective RPES signals. The
integrated-resonant photoemission (I-RPE) in Figure 3 (bottom
panel), obtained as the integrated intensity of VB spectra in the
RPES maps, shows no quenching of the C60 signal in either
heterojunction; the I-RPE intensity at the C60 LUMO (284.3 eV)
in both D/A assemblies is identical to that of the pristine
C60 multilayer. The excited state on the fullerene is therefore
long-lived, consistent with previous reports which indicate that
a C60 multilayer with weak intermolecular bonding[45] closely
resembles an isolated system with no fast transfer of the excited
electrons. In contrast, HBC resonances are quenched in both
f-HBC/C60 and c-HBC/C60 heterojunctions, evidencing fast
electron transfer from HBCs to the fullerene (Figure 3, bottom
panel). The magnitude of this quenching, however, and therefore the charge transfer rate, is much higher at the shape complementary c-HBC/C60 interface. In particular, compared to
f-HBC charge transfer from the c-HBC LUMO (hν∼284.6 eV)
to C60 is nearly twice as fast for the contorted donor molecule
(28 ± 3 fs vs. 50 ± 5 fs) and is nearly four times faster from the
LUMO+1 (hν∼285.1 eV) to C60 (16 ± 2 fs vs. 60 ± 10 fs). These
rates compare well with those observed for stacks of organic
molecules and for organic molecules on solid substrates.[46–49]
For instance, electron delocalization to the substrate in 6 fs was
reported for C60/Au(110),[47] whereas a charge transfer time of
3 fs was found for more strongly bound bi-isonicotinic acid on
TiO2.[48] More recently, charge transfer times between co-facially
stacked aromatic rings in 2,2 and 4,4 paracyclophane molecules
have been determined and found to be strongly dependent on
inter-ring distance, increasing from 2 to 50 fs as the inter-ring
distance increases from 3 to 4 Å.[49] In our case the π-π distances between c-HBC and C60 in the co-crystal are similar to
these values, with the closest distance being 2.93 Å,[17] which
places our charge transfer times within the range observed for
aromatic molecules.[49]
By quantifying the quenching of participator intensity we
reveal fast charge transfer from the c-HBC LUMO to C60 (28 ±
3 fs) and even faster charge transfer from the LUMO+1 (16 ± 2 fs)
of c-HBC to C60. At the same time, no fast relaxation from
the c-HBC LUMO+1 to the LUMO before exciton dissociation
is observed as a competing core-hole decay channel. Hence,
since both LUMO and LUMO+1 are electrically active in the
OPV device,[17] the faster delocalization of photoexcited electrons from c-HBC to C60 reflects a contortion-driven increase
in exciton dissociation efficiency relative to f-HBC. The higher
exciton dissociation efficiency at the shape complementary
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10 ± 2 fs. A significantly slower rate of 16 ±
2 fs is observed for the homomolecular c-HBC
dyad. This behavior may be expected from
the trend of the computed interaction energy
(1.5 eV for the f-HBC pair vs. 0.8 eV for the
c-HBC pair) and is in agreement with the theoretical rates (Figure 4b, top).
In contrast, the computed electron transfer
rates from HBC to C60 are very similar
for f-HBC and c-HBC (Figure 4b, bottom)
arranged in the optimal geometry (centered
face-to-face configuration, see Figure 1 and
Figure 4a). This is not surprising, since the
optoelectronic properties of HBC are largely
independent of contortion.[17] This does not,
however, reproduce the faster charge transfer
rates measured at the shape complementary
interface (e.g., 16 fs for C60/c-HBC vs. 60 fs
for C60/f-HBC). This phenomenon can be
explained by the regular assembly motif in
the c-HBC case; while C60 and c-HBC spontaneously self-assemble to form an ordered balland-socket interface (see Figure 2 and ref.[17])
as depicted in Figures 1 and 4a, this is in
fact not the case for C60 and f-HBC, which
show weaker coupling (Figure 1) and minimal intermixing in the bilayer (β = 0.0–0.3,
Figure 2). Moreover, polarization-dependent
NEXAFS analyzed within our β-model show
that the co-facial stacking geometry of the
pristine f-HBC layer is mostly preserved when
C60 molecules partly intermix into the f-HBC
stacks (β = 0.3), while the ball-and-socket coupling of C60 with c-HBC molecules destroys
Figure 4. Experimental and computed charge transfer rates as a function of contortion.
the
orientational order of c-HBC stacks (not
a) Schematic summary of electron transfer rates for the HBC/fullerene series determined experimentally by the core-hole-clock method (Figure 3 and Supplementary Figure S3). b) Electronic shown). It is therefore unlikely that the C60
transfer rates as a function of the energy of the tunneling electron, computed for the series of will adopt a regular face-on coupling with
dyads in the geometry shown schematically in (a); transfer rates for representative off-center a well-assembled stack of f-HBC layers.
geometries (dashed curves) for C60/f-HBC are also shown. The relevant energy range shown Rather, we expect to encounter a distribution
here corresponds to that of the LUMO(+1) states of HBC (top panel) or C60 (bottom panel)
of interfacial alignments of C60 over f-HBC
molecules (i.e. final states for the tunneling process), as highlighted by yellow bars; transfer to
