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Organic photovoltaic (OPV) devices based on the single active
layer bulk heterojunction (BHJ) concept1 offer a realistic possibility
of low-cost photoenergy conversion systems.2 However, there are
two issues that need to be resolved: One is the rather narrow
repertoire of materials,3 especially acceptor materials, and the other
is the lack of precise structural information on the BHJ layer, the
heart of the device,4 where photoexcitation and charge separation
occur.5 The presumed structures of an ideal BHJ are the following:
the BHJ should consist of interdigitated donor and acceptor
molecular aggregates,6 and the aggregates should be comparable
in size to the exciton diffusion length.7 We report here that a new
solution-processable, small-molecule based fabrication process
allows us to obtain a three-layered p-i-n structure8 in which the

i-layer possesses a clearly defined interdigitated structure formed
by spontaneous crystalline phase separation during thermal process-
ing. This device shows a power-conversion efficiency (PCE) of
5.2%, a value that ranks among the best of those reported for
solution-processed small-molecule based OPV cells.9

The present work features new types of small-molecule OPV
materials, a soluble CP molecule (1,4:8,11:15,18:22,25-tetraethano-
29H,31H-tetrabenzo[b,g,l,q]porphyrin, Figure 1a) that is thermally
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Figure 1. Donor and acceptor materials for three-layered OPV devices.
(a) Thermal retro-Diels-Alder conversion of CP (donor precursor) to
BP (donor) at 180 °C. (b) SIMEF (acceptor). (c) π-π Stacking of BP
in crystals and the crystal b-axis along which the crystal grows. (d)
Near-hexagonal crystal packing of SIMEF that crystallizes without
solvent inclusion. (e) Thermal behavior of SIMEF and PCBM. The letter
g stands for glass phase, cryst for crystalline, iso for isotropic, and dec
for decomposition (unit ) °C).

Figure 2. Solution-processable p-i-n three-layered organic photovoltaic
devices.

Figure 3. Structural analysis of VI and performance of the devices. (a)
TOF-SIMS data for the BP/BP:SIMEF/SIMEF p-i-n structure on a PEDOT:
PSS/silicon substrate. SIMEF, BP, and PEDOT:PSS were monitored by
Si+, CN-, and S- ions, respectively. Color coding corresponds to the color
used for VI in Figure 2. (b) The J-V curve for the OPV device that shows
a 5.0% PCE (VOC ) 0.75 V; JSC ) 10.3 mA/cm2; FF ) 0.65). (c) IPCE
profile of the 5.0%-device with a maximum external quantum yield at 460
and 670 nm. (d) Absorption spectra of BP (red) and SIMEF (blue), which
agree with the IPCE profile.
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converted to a highly insoluble, crystalline tetrabenzoporphyrin (BP)
donor (Figure 1a, and its crystal packing in Figure 1c),10,11 and a
new fullerene acceptor, bis(dimethylphenylsilylmethyl)[60]fullerenes
(SIMEF, Figure 1b), which undergoes thermal transition from
amorphous to crystal at 149 °C (Figure 1d,e).12 SIMEF has a
LUMO level (-3.74 eV) that is ca. 0.1 eV higher than that in the
commonly used PCBM (phenyl C61-butyric acid methyl ester)13

acceptor and a much lower crystallization temperature (Figure 1e).
The fabrication method of our solution-processed device is

illustrated in Figure 2, in which the CP-to-BP thermal conversion
after spin coating plays a crucial role in the creation of a defined
BHJ structure in the i-layer (VII). Note that BP crystals are virtually
insoluble in organic solvents and cannot be spin-coated. In addition,
BP is immiscible with SIMEF and PCBM.

A solution of the donor precursor CP (hatched red) in chloroform/
chlorobenzene is first spin-coated on the glass/ITO/PEDOT:PSS
electrode (I) to form II and is thermally converted to the donor BP
(red) at 180 °C to form a donor p-layer (III). In the second step, a
homogeneous mixture (a typical weight ratio of 3:7) of CP and an
acceptor SIMEF (blue) in chloroform/chlorobenzene14 is spin-coated
(IV), and CP is converted in situ to BP (red) at 180 °C to form an
interdigitated i-layer (V). The choice of 180 °C is crucial to the
swift conversion of CP to BP in the presence of SIMEF, which is

crystalline at this temperature. Subsequent spin coating of SIMEF
in toluene on V and heating at 65 or 180 °C (to crystallize SIMEF)
furnishes the p-i-n structure (VI). A buffer material (phenanthroline
derivatives: bathocuproine (BCP) or 2,9-bis(naphthalen-2-yl)-4,7-
diphenyl-1,10-phenanthroline (NBphen)) and an aluminum electrode
are coated in a vacuum to complete the device for testing (VII).
Removal of the acceptor by washing V or VI with toluene leaves
behind a column/canyon structure (VIII), which can be studied by
SEM.

To examine whether each layer was formed properly, we first
analyzed the structure corresponding to VI (fabricated on silicon;
Figure 3a) by time-of-flight secondary ion mass spectrometry (TOF-
SIMS). From the time data (x-axis) that are related to the depth
from the surface, we can determine an approximate relative
thicknesses of 1.5:5:1.5:2 for the n-, i-, p-, and PEDOT:PSS layers.

