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Anomalous high photovoltages observed in shish
kebab-like organic p–n junction nanostructures†

Ligui Li,ab Daniel L. Jacobs,a Benjamin R. Bunes,a Helin Huang,a Xiaomei Yanga

and Ling Zang*a
We report the observation of anomalous high photovoltages, which

are significantly higher than the energy level offset between the

highest occupied molecular orbital (HOMO) of the electron donor (D)

and the lowest unoccupied molecular orbital (LUMO) of the acceptor

(A), in single trunk shish kebab-like organic p–n junction nano-

structures. Creation of such high photovoltages is likely due to the

special intermolecular orientation in the unique structure.
Semiconductor p–n junction nanowires have attracted partic-
ular attention during the past decades not only because they can
serve as ideal model systems in fundamental research, but also
because they offer opportunities in practical applications, for
instance in photovoltaic (PV) devices.1–5 In contrast to the well-
developed inorganic p–n junction nanowires, only a few organic
or hybrid organic–inorganic p–n junction nanostructures have
been reported to date due to difficulties in nding appropriate
complementary D and A materials for preparing p–n nano-
junctions under mild conditions.6–10

Recently, several interesting shish kebab-like organic p–n
heterojunction structures have been reported.11,12 Such
branching nanostructures provide a high density of D–A junc-
tions and thereby are expected to produce efficient exciton
dissociation, as observed in bulk-heterojunction (BHJ) solar
cells. Moreover, compared to the random distribution of D–A
components in BHJ systems, the well-oriented molecular
arrangement in the shish kebab structures will also enable
directional control of charge migration, which in turn may help
us to design and build a new type of PV device to study the
molecule-structure–function relationship in organic semi-
conductor materials. However, to the best of our knowledge, no
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PV property/application of these shish kebab-like structures has
been reported as yet. In the present work, we report the fabri-
cation of well-dened shish kebab-like nanostructures from a
robust A molecule and a semiconducting polymer (acting as D),
and the construction of a horizontal PV device using a single
shish kebab structure. Remarkably, the device demonstrated
anomalous high photovoltages, much higher than the upper
limit determined by the energy level offset between the HOMO
of D and the LUMO of A. This nding may open up a new way to
increase the Voc of organic PV devices without resorting to the
series tandem device architecture, which usually needs
complicated and sophisticated fabrication technology.13–16

The materials used in this study were highly regioregular poly-
(3-hexylthiophene) (P3HT) as the donor and N,N-(dicyclopentyl)
perylene-3,4,9,10-tetracarboxylic diimide (C5-PTCDI) as the
acceptor (Fig. 1a). The PTCDI derivatives form a robust class of
materials with high thermal and photo-stability.17 The strong
electron affinity and extensive absorption in the visible light region
make PTCDI a suitable Amaterial for organic solar cells. Moreover,
the rigid, planar geometry of PTCDI favors one-dimensional self-
assembly into elongated bril structures, along which the
extended p–p stacking interaction enables efficient charge trans-
port through p-electron delocalization.18,19

Fig. 2a shows a nanobelt structure prepared from C5-PTCDI
through slow evaporation of a dilute chloroform solution
(0.3 mg mL�1). Several selected area electron diffraction (SAED)
Fig. 1 (a) Molecular structures of regioregular P3HT and C5-PTCDI. (b)
Energy level offset showing the upper limit of Voc in PV devices based
on a single C5-PTCDI/P3HT junction.
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Fig. 2 (a) Bright field TEM (BF-TEM) image of a C5-PTCDI single-crystalline nanobelt and (b) its corresponding SAED pattern. (c) BF-TEM image
of C5-PTCDI/P3HT shish kebab-like structures and (d) a SAED pattern from the area enclosed by the yellow, dashed circle in (c); the diffraction
indices of P3HT are indicated as group I, while the diffraction index of C5-PTCDI is indicated as group II. AFM (e) amplitude and its corresponding
phase (f) image showing the distribution of P3HT nanofibers in a typical C5-PTCDI/P3HT shish kebab-like structure; the corresponding
topography image is shown in Fig. S2.† (g) Schematic illustration of the intermolecular orientation of P3HT and C5-PTCDI in shish kebab-like
structures.
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images taken at different spots of the nanobelt show the same
diffraction geometry (Fig. S1†), indicating the single crystalline
nature throughout the nanobelt. A representative SAED pattern
taken from the nanobelt is shown in Fig. 2b. This diffraction
pattern corresponds to a single-crystalline phase with lattice
constants of a ¼ 10.57 Å, b ¼ 5.96 Å, and g ¼ 88.9�, which is
close to the lattice constants of a similar PTCDI reported by
others.20 By comparing the obtained SAED pattern with its
corresponding bright-eld TEM image (Fig. 2a), we nd that the
preferred growth direction of C5-PTCDI is parallel to its crys-
tallographic a axis, along which the C5-PTCDI molecules show
slipped p–p stacking (Fig. 2g).17,21