these orbitals are given by the average value of the curves computed for each unique core hole with a significant fraction of off-centered
arrangements, including the edge-on geomsite on the HBC (details are given in the Supplementary Information). The zero of the energy
etry shown in Figure 4b (bottom), in which
scale is taken at the vacuum level of the D/A dyad.
our calculations show that charge transfer
from f-HBC to the fullerene is unfavorable.
interface underlies the observed improvement in OPV device
The findings reveal that it is the nested structural conformation
performance,[17] since a faster time suppresses exciton recombiof the shape complementary molecular partners[17] alone that enanation and internal loss of charge.
bles the increased charge transfer efficiency at the D/A interface
The electron transfer rates from the HBC LUMO+1 for the
(Figures 3-4). In the context of an OPV device, this translates
series (pristine layers and hetero-assemblies) are summarized
to a faster exciton dissociation rate and reduced recombination,
in Figure 4a and compared to the spectrally resolved contribuand therefore a higher EQE and PCE.[17]
tions to the electronic transfer rates computed at the DFT level in
Figure 4b (details are provided in the Methods section and Supplementary Information). These curves represent the electronic
3. Conclusion
transfer rate as a function of the energy level of the tunneling
We have demonstrated that molecular shape-complementarity
electron in the presence of a core-hole. We expect to have intense
between donor and acceptor drives higher efficiency in OPV
peaks where the energy levels of the two molecules are aligned
devices. Using the core-hole-clock implementation of RPES as
and the electronic coupling is significant. As shown in Figure 4a,
well as DFT, we compare the electronic coupling, morphology
the fastest rate is observed for the f-HBC pair, with a lifetime of
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4. Experimental Section
4.1. Experimental Details
The experiments were conducted at the ALOISA beamline[50] of
the Elettra Synchrotron in Trieste, Italy in an ultra-high vacuum
endstation with the measurement and sample preparation
chambers maintained at 10−11 mbar 10−10 mbar, respectively.
The f-HBC, c-HBC and 2c-HBC molecules were prepared as
previously reported.[17,36,38] f-HBC and c-HBC were deposited
in UHV on Au(111) by sublimation from two valved Knudsen
type cells in line-of-sight with the sample preparation chamber.
2c-HBC was spincast from toluene solution (at 5000 rpm for
60 seconds at an acceleration of 500) on clean ITO substrates
with Au deposited on one side and then annealed for 30 minutes at 150 C. C60 was evaporated from a separate sublimation cell. The sample was kept at room temperature. The films
were characterized using XPS, VB spectroscopy and NEXAFS
before conducting RPES measurements. For XPS measurements, X-rays with the electric field vector perpendicular to the
sample (p-polarization) of energy 140–500 eV (resolution ΔE =
100 meV) were used at grazing-incidence (4°) to the sample.
Photoelectrons were collected normal to the sample using a
hemispherical electron analyzer with an acceptance angle of 2°,
and pass energy Ep = 10–40 eV (resolution ΔE/Ep = 1%). The
energy scale for XPS spectra was calibrated by aligning the Au
4f 7/2 peak of the Au substate to a binding energy of 84 eV relative to Fermi energy.
Polarization-dependent NEXAFS was measured in Partial Electron Yield mode using an incidence angle of 6°, with
a high pass filter set to 250 eV, and normalized to the beam
current measured on the last refocusing mirror. RPES was
performed by taking XPS scans at a series of incident photon
energies between 280 eV and 295 eV. The sample was moved
to a new position after each XPS measurement to ensure that
the entire RPES spectrum was taken on a fresh, previously nonilluminated spot. The incident light was polarized at 54.7° with
respect to the surface normal, which resulted in a RPES signal
independent of molecular orientation. The electron analyzer
for RPES was positioned at 54.7° from the surface normal and
along the photon electric field vector. A wide photoemission
spectrum (∼60 eV) is measured at the discrete photon energies
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and charge transfer rates at the C60/HBC interface for flat- and
contorted-HBC, which have similar optoelectronic properties
but different shape-complementarity to fullerene acceptors.
Molecular shape-complementarity drives self-assembly into an
extended D/A interface, ordered with a ball-and-socket structural motif that enables optimal charge transfer efficiency. The
larger active volume and enhanced exciton dissociation rate
drive the photovoltaic performance by improving the EQE and
PCE of the device. In addition, we show that both the LUMO
and LUMO+1 of HBC participate in ultrafast charge transfer
to C60 and are active levels for exciton dissociation at the shapematched D/A interface. Our results identify shape-complementarity as a new direction in the molecular scale design of
interfaces for higher efficiency OPV devices.

