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Abstract: For inorganic semiconductors crystalline order leads
to a band structure which gives rise to drastic differences to the
disordered material. An example is the presence of an indirect
band gap. For organic semiconductors such effects are typically
not considered, since the bands are normally flat, and the band-
gap therefore is direct. Herein we show results from electronic
structure calculations demonstrating that ordered arrays of
porphyrins reveal a small dispersion of occupied and unoccu-
pied bands leading to the formation of a small indirect band
gap. We demonstrate herein that such ordered structures can be
fabricated by liquid-phase epitaxy and that the corresponding
crystalline organic semiconductors exhibit superior photo-
physical properties, including large charge-carrier mobility and
an unusually large charge-carrier generation efficiency. We
have fabricated a prototype organic photovoltaic device based
on this novel material exhibiting a remarkable efficiency.

The demand for devices converting solar energy into
electrical power has been growing with accelerating speed
over the past years. Although today the highest conversion
efficiencies are achieved with photovoltaic devices based on
inorganic semiconductors, such as silicon, the use of organic
materials offers an interesting, less-expensive alternative.

Although the first organic photovoltaic (OPV) devices
were reported about 50 years ago,[1] progress in improving
efficiency and stability is slow since the search for organic
molecules that are suited to be an active material in OPV

devices is to a large extent still dominated by empirical
approaches. Herein, we introduce a highly ordered system
with an exactly known structure allowing the device charac-
teristics to be understood on the basis of high-level electronic
structure calculations. We provide evidence, that in our highly
ordered systems an additional mechanism, the formation of
indirect band gaps[2] (Figure 1), comes into play which can
substantially improve device performance. Indirect band gaps

Figure 1. Schematic representations of recombination process of free
electrons and holes in a solid with an indirect and direct band gap.
The hole–electron recombination is not allowed in an indirect band-
gap solid.[2]

[*] Dr. J. Liu, W. Zhou, J. Liu, Dr. Z. Wang, P. Lindemann, Dr. E. Redel,
Prof. Dr. C. Wçll
Institute of Functional Interfaces
Karlsruhe Institute of Technology
76344 Eggenstein-Leopoldshafen (Germany)
E-mail: jinxuan.liu@dlut.edu.cn

christof.woell@kit.edu

Dr. J. Liu
Institute of Artificial Photosynthesis, State Key Laboratory of Fine
Chemicals, Dalian University of Technology (China)

Dr. I. Howard
Institute of Microstructure Technology
Karlsruhe Institute of Technology (Germany)

Dr. G. Kilibarda, Dr. S. Schlabach
Institute for Applied Materials
Karlsruhe Institute of Technology (Germany)

D. Coupry, Dr. M. Addicoat, Prof. T. Heine
Engineering and Science, Jacobs-University Bremen, Department of
Physics and Earth Science, 28759 Bremen (Germany)

S. Yoneda, Y. Tsutsui, Dr. T. Sakurai, Prof. Dr. S. Seki
Department of Applied Chemistry, Graduate School of Engineering,
Osaka University (Japan)

[**] We thank Mr. W. Guo, Mr. S. Heissler, Dr. M. Silverstre, Dr. H. Sezen,
Dr. Rídiger Berger, Dr. P. G. Weidler and Dr. H. Gliemann for help
with the experiments and valuable discussions. Dr. A. Kuc is
thanked for support in the band-structure calculations. Financial
support by German DFG through SPP 1362 is gratefully acknowl-
edged. W.Z., J.L., and Z.W. thank the Chinese Scholarship Council
(CSC) for financial support. M.A. acknowledges financial support
through the Marie S. Curie IIF program. Support from the KNMF
Laboratory for Microscopy and Spectroscopy at KIT is acknowl-
edged.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201501862.

Angewandte
Chemie

7441Angew. Chem. Int. Ed. 2015, 54, 7441 –7445 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/ange.201501862
http://dx.doi.org/10.1002/anie.201501862
http://dx.doi.org/10.1002/anie.201501862


support fast and highly efficient charge separation and
strongly suppress charge-carrier recombination.