The SEM analysis (Figure 4) of structures VI and VIII gave us
visual evidence of the desired p-i-n structure and revealed a
columnar BP crystal formation in the i-layer. Thus, Figure 4a shows
a side view of VI, in which one can identify n-, i-, p-, and PEDOT:
PSS layers (total thickness ca. 110 nm). The depth profile agrees
with the TOF-SIMS depth data.

The desired interdigitated BHJ in the i-layer that is vaguely
visible in Figure 4a can be seen more clearly after removal of

Figure 4. SEM images of the p-i-n structure VI made from BP and SIMEF (glass/ITO/PEDOT:PSS/BP/BP:SIMEF/SIMEF), and its toluene-washed structure
VIII, as well as a corresponding device using PCBM (f, g) (glass/ITO/PEDOT:PSS/BP/BP:PCBM/PCBM. (a) Side view of the p-i-n structure (VI). (b) Side
view of the column/canyon region of the p-i structure in VIII. (c) Top view of the column/canyon region of VIII. (d) A wide-area image of the top view of
VIII. The dominant dark gray area (ca. 60%) is the column/canyon region, and the light gray area contains much larger BP crystals. (e) Side view of the
larger BP crystal area. (f) Side view of the toluene-washed BP:PCBM device VIII, where rectangular BP crystals grow irregularly. (g) Top view of Figure
4f that shows the growth of rectangular BP crystals, which is very different from that shown in Figure 4c. Larger images are provided in the Supporting
Information.
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SIMEF (VIII). The round columns stand almost vertically on the
ca. 20-nm-thick p-layer (Figure 4b). Figure 4c illustrates an
intriguing top view of the column/canyon structure. The wide-area
SEM image (Figure 4d) showed that the column/canyon area (fine
grain, dark gray) accounts for the dominant area, and the rest
consists of a less uniform, larger grain area (Figure 4e), in which
a large chunk of BP crystals grows directly on the PEDOT:PSS
layer. Separate experiments indicated that devices without the
p-layer show less than 1% PCE.

The average size of the columns in Figure 4b, c is 65 nm (σ )
13 nm) in height and 26 nm (σ ) 7 nm) in diameter (average of
ca.120columns).Eachcolumnisestimatedtocontain30 000-100 000
BP molecules, based upon the unit cell parameter of the BP crystal
packing structure (Figure 1c).15 Since this is comparable to the
exciton diffusion length of common organic semiconducting
materials (10-30 nm),16 the columns are a suitable size for charge
separation and carrier transport.

We used PCBM in place of SIMEF, fabricated the device under
the same conditions, and found that the BP crystal morphology in
the i-layer is far less uniform in size than that in the SIMEF device
(Figure 4f,g). In addition, the BP crystals are rectangular (a usual
bulk morphology of BP crystals) rather than round columnar. We
ascribe this difference to the crystallization temperatures of SIMEF
(149 °C) and PCBM (195 °C). Thus, BP crystal formation at 180 °C
in the SIMEF device occurs in the matrix of SIMEF crystals, while
it occurs in amorphous PCBM in the PCBM device (Figures S4
and S5).

The BP/SIMEF devices exhibit respectable performance. The
glass/ITO/PEDOT:PSS/BP/BP:SIMEF/SIMEF/BCP/Al cell that was
heated at 65 °C after n-layer formation showed 4.1% PCE (open
circuit voltage, VOC ) 0.76 V; short circuit current density, JSC )
9.1 mA/cm2; fill factor, FF ) 0.59).17 The same device heated at
180 °C after the n-layer fabrication reproducibly showed 4.5% (VOC

) 0.76 V; JSC ) 9.7 mA/cm2; FF ) 0.62). The improvement of
JSC and FF suggests that the crystallization of SIMEF in the n-layer
at ca. 150 °C contributed to this improvement.12 Further optimiza-
tion with the use of NBphen buffer afforded PCE ) 4.8-5.2%
(parameters for the 5.2%-device: VOC ) 0.75 V; JSC ) 10.5 mA/
cm2; FF ) 0.65; Figure 3b-d). The device lacking the i-layer (glass/
ITO/PEDOT:PSS/BP/SIMEF/BCP/Al) showed only 2.3% PCE.

When we used PCBM in place of SIMEF, the PCE decreased to
2.0% owing to lower VOC (0.55 V), JSC (7.0 mA/cm2), and FF (0.51).
We ascribe this decrease to the undesirable i-layer morphology (vide
supra) and to the lower LUMO level of PCBM (by ca. 0.1 V).12,18

In summary, a new solution-processable fabrication afforded p-i-n
OPV devices composed of BP and SIMEF. The device showed a
respectable performance of 5.2% PCE. The structure of the
interdigitated BHJ structure of the charge-separating i-layer has been
clearly imaged with SEM. Thus, the SEM images revealed a
nanoscale column/canyon BHJ morphology in the dominant area
of the i-layer. The controllable BHJ structure and the respectable
performance of the present prototype attest to the need for further
examination of small molecules and new device structures for the
production of efficient organic solar cells.
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