across the carbon K-edge absorption threshold. The nonresonant electron emission and Auger signals are subtracted
from each photoemission scan in the 2D RPES maps. The
remaining signal is normalized to account for the photon attenuation due to resonant absorption and for the electron attenuation due to inelastic scattering within our best-fit β-intermixing
model. We subtract the pristine part of the RPE signal coming
from the pristine layers of organic semiconductors surrounding
the intermixed heterolayer using our β-depth profile analysis.
Complete details of the model and analysis are provided in the
Supplementary Information.
In the CHC timing experiment we measure photoemission
intensity across the absorption resonance and determine the
branching ratio between the core-hole decay channels in which the
excited electron resides on the site of excitation and those in which
it has delocalized away.[40–43] In an electronically isolated system
the excited electron can either participate in the subsequent corehole decay (“participator decay” or RPE) or act as a spectator in
the decay of the core-hole via an Auger process (“spectator decay”
or “Raman Auger” emission). In an electronically well-coupled
system, the excited electron can delocalize from the original site on
the timescale of the core hole decay, which appears as quenching
of the RPE signal. This allows us to evaluate the charge transfer
times relative to the C 1s core hole lifetime (∼6 fs).[51]
Using our β-depth profile model, the RPES maps for the
intermixed heterojunctions are decoupled into C60 and HBC
RPE components and fit as a weighted superposition of pristine C60 and HBC signals. Quenching of the C60 and HBC
integrated-RPE signal (I-RPE), obtained as integral in binding
energy between 0–9 eV, in the intermixed (β-)region relative to
the respective I-RPEs of pristine C60 and HBC films (Figure 3
lower panel) indicates a fast delocalization of the excited electron, i.e. the occurrence of a fast transfer from the excitation
site to the neighboring molecule. As a reference, the nonquenched I-RPE value for an isolated system is obtained from
the branching ratio of Auger vs. Raman-Auger signals in the
pristine HBC films, which arise from two competing core-hole
decay channels, where the excited electron has (or has not) delocalized from the original site of excitation prior to the decay of
core-hole (Supplementary Figure S3); these values are depicted
in Figure 3 bottom with black reference sticks. The magnitude
of the RPES quenching in the coupled HBC/C60 assemblies is
used to determine charge transfer rate from HBC to C60 and
from C60 to HBC charge transfer times as t = tch I/(I0-I), where
I and I0 stand respectively for the quenched and unquenched
I-RPE intensity and tch = 6 fs is the C 1s core-hole life time.[51]
Additional details of the analysis are provided in the Supplementary Information.
4.2. Computational Details
Calculations were performed using the Quantum ESPRESSO
package.[52] A plane wave basis set was utilized with normconserving pseudopotentials and revised Perdew-Burke-Ernzerhof (revPBE)[53] exchange-correlation (xc) functional. Van
der Waals interaction was included following to the vdW-DF
scheme.[54] Starting geometries were taken from the crystalline
structures for the homomolecular pairs and the c-HBC/C60
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dyad. Inspired by the latter, we chose a starting centered cofacial configuration also for the other D/A pairs. The terminal
chains functionalizing the periphery of 2c- and 4c-HBC were
substituted with H atoms. Within this framework, we performed full structural optimization of the systems under investigation, and computed interaction energies of the pairs, as
DFT total energy differences, that is Eint = EA/B–EA–EB, where A
and B are the two molecular subunits. Molecular energy levels
reported in Figure 3 were computed for the isolated molecules
using the PBE0 xc-functional; a 1s core-hole is added to compute empty orbitals for comparison with NEXAFS. The computed HOMO and LUMO levels have been aligned with the
experimental resonances, to take into account energy shifts due
to environmental effects (molecular packing, substrate). Finally,
in order to compute the transfer rates for the molecular pairs,
we have treated perturbatively the coupling between the two
subsystems, according to a modified Meir-Wingreen scheme.[55]
This approach is equivalent to apply the usual expression of
Fermi golden rule for static pertubations (after the switch on).
Further details are reported in the Supplementary Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements
The synchrotron-based experiments were performed at the ALOISA
beamline of the IOM-CNR Laboratory at the Elettra synchrotron
light source in Trieste, Italy, supported by the Italian government.
This material is based upon work supported as part of the Center for
Re-Defining Photovoltaic Efficiency Through Molecule Scale Control,
an Energy Frontier Research Center funded by the U.S. Department
of Energy, Office of Science, Office of Basic Energy Sciences under
Award Number DE-SC0001085. (T.S., M.C., I.K., A.G., C.N., C.L.S.,
K.P.). Portions of this research were supported by Grant No.
PRIN2008-prot.20087NX9Y7 002 (A.M.), PRIN-2006022847 and FIRBRBFR08FOAL_001 (A.F.). C.L.S. was supported by a National Science
Foundation Graduate Research Fellowship under Grant number DGE–
1144155. A.M. also gratefully acknowledges the NSEC at Columbia
University and the Italian Academy at Columbia University for the warm
hospitality and financial support during his visits. D.P. acknowledges the
CNR Short Term Mobility Program (prot. AMMCNT–CNR n. 0051392)
for supporting her visit. D.C. and G.K. acknowledge partial financial
support by Slovenian Ministry of High education and Science (MIZKS
project number J2 – 4287). G.K. and G.O. acknowledge partial financial
support during their stay in Trieste and Ljubljana by the CEI University
Network program (EU 2011). Computing time was provided by CINECA
and the Center for Functional Nanomaterials at Brookhaven National
Laboratory, supported by the U.S. Department of Energy, Office of Basic
Energy Sciences, under Contract No. DE-AC02-98CH10886. Authors
wish to thank Professor James T. Yardley of Columbia's EFRC for useful
discussions and comments on the manuscript.
Received: December 31, 2012
Published online:

