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Photovoltaic Universal Joints: Ball-and-Socket Interfaces in Molecular

Photovoltaic Cells

Noah J. Tremblay,® Alon A. Gorodetsky,” Marshall P. Cox,”™ Theanne Schiros,” Bumjung Kim,” Rachel Steiner,
Zachary Bullard,'¥ Aaron Sattler,””” Woo-Young So,” Yoshimitsu Itoh,” Michael F. Toney,™ Hirohito Ogasawara,”
Arthur P. Ramirez,? loannis Kymissis,*® Michael L. Steigerwald,” and Colin Nuckolls*®

Herein, we detail how to grow one crystalline organic semicon-
ductor on another epitaxially and thereby provide a method to
tune the electronic nature of the p-n junction in organic pho-
tovoltaics (OPVs). While OPVs are attractive as materials for
conversion of sunlight into electrical energy," higher conver-
sion efficiencies” are needed for OPVs to become a viable
technology.®® Regardless of the type of OPV, either a bilayer”
or bulk-heterojunction (BHJ) (Figure 1A), the interface be-
tween the hole and electron transporting films is the critical
locus for exciton formation and dissociation.®"" In inorganic
materials, the interface between two semiconductors is crucial-
ly important in determining and controlling the electrical prop-
erties of these materials and is controlled by a heteroepitaxial
growth of one crystalline material on another. We show here
that p-type and n-type organic semiconductors can be de-
signed to have nested shapes that create an epitaxial growth
that achieves higher conversion efficiencies and open circuit
voltages in these devices to within 10% of the theoretical
limit. We utilize the class of molecules known as contorted
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Figure 1. A) Depiction of ball-and-socket interfaces in bilayer and bulk heter-
ojunction devices. B) Chemical structure of the contorted-HBC. C) Correlation
between depiction (top) and molecular structure from the co-crystal of HBC
and Cg, (bottom).

hexabenzocoronenes (HBCs, Figure 1B) because they are es-
tablished p-type semiconductors'’>'¥ and are also photocon-
ductive.™'® This HBC has an unusual shape in that it is con-
torted and doubly-concave."” The size and shape of this mole-
cule are complementary to buckminsterfullerene (Cy), which is
a well-known n-type semiconductor (Figure 1C). It is this po-
tential for shape and electronic complementarity between
these two molecular structures that led us to investigate them
in the context of heteroepitaxial growth.

We first focused on whether HBC and Cg, formed co-crystal-
line, supramolecular assemblies. Two experiments, one from
solution (Figure 2A) and one from the gas phase (Figure 2B)
show that the materials form co-crystals. Large purple-gray
crystals were produced from a saturated solution of Cg, and
HBC in chlorobenzene.

The molecular structure determined from the solution-
grown crystals reveals that HBC and Cg, spontaneously formed
an interdigitated supramolecular complex (complex 1). The
three-dimensional structure of HBC comprises two opposing
concave aromatic faces, wherein a Cq, had nestled into each
face (Figure 2A). It is important to note that a number of or-
ganic molecules have been specifically designed to form com-
plementary interactions with Cg, and have yielded co-crys-
tals.'”2” However, few of these molecules are suitable candi-
dates for the formation of a p-n junction.””

The crystal of 1 comprises Cg, HBC, and chlorobenzene
(2:1:1), wherein HBC and Cg, organize into a repeating pattern
of ABAABA as shown in Figure 2 A. Each HBC has two Cg, near-
est neighbors, and each Cy, has one HBC nearest neighbor and
one Cg, nearest neighbor. The Cg, is centered over one of the
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Figure 2. Organization of HBC and C, in co-crystals of C60 and HBC A) from
solution as complex 1 and B) from the gas phase as complex 2.

six-membered rings on the edge of the coronene core of HBC;
in this instance, the vertical m-m distance is 3.00 A.

We were also able to co-crystallize these molecules without
solvent using horizontal physical vapor transport.?" We placed
HBC and Cg, powders in the hot zone (550°C) of a horizontal,
gradient-temperature furnace. Crystals (complex 2) formed in
the cold zone of the furnace (330°C). The composition of 2
was 1:1 HBC:C,, (Figure 2B).