The importance of regular arrays of photoactive
molecules for OPV performance is demonstrated by
considering a class of biological molecules, porphyrins.
In the natural systems, these light-harvesting molecules
are typically stacked to yield extended columns through
which the absorbed sunlight energy is transported in the
form of excitons. Charge separation, that is, the
dissociation of the exciton to yield an electron, e, and
a hole, h, is achieved at a target chlorophyll pigment
center.[3]

In the past, a large amount of work has been
devoted to preparing well-defined, thin porphyrin
layers either by evaporation of porphyrin molecules
on solid substrates, a very expensive method, or by self-
assembly.[4] Although especially in the self-assembly
approach enormous progress has been achieved,[5] the
resulting systems are not highly ordered and not strictly
crystalline.

Herein we present an unconventional approach
based on confined self-assembly to fabricate crystalline
porphyrin coatings employing a cheap, easily scalable
technology. Using liquid-phase epitaxy (LPE) method,
oriented, highly porous, crystalline, monolithic thin
films are grown on a transparent and conductive
substrate. The spray-based variant of this technique[6]

allows for fairly large substrate sizes (up to 10 × 10 cm2)
and can be turned into a continuous process, thus
providing a major advantage over, for example,
spin-coating, where maximum size which is rather
limited and for which a continuous coating is not
possible.

The crystalline porphyrin solids fabricated using the
LPE method correspond to a special type of metal–
organic framework (MOF), a class of hybrid com-
pounds which have received enormous attention in the
past decades.[7] Basically, MOFs are formed by attach-
ing organic linkers to metal or metal-oxo nodes. In the present
work we focus on a particular type of MOF referred to as
“SURMOF 2” comprising so called paddle-wheel units which
are stacked to yield an overall P4 symmetry.[8] Whereas
porphyrin-based MOFs have been studied previously,[9]

monolithic, homogenous films deposited on substrates
which can act as electrodes in an OPV device have not yet
been reported. Instead of the conventional solvothermal
process yielding MOF powders,[10] SURMOFs (surface-
grafted MOFs) are grown in a layer-by-layer fashion on an
appropriately functionalized substrate (Figure 2a). Because
of the well-defined anchoring of the MOF-framework on the
electrodes, SURMOFs offer huge promise for electrical
applications of MOFs, for example, in the context of electro-
chemistry[11] and electrically conducting thin films.[12]

In the present study, we use conductive FTO (fluorine-
doped tin oxide) substrates as the bottom electrode. An
iodine/triiodine electrolyte (I¢/I3

¢ in acetonitrile) was chosen
as the top electrode (Figure 2b). This is a robust contacting
strategy as mechanical or chemical (by reaction with vapor-
deposited metal atoms) damage can be excluded.

The X-ray diffraction (XRD) data shown in Figure 2c for
a free-base porphyrin Zn-SURMOF 2 (thickness about
300 nm) show sharp and intense peaks revealing the presence
of a highly oriented, well-ordered crystalline organic solid
(Figure S1–S4 in the Supporting Information). Further char-
acterizations using scanning electron microscopy (SEM), X-
ray photoelectron spectroscopy (XPS), ultraviolet visible
spectroscopy (UV/Vis), and IR spectroscopy (Figure S5–S12)
confirm these findings.

The intrinsic charge-carrier transport property as well as
carrier generation efficiency within the well-defined
SURMOF thin layers were investigated by a flash-photolysis
time-resolved microwave conductivity (FP-TRMC) system
coupled with transient absorption spectroscopy (TAS). Both
the free-base porphyrin Zn-SURMOFs 2 and Pd-porphyrin
Zn-SURMOFs 2 showed typical transient conductivity (fSm)
upon photoexcitation at 355 nm (Figure S26). Along with
that, they displayed transient absorption and photo-bleaching
in their Soret band region (Figure S27), which indicates the
photo-generation of porphyrin radical cations (holes). Impor-
tantly, the charge carrier generation efficiency (f) amounted