[1] H. Hoppe, N. Serdar-Sariciftci, J. Mater. Res. 2004, 19, 1924.
[2] B. Kippelen, J.-L. Brédas, Energy Environ. Sci. 2009, 2, 251.
[3] C. Brabec, N. Serdar Saricifti, J. C. Hummelen, Adv. Funct. Mater.
2001, 11, 15.

8

wileyonlinelibrary.com

[4] Z. Zhu, Z. Zhu, D. Mühlbacher, M. Morana, M. Koppe,
M. C. Scharber, D. Waller, G. Dennler, C. J. Brabec, Springer Series in
Optical Sciences, Volume 140, High-Efficient Low-Cost Photovoltaics
195–222, 2009.
[5] M. C. Scharber, D. Mühlbacher, M. Koppe, P. Denk, C. Waldauf,
A. J. Heeger, C. J. Brabec, Adv. Mater. 2006, 18, 789.
[6] http://www.nrel.gov/ncpv/
[7] R. F. Service, Science 2011, 332, 293.
[8] M. A. Green, K. Emery, Y. Hishikawa, W. Warta, E. D. Dunlop, Prog.
Photovolt: Res. Appl. 2012, 20, 12.
[9] H.-L. Yip, A. K.-Y Jen, Energy Environ. Sci. 2012, 5, 5994.
[10] S. Sista, Z. Hong, L.-M. Chen, Y. Yang, Energy Environ. Sci. 2011, 4,
1606.
[11] J.-L. Brédas J. E. Norton, J. Cornil, V. Coropceanu, Acc. Chem. Res.
2009, 42, 1691.
[12] P. Peumans, S. Uchida, S. Forrest, Nature 2003, 425, 158.
[13] X. Yang, J. Loos, Macromolecules 2007, 40, 1353.
[14] A. Gorodetsky, C.-Y. Chiu, T. Schiros, M. Palma, M. Cox, Z. Jia,
W. Sattler, I. Kymissis, M. Steigerwald, C. Nuckolls, Chem. Int. Ed.
2010, 49, 7909.
[15] T. Schiros, S. Mannsfeld, C.-Y. Chiu, K. G. Yager, J. Ciston,
A. A. Gorodetsky, M. Palma, Z. Bullard, T. Kramer, D. Delongchamp,
D. Fischer, I. Kymissis, M. F. Toney, C. Nuckolls, Adv. Funct. Mater.
2012, 22, 1167.
[16] F. Yang, M. Shtein, S. R. Forrest, Nat. Mater. 2005, 4, 37.
[17] N. J. Tremblay, A. A. Gorodetsky, M. P. Cox, T. Schiros, B. Kim,
R. Steiner, Z. Bullard, A. Sattler, W.-Y. So, Y. Itoh, M. F. Toney,
H. Ogasawara, A. P. Ramirez, I. Kymissis, M. L. Steigerwald,
C. Nuckolls, ChemPhysChem 2010, 11, 799.
[18] Y. Sakata, H. Imahori, Adv. Mater. 1997, 9, 537.
[19] Y. Kobori, S. Yamauchi, K. Akiyama, S. Tero-Kubota, H. Imahori,
S. Fukuzumi, J. R. Norris Jr., Proc. Natl. Acad. Sci. U.S.A. 2005, 102,
10017.