The assembly of HBC and Cg, in 2 is different from 1. The
HBC and C,4, organize in an ABAB repeating pattern in 2 (Fig-
ure 2B). In this structure there are two crystallographically in-
equivalent HBC sites. Every HBC has two Cg, nearest neighbors
with the Cy, having two non-identical HBC neighbors. Each Cg,
is centered directly in the middle of the core six-membered
ring in one type of HBC at a m—n distance of 2.93 A. Each C, is
also centered over another HBC just outside one of the bonds
of the core six-membered ring at a - distance of 3.07 A. The
HBC molecules in 2 are organized in sheets (Figure 2B). Even
though there are two inequivalent HBC sites, they are assem-
bled into a rectangular array with a center-to-center distance
of 11.36 A. Every HBC molecule has a 3.63 A close carbon-to-
carbon contact with four neighboring HBCs.

The Cg molecules in 2 form columns (Figure 2B). The
center-to-center distance between the columns is 9.88 A,
which is one of the shortest C,,—C,, distances reported to
date.’?? The fullerenes assemble in a zigzag pattern with a
111° bend (center-to-center) at each Cg. The columns are
spaced 15.87 A apart from one another. A spacing of 9.88 A is
within the range of previously reported values for Cg—Cq
spacings in the pure crystal, but 15.87 A is significantly larger
than those values, indicating that C,, forms columns in 2.

The solution-grown crystals of 1 were large enough that we
were able to directly measure the resistance of single crystals
using evaporated silver electrodes (Figure 3). These crystals are
insulating, which is expected as both HBC and Cg, individually
are semiconductors. The resistance was significantly reduced
after the same species was kept in vacuum at room tempera-
ture for twelve days. We presume that this is due to the slow
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evaporation of chlorobenzene. Illumination of the devices
causes a 1,000-fold decrease in resistance. Crystals of 2 were
not large enough to measure in single-crystal devices.
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Figure 3. A) Single-crystal device of complex 1. B) Inverse temperature vs
sheet resistance of the device measured before annealing (triangles), after
annealing (circles), with illumination (red), and without illumination (blue).

We made OPV devices to test our hypothesis that the large
decrease in resistance in the crystals is due to charge transfer
between the n- and p-type molecules. We chose an OPV bilay-
er architecture (Figure 4A) rather than a BHJ architecture be-
cause it is easier to optimize the former. We used an electrode
pattern that allowed for rapid and reproducible electronic
characterization of over 200 devices at a time. Standard elec-
trode materials were deliberately used for all devices for direct
comparison to literature values.”” We measured the electrical
characteristics of these devices in the dark, and then again
when they were exposed to a 1.5 AM solar-simulated light
source (power density=1 sun, 100 mWcm?). The devices were
open to air during the measurements unless otherwise noted.

The illumination-dependent current density/voltage charac-
teristics of an HBC/Cg, device appear in Figure 4B: a short-cir-
cuit current density (Js) of 3.32 mA/cm? open-circuit voltage
(Vo) of 0.88V, and a fill factor of 0.27 yield an efficiency of
0.77%. These values are not high enough to be viable in tech-
nology, but are very good given the poor absorbance of the
HBC and the high Vqc in the device. It charts a path to more ef-
ficient devices that would shift the absorbance of the HBC to
absorb more broadly in the solar region of the spectrum As
support for this, the normalized external quantum efficiency
(EQE) spectra show the highest value for the relative efficiency
near 390 nm. This is close to the maximum in the absorbance
of the HBC thin film (Figures S1 and S2, Supporting Informa-
tion).

The efficiency of a photovoltaic device is proportional to the
magnitude of the V.. To a first approximation, the theoretical
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Figure 4. A) OPV device architecture: PEDOT:PSS (25 nm), HBC (25 nm), C¢,
(40 nm), aluminum (60 nm). Device are is 0.16 cm?. B) J-V characteristics of
contorted-HBC OPVs in the dark (blue) and illuminated with 1.5 AM solar si-
mulated light source (red). C) Absorbance spectrum of a thin film of contort-
ed-HBC (black) overlaid with the emission of the UV LED light source (blue)
and the solar spectrum (red). D) J-V characteristics of contorted-HBC OPVs in
the dark (blue) and illuminated with UV LED light source at 422 nm and an
intensity of 1.5 mWcm? (red).

maximum Vo for our devices is the energy difference between
the highest occupied molecular orbital (HOMO) of HBC at
~5.5eV and the lowest unoccupied molecular orbital (LUMO)
of Cg at ~4.5eV. Our Vs approach this difference of 1.0 V.
These are among the highest values reported for OPVs."!

The efficiency of a photovoltaic device is also directly pro-
portional to the Js.. Upon illumination, the current density of
the HBC/Cg, devices clearly increases, regardless of the applied
bias. This is consistent with our observations of photoconduc-
tivity™'® in HBC films and HBC/Cg, co-crystals (Figure 3).