When C5-PTCDI nanobelts were added to P3HT/xylene
solution during the crystallization process of P3HT, shish
kebab-like structures were obtained (Fig. 2c), with P3HT nano-
bers branching off the PTCDI trunk normal to its axis. The
diameter of P3HT nanobers was measured to be ca. 20 nm,
consistent with the sizes typically reported.22–24 Fig. 2d shows a
SAED pattern recorded on the location marked by the yellow
dashed circle in Fig. 2c. By using the previously reported lattice
constants of P3HT,25,26 i.e. a ¼ 16.6 Å, b ¼ 7.8 Å, c ¼ 8.36 Å, a ¼
b ¼ g ¼ 90�, the outer two bright arcs with a d-spacing of 3.9 Å
are indexed to the (020) plane of P3HT, while the four short
diffused arcs with a d-spacing of 5.32 Å are assigned to the
reection of the crystallographic (011) plane and its symmetric
planes of P3HT. The d-spacing of the two diffused spots near the
310 | Polym. Chem., 2014, 5, 309–313
central beam is 10.33 Å, which matches the aforementioned
lattice constant of a in the C5-PTCDI single crystal, implying
that they can be indexed to the (100) plane of C5-PTCDI. When
comparing this indexed diffraction pattern with the corre-
sponding selected area in Fig. 2c, we found that the distribution
of diffraction spots and arcs in the SAED pattern is consistent
with the relative orientation of C5-PTCDI and P3HT in the TEM
image. These observations conrm that the central trunk of the
shish-kebab structure is composed of C5-PTCDI single crystals
while the branches are composed of P3HT nanobers.

To get deeper insight into the intermolecular orientation of
P3HT and C5-PTCDI in the structure, atomic force microscopy
(AFM) characterization was also performed. As shown in Fig. 2e,
dense P3HT nanobers only grow from the edges of the belt-
shaped C5-PTCDI crystals, with one end connecting to the
core. In the AFM phase image (Fig. 2f), it distinctly shows that
the phase of the top surface of the C5-PTCDI crystal is different
from those of P3HT nanobers and both edges of C5-PTCDI
itself, which further conrms that the P3HT nanobers only
grow from the edges. We speculate that the C5-PTCDI crystal
may serve as a nucleus for P3HT to crystallize on its edge
surface. Accordingly, the intermolecular orientation of P3HT
and C5-PTCDI in the shish kebab-like structures can be
approximately sketched as that in Fig. 2g.

Remarkably these shish kebab-like structures demonstrated
unprecedentedly high photovoltages. To our knowledge, there
This journal is © The Royal Society of Chemistry 2014
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is much less work reported on the enhancement of Voc
compared to other factors such as short circuit current density
(Jsc) and lling factor (FF). The difficulty of increasing Voc is
mainly due to the fact that it is generally an intrinsic property of
the D and A materials. The theoretical upper limit of Voc in OPV
devices is normally determined by the energy level offset
between the HOMO level of the D material and the LUMO level
of the A material.27–32 Delicate optimization of the energy level
offset oen results in only a slight increase in Voc. As indicated
in Fig. 1b, the bandgap of P3HT is ca. 2.0 eV,13 and the energy
level offset between the HOMO of P3HT and the LUMO of C5-
PTCDI is ca. 1.2 eV. Therefore, the Voc is expected to be lower
than 1.2 V in a single-junction device.

To study the PV properties of the shish kebab-like structures,
aluminum (Al) and gold (Au) contacts were thermally evapo-
rated onto the structures as shown schematically in Fig. 3a.
Because P3HT nanowires only grow on the edges of C5-PTCDI
Fig. 3 Device architectures and the corresponding I–V characteristicsme
substrate bottom at 40 mW cm�2. (a) PV device employing a discrete C
microscopic image of the device. (b) PV device based on a C5-PTCDI sin
traditional sandwich structure with C5-PTCDI/P3HT shish kebab-like str
Electrode gap in (a) and (b) is 40 mm.

This journal is © The Royal Society of Chemistry 2014
crystals, top deposited electrodes can be in direct contact both
P3HT and C5-PTCDI without resorting to the rigorous prepa-
ration conditions and treatments usually applied in inorganic
nanowire processing.1,15,33,34 In the dark, the devices employing
the architecture illustrated in the le part of Fig. 3a show
rectifying properties in the corresponding I–V curves (Fig. S3†),
which indicate that such devices are typical diodes. Under
simulated AM1.5G light illumination, a representative device
with a Voc of 2.3 V is shown in the right part of Fig. 3a. Though
the values obtained in such devices exhibit a distribution of 1.6–
2.5 V, all are signicantly larger than the theoretical upper limit
of Voc in a single-junction device (Fig. 1b). The plot in Fig. 3a
yields a Jsc of 0.0297 mA cm�2, a FF of 0.31, and a power
conversion efficiency (PCE) of 0.0528%. It is worth noting that
the PCE of this unique shish kebab-like p–n junction is nearly
8 times and 1.5 times higher than the previously reported
organic single p–n junction8 and hybrid coaxial10 nanowire
asured under dark and simulated AM1.5G light illumination from a glass
5-PTCDI/P3HT shish kebab-like structure; the inset shows the optical
gle crystal covered by random P3HT fibers. (c) Solar cell employing the
uctures as the photoactive layer, with a film thickness of ca. 140 nm.