[20] N. Armaroli, G. Marconi, L. Echegoyen, J. P. Bourgeois, F. Diederich,
Chem. Eur. J. 2000, 6, 1629.
[21] J. L. Segura, N. Martín, D. M. Guldi, Chem. Soc. Rev. 2005 34, 31.
[22] D. M. Guldi, G. M. Aminur Rahman, V. Sgobba, C. Ehli, Chem. Soc.
Rev. 2006, 35, 471.
[23] E. M. Pérez, N. Martín, Chem. Soc. Rev. 2008, 37, 1512.
[24] A. E. Jailaubekov, A. P. Willard, J. R. Tritsch, W.-L. Chan, N. Sai,
R. Gearba, L. G. Kaake, K. J. Williams, K. Leung, P. J. Rossky,
X-Y. Zhu, Nat. Mater. DOI:10.1038/NMAT3500.
[25] G. Grancini, M. Maiuri, D. Fazzi, A. Petrozza, H.-J. Egelhaaf,
D. Brida, G. Cerullo, G. Lanzani, Nat. Mat.: DOI:10.1038/NMAT 3502
[26] B. Yang, Y. Yongbo, P. Sharma, S. Poddar, R. Korlacki, S. Ducharme,
A. Gruverman, R. Saraf, J. Huang, Adv. Mater. 2012, 24, 1455.
[27] F. D’Souza, E. Maligaspe, P. A. Karr, A. L. Schumacher, M. El Ojaimi,
C. P. Gros, J.-M. Barbe, K. Ohkubo, S. Fukuzumi, Chem. Eur. J. 2008,
14, 674.
[28] B. E. Hardin, H. J. Snaith, M. D. McGehee, Nat. Photon. 2012, 6, 162.
[29] S. J. Kang, J. B. Kim, C.-Y. Chiu, S. Ahn, T. Schiros, S. S. Lee,
K. G. Yager, M. F. Toney, Y.-L. Loo, C. Nuckolls, Angew. Chem. Int.
Ed. 2012, 51, 8594.
[30] L. Schmidt-Mende, A. Fechtenkötter, K. Müllen, E. Moons,
R. H. Friend, J. D. MacKenzie, Science 2001, 10, 1119.
[31] W. W. H. Wong, Proc. SPIE-OSA-IEEE 2011, 8312, 83120J.
[32] H. Seyler, B. Purushothaman, D. J. Jones, A. B. Holmes,
W. W. H. Wong, Pure Appl. Chem. 2012, 84, 1047.
[33] C.-Y. Chiu, B. Kim, A. A. Gorodetsky, W. Sattler, S. Wei, A. Sattler,
M. Steigerwald, C. Nuckolls, Chem. Sci. 2011, 2, 1480.
[34] S. Xiao, S. M. Myers, Q. Miao, S. Sanaur, K. Pang, M. L. Steigerwald,
C. Nuckolls, Angew. Chem. Int. Ed. 2005, 44, 7315.
[35] K. N. Plunkett, K. Godula, C. Nuckolls, N. Tremblay, A. C. Whalley,
S. Xiao, Org. Lett. 2009, 11, 2225.
[36] A. C. Whalley, K. N. Plunkett, A. A. Gorodetsky, C. L. Schenck,
C.-Y. Chiu, M. L. Steigerwald, C. Nuckolls, Chem. Sci. 2011, 2, 132.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Energy Mater. 2013,
DOI: 10.1002/aenm.201201125