The device performance observed here is unexpectedly
good given that the absorbance of HBC overlaps poorly with
the simulated solar spectrum (Figure 4C). When the devices
were irradiated at 422 nm near the maximum of the normal-
ized EQE spectrum, we observed conversion efficiencies of up
to 5.7% (Figure 4D).” There is only a slight change in the
average Vo of these devices upon moving from solar to UV
LED illumination (Figure 4B, 4D). The performance of HBC/C,,
devices is essentially the same as that of HBC/C,4, devices (Fig-
ure S3, Supporting Information). All the devices were operated
in ambient atmosphere without any encapsulation.

We have seen that HBC and C4, form a tight molecular com-
plex. We have also seen that bilayer OPV devices using these
two compounds have good functional performance. We have
previously used grazing incidence X-ray diffraction (GIXD) to
detect co-crystalline regions within polymer/fullerene BHJs?®
and herein we use the same technique to analyze the HBC/Cg,
interface. We collected GIXD data from HBC-coated silicon sub-
strates after stepwise depositions of C4, onto the HBC (25 nm).
We increased the thickness (x nm) of the Cg, layer from 0 nm
to the optimal device thickness of 40 nm (Figure 5).

The film of pure HBC shows weak crystalline order; a weak
(100) reflection at Q=~0.5 A", labeled “A” in Figure 5, is large-

ChemPhysChem 2010, 11, 799 - 803

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

COMMUNICATIONS

ly confined to the vertical direction (Q,) and indicates that the
HBC molecules are oriented within a 5-10° tilt from the surface
normal, while the breadth of the peak indicates small crystallite
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Figure 5. GIXD measurements (2D images on the left and integrated intensi-
ty on the right) for films of Cy, (40 nm), bilayers of increasing thickness of
Cgo on HBC, and pure HBC (25 nm). HBC, complex 2 and Cq, reflections ob-
tained from powder samples are also shown. Integrated intensities of the
diffraction pattern are normalized by the maximum peak height; 2D images
for x=0-10 nm share the same intensity scale while x>20 nm has a larger
upper limit due to the thickness of the film (see inset for peak intensity).
Peak A corresponds to diffraction intensity which increases in intensity at
the HBC/Cq, interface before disappearing under the Cq, signal. Note: the
sharp peak appearing at Q=1.53 A~" in the 10 nm C, data corresponds to
the (222) reflection of pure C,.

domains. The broad peak centered at Q=~1.5 A" is dominat-
ed by the signal from the SiO, substrate which overwhelms
that of any HBC reflections. When 3-6 nm of Cg, is deposited
on top of the HBC film, the intensity of peak A increases signif-
icantly along the vertical, and Cg, peaks [Q=~0.75 (peak B),
1.24 and 1.5 A~"] also appear. However, in the absence of an
interaction between HBC and Cg, the (100) reflection from
pure HBC should be damped rather than enhanced by a thin
Ceo layer at grazing incidence. Instead, we find that while the
intensity of the Cg, peaks increase linearly with increasing film
thickness for all deposition steps, the intensity of peak A in-
creases for thin Cy, films (x<6 nm), that is, at the interfacial
region, before decreasing as it becomes buried by the Cq, (see
Figure 5 inset). The increase in intensity of peak A suggests the
Ceo introduces an additional degree of order at the bilayer in-
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terface. Since reflections due to complex 2 appear in the Q-
region of A while Cy, reflections do not (Figure 5), we antici-
pate that, under the present conditions, deposition of Cg, on
the HBC surface would result in the formation of some small
co-crystalline regions at the interface. This interpretation is
supported by the shift of the (111) reflection of Cg, (peak B)
from its nominal position (0.73A") to lower Q (0.7 A7),
toward the co-crystal reflections, for the 3 nm Cg, film, as well
as the width of peak A, which is roughly consistent with a
3 nm interface layer.

To further probe the local electronic and geometric structure
of the HBC/Cy, interface, it was investigated with surface-sensi-
tive X-ray photoelectron (XPS) and near-edge X-ray absorption
spectroscopy (NEXAFS). For this experiment, the interface was
modeled by depositing 2 nm Cg, on a 10 nm HBC film on ITO.
The spectral differences between the Cg, (2 nm)/HBC(10 nm)
bilayer and pristine (10 nm) films of either HBC or Cg, then af-
forded insight into the unique interaction between the shape
complementary donor and acceptor molecules.