Polym. Chem., 2014, 5, 309–313 | 311
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based PV devices, respectively, while the relatively low Jsc is
likely due to the much longer charge transport path. We expect
to increase the Jsc and PCE by reducing the electrode gap
distance so that charge recombination can be substantially
reduced in future. Scanning electronmicroscopy (SEM) imaging
of a working device (Fig. S4†) shows that the edge surfaces of the
C5-PTCDI crystal are densely covered by perpendicularly
oriented P3HT nanobers, conrming that the photoactive part
of this device is a shish kebab-like structure and this structure
remains nondestructive during the device fabrication. Further
increasing the gap distance to 80 mm did not contribute to an
increase of the Voc and Jsc (Fig. S5†).

To preliminarily study the origin of the high photovoltage
observed, two reference devices were fabricated, shown sche-
matically in Fig. 3b and c. When the C5-PTCDI crystalline ber
is covered by random P3HT nanobers via spin casting pre-
formed P3HT nanobers onto the C5-PTCDI crystal, the corre-
sponding device showed a Voc of only 0.4 V (Fig. 3b). Similarly,
when the C5-PTCDI/P3HT shish kebab nanostructures were
sandwiched between Al and ITO electrodes as a BHJ solar cell,
the device demonstrated a Voc of only 0.61 V (Fig. 3c). These
observations explicitly indicate that the high Voc observed in
Fig. 3a is highly correlated with the special shish kebab-like
morphology and the device architecture.

Although not yet completely understood, we speculate that
the high Voc obtained within our devices may be ascribed to the
presence of a large amount of charge carriers (beneting from
the high density of p–n junctions for efficient exciton dissoci-
ation and extended directional charge transport) at the inter-
faces between P3HT nanobers and the C5-PTCDI central
trunk, a phenomenon somewhat similar to what was observed
in horizontal inorganic solar cells.35,36 Indirect support for this
assumption is the different dependence of Voc on light intensity.

As shown in Fig. 4, the Voc of the shish kebab-based device
dramatically increased with light intensity, and reached a plateau
when the light intensity increased above 40 mW cm�2. In
contrast, the BHJ based device only showed a slight increase of
Fig. 4 The light intensity dependence of Voc. The three devices shown
in Fig. 3a–c (namely shish kebab, random and BHJ, respectively) were
tested under the same conditions as employed in Fig. 3, but with
varying light intensity.

312 | Polym. Chem., 2014, 5, 309–313
Voc even at high light intensities. For the device with randomly
distributed P3HT nanobers on C5-PTCDI, the Voc remained
nearly unchanged with increasing light intensity. In general, Voc
increases with light intensity due to the presence of a large
amount of charge carriers, but the increase is usually very small
(�100 mV), even with over two orders of magnitude increase in
light intensity.37–41 Therefore, the large dependence of Voc on light
intensity in the low intensity region observed for the shish-kebab
based device implies the presence of a large amount of charges
across the D and A interface. As a result, the electric potential
built up by the large numbers of charges will dominate the
intrinsic Voc, making the Voc structure dependent and no longer
material dependent (Fig. S10†). More systematic work is still
ongoing to thoroughly study the structure–function relationship
in these shish-kebab like p–n junction nanostructures.

In summary, the presence of C5-PTCDI single crystals in the
solution where P3HT crystallizes will facilitate the formation of
shish kebab-like nanostructures, with the central C5-PTCDI
elongated crystal as shish and the perpendicularly branching
P3HT nanowires on both sides of it as kebabs. Such unique
shish-kebab like p–n junction nanostructures not only exhibit
photocurrent rectication, but also anomalous high Voc, which
is higher than the energy level offset between the LUMO of A
and the HOMO of D. Stronger light intensity dependence of
thus obtained Voc compared to other reference devices indicates
that the origin of such unprecedented high Voc may be due to
the presence of large numbers of charge carriers across the
interface between P3HT and C5-PTCDI. These ndings may
enable a new way to realize high photovoltage in organic single-
wire based solar cells, and the unique shish kebab-like struc-
tures provide a new platform to study the PV behaviors in
organic semiconductors.
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S. W. Shelton, J. J. M. Fréchet and P. Yang, Nano Lett.,
2010, 10, 334.

11 J. Liu, J. Zou and L. Zhai, Macromol. Rapid Commun., 2009,
30, 1387.

12 L. Bu, E. Pentzer, F. A. Bokel, T. Emrick and R. C. Hayward,
ACS Nano, 2012, 6, 10924.

13 J. Y. Kim, K. Lee, N. E. Coates, D. Moses, T.-Q. Nguyen,
M. Dante and A. J. Heeger, Science, 2007, 317, 222.

14 L. Yang, S. Wang, Q. Zeng, Z. Zhang, T. Pei, Y. Li and
L.-M. Peng, Nat. Photonics, 2011, 5, 672.

15 T. J. Kempa, B. Tian, D. R. Kim, J. Hu, X. Zheng and
C. M. Lieber, Nano Lett., 2008, 8, 3456.
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