www.advenergymat.de
www.MaterialsViews.com

Adv. Energy Mater. 2013,
DOI: 10.1002/aenm.201201125

[49]

[50]

[51]
[52]

[53]
[54]
[55]

FULL PAPER

[37] S. X. Xiao, J. Tang, T. Beetz, X. Guo, N. Tremblay, T. Siegrist,
Y. Zhu, M. Steigerwald, C. Nuckolls, J. Am. Chem. Soc. 2006, 128,
10700.
[38] W. Hendel, Z. H. Khan, W. Schmidt, Tetrahedron 1996, 42, 1127.
[39] R. C. Haddon, J. Am. Chem. Soc. 1990, 112, 3385.
[40] P. A. Brühwiler, O. Karis, N. Mårtensson, Rev. Mod. Phys. 2002, 74, 703.
[41] O. Björneholm, A. Nilsson, A. Sandell, B. Hernnäs, N. Mårtensson,
Phys. Rev. Lett. 1992, 68, 1892.
[42] M. Ohno, Phys. Rev. B 1994, 50, 2566.
[43] O. Karis, A. Nilsson, M. Weinelt, T. Wiell, C. Puglia, N. Wassdahl,
N. Mårtensson, Phys. Rev. Lett. 1996, 76, 1380.
[44] J. Schnadt, J. Schiessling, P. A. Brühwiler, Chem. Phys. 2005, 312, 39.
[45] P. A. Brühwiler, A. J. Maxwell, A. Nilsson, R. L. Whetten,
N. Mårtensson, Chem. Phys. Lett. 1992, 193, 311.
[46] P. Vilmercati, D. Cvetko, A. Cossaro, A. Morgante, Surf. Sci. 2009,
603, 1542.
[47] A. J. Maxwell, P. A. Brühwiler, A. Nilsson, N. Mårtensson, P. Rudolf,
Phys. Rev. B 1994, 49, 10717.
[48] J. Schnadt, J. Schnadt, P. A. Brühwiler, L. Patthey, J. N. O’Shea,
S. Södergren, M. Odelius, R. Ahuja, O. Karis, Margit Bässler,

P. Persson, H. Siegbahn, S. Lunell, Nils Mårtensson, Nature 2002,
418, 620.
A. Batra, G. Kladnik, H. Vázquez, J. S. Meisner, L. Floreano,
C. Nuckolls, D. Cvetko, A. Morgante, L. Venkataraman, Nat.
Commun. 2012, 3, 1086.
L. Floreano, G. Naletto, D. Cvetko, R. Gotter, M. Malvezzi,
L. Marassi, A. Morgante, A. Santaniello, A. Verdini, F. Tommasini,
G. Tondello, Rev. Sci. Instrum 1999, 70, 3855.
M. Coville, T. D. Thomas, Phys. Rev. A 1991, 43, 6053.
P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso,
S. de Gironcoli, R. Gebauer, U. Gerstmann, C. Gougoussis,
A. Kokalj, M. Lazzeri, L. M. Samos Colomer, N. Marzari, F. Mauri,
S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia Sandro Scandolo,
G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari,
R. M. Wentzcovitch, J. Phys.: Condens. Matter 2009, 21, 395502.
Y. Zhang, W. Yang, Phys. Rev. Lett. 1998, 80, 890.
M. Dion, H. Rydberg, E. Schröder, D. C. Langreth, B. I. Lundqvist,
Phys. Rev. Lett. 2004, 92, 246401.
Y. Meir, N. S. Wingreen, Phys. Rev. Lett. 1992, 68, 2512.V

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

9