XPS probing the C1s region (Figure S4, Supporting Informa-
tion) provides direct evidence for an electronic interaction be-
tween Cg, and HBC in the deposited films. Specifically, relative
to the pure HBC and Cg, films, the bilayers have a shift to
higher binding energy by 0.2 eV, a change in peak shape, and
a narrowing in peak width. Such features are consistent with
charge transfer at donor-acceptor interface, which affects the
ability of the system to screen and stabilize the core-ionized
final state, thereby altering the shape, width®®” and energy?®->*
of the photoemission peak. This supports the presence of an
intimate interaction between the donor and acceptor mole-
cules.

Surface-sensitive, polarization-dependent NEXAFS, shown in
Figure S4 (Supporting Information), indicates that the electron-
ic interaction between acceptor and donor is accompanied by
a physical ordering of the molecules at the HBC/Cg, interface.
In the total electron yield (TEY) signal, which probes the bulk
of the 10 nm films, no polarization dependence is observed, in-
dicating the lack of a preferred molecular orientation in the
film. However, an anisotropy in bond geometry is uniquely ob-
served for the HBC/C,, bilayer in the Auger electron yield (AEY)
signal, which probes the ~1-2 nm near-surface region; that is,
the HBC/Cq, interface. From the polarization dependence of
the integrated m* resonances,”*>" we estimate that the HBC
molecules interacting with Cg, are oriented at an average tilt
angle of ~40° with respect to the surface plane. If the HBC or-
dering is related to a spontaneous assembly of the molecular
partners at the bilayer interface into complex 2, this HBC tilt
angle orients the (110) plane of the co-crystal parallel to the
surface plane. In this geometry, X-rays diffracted from the (110)
plane of complex 2 would contribute intensity confined to the
Q, direction at Q=0.48 A™" and thereby explain the increase in
peak A in the GIXD data at the HBC/Cq, interface (Figure 5).
The data suggests that there is sufficient solid-state and sur-
face mobility of the molecular partners for coalescence into an
ordered state at the interface that can be modeled by the “ball
and socket” structure shown in Figure 2.
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The sequential deposition of the two shape-complementary
molecules thus does produce an interface that is at least parti-
ally organized. Do the OPVs benefit from this molecular organi-
zation? To assess this we tested p-type molecules that lack the
doubly-concave distortion from planarity of our HBC but is
otherwise very similar. Flat hexa-peri-hexabenzocoronene (flat-
HBC) is an excellent candidate for comparison to the HBC
under investigation (contorted-HBC) (Figure S5, Supporting In-
formation). These two molecules have similar electronic struc-
tures, band gaps, molecular weights, chemical formulas, evapo-
ration temperatures, molecular dimensions, and UV/Vis absorp-
tion spectra in thin films (Figure S2, Supporting Information).
The most obvious difference between flat-HBC and our con-
torted-HBC is shape: one is perfectly flat while the other is se-
verely distorted from planarity. While the contorted-HBC is
shape-complementary to fullerenes, the flat-HBC is not.

Devices made with the two HBC molecules behaved quite
differently under simulated solar irradiation. Devices based on
contorted-HBC are more efficient than those based on flat-HBC
(0.55% versus 0.07%). The former also have higher Vs than
the latter (0.84 V versus 0.19V, Figure S3, Supporting Informa-
tion). This supports the notion that shape complementarity
contributes to the higher Vo values for contorted-HBC.

Notably, under UV-LED irradiation, contorted-HBC device out-
performed flat-HBC by more than two orders of magnitude
(average efficiencies of 77 =3.36% versus 0.03 %, Figure S6, Sup-
porting Information). The emission spectrum of the UV-LED
covers the longest-wavelength absorbance shoulder for thin
films of both HBCs (Figures 2C and S2, Supporting Informa-
tion). Although contorted-HBC devices had Vs similar to
those of flat-HBC devices under solar irradiation, the Vs of
contorted-HBC devices were over ten times greater than flat-
HBC (0.80 V versus 0.07 V) under UV light. These results further
support our assertion that the shape-complementary interface
is essential for peak device performance.

In summary, we reported that shape complementarity im-
proves the donor/acceptor interface and, consequently, the
photovoltaic properties of bilayer OPVs. We showed that con-
torted-HBC forms intimate complexes with the fullerenes. We
also showed that differences in complementarity directly trans-
late to differences in OPV performance. Better shape comple-
mentary improves the interface between donor and acceptor
materials in our devices and leads to some of the highest Vs
reported to date, with a maximum of 0.95 V. We also observe
efficiencies of up to 5.7% in ambient atmosphere for narrow-
width UV irradiation and 1.04 % for solar illumination. This data
indicates that our OPV cells may be ideally partnered with
longer wavelength absorbing layers to achieve higher efficien-
cy solar cells.
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