Figure 2. SURMOF preparation and characterization. a) Idealized schematic
description of liquid-phase epitaxy deposition process on functionalized
substrates in a layer-by-layer fashion with zinc acetate and free-base porphyrin
and Pd porphyrin organic linkers. b) Architecture of porphyrin SURMOF-
based photovoltaic device. c) Out of plane X-ray diffraction data of free-base
porphyrin Zn-SURMOF 2 and Pd porphyrin Zn-SURMOF 2 grown on FTO
glass substrates.
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to f = 9.5 × 10¢2 and 5.0 × 10¢2 for the Pd and free-base
systems, respectively. Such high efficiencies have not yet been
reported for organic materials, the largest values reported to
date for other MOFs materials[13] or porphyrin-based covalent
organic frameworks (COFs)[14] amount to around 10¢4, almost
three orders of magnitude smaller than the present value. In
addition, since the kinetic profiles in FP-TRMC and TAS
were well correlated (Figure S28), it was possible to deter-
mine the local-scale charge-carrier mobility for holes in the
SURMOFs. The resulting values, 0.002 cm2 V¢1 s¢1 for Pd-
porphyrin Zn-SURMOF 2 and 0.003–0.004 cm2 V¢1 s¢1 for
free-base porphyrin Zn-SURMOF 2, are large compared to
those reported for another MOF, MIL-125(Ti),[15] with mh

� 10¢5 cm2 V¢1 s¢1, but slightly smaller than those reported
for a tetrathiafulvalen-based MOF structure[13a]

(0.2 cm2 V¢1 s¢1).
In a next step we have used this interesting porphyrin-

based MOF material for the construction of a photovoltaic
cell. In Figure 3 we show a current–voltage (I–V) curve
recorded for a free-base porphyrin Zn-SURMOF 2 photo-
voltaic device under illumination with artificial sunlight.

An analysis of the data shown in Figure 3 yields an open-
circuit voltage of 0.57 V, a short-circuit current density of
0.45 mAcm¢2, a fill factor of 0.55 and an efficiency of 0.2%.
Using the simplest modification strategy, adding a Pd atom
into the center of this polycyclic compound (Figure 2),
already more than doubles the efficiency to yield 0.45 %,
see Figure 3 (open-circuit voltage of 0.7 V, short circuit
current density of 0.71 mAcm¢2, fill factor of 0.65). We
attribute the remarkably high OPV-performance for the Pd-
system to the high photocarrier generation efficiency of this
MOF-material (see above).

For a single-component OPV simply sandwiched between
two electrodes such a solar cell performance is rather
impressive. The corresponding photoresistivity data (Fig-
ure S13,S14) suggest that the exciton diffusion length in the
porphyrin-based SURMOFs must be on the order of several
100 nm. The observation of such large exciton diffusion

lengths on the order of 20 nm has already been reported
earlier for quasi-periodic nematic packings of the porphyrin
units[4] (Figure 4a).

The successful operation of our porphyrin SURMOF-
based photovoltaic device can be rationalized by considering
the energy-level diagram which shows the positions of the
F:SnO2 substrate flatband[16] and that of the porphyrin
SURMOFs MOs. On the basis of this existing knowledge
and our calculations (see Supporting Information) we pro-
pose that the electrons are injected from the MOF porphyrin-
ligands into the FTO substrate, (Figure 4b).

The photoluminescence and transient absorption data
(Figure S15,S16) reveal a pronounced decrease of singlet
exciton lifetime relative to the corresponding porphyrins in
solution and suggest a fast and high-yield formation of long-
lived states by converting the singlet exciton into triplet states.

The presence of an organic solid with known, strictly
periodic structure now allows for a meaningful comparison to
the results of high-level electronic structure calculations. First,
the atomistic MOF structure was obtained from force field
calculations. Then, the porphyrin electronic structure and
light absorption were computed. In fact, the HOMO–LUMO
energy difference of a saturated, single porphyrin molecule is
essentially identical to the band gap at the G point of the
periodic structure. For free-base porphyrin Zn-SURMOF 2,
a band gap of 1.58 eV (DFTB level, DFTB = density-func-

Figure 3. Photocurrent versus voltage (J–V) characteristics for free-
base porphyrin Zn-SURMOF 2 and Pd porphyrin Zn-SURMOF 2 based
photovoltaic device under illumination of AM 1.5 G simulated solar
light (100 mWcm¢2) with liquid electrolyte (I¢/I3

¢) and active area
0.25 cm2.

Figure 4. a) Nematic stacking of porphyrin units in porphyrin SUR-
MOFs, the paddle-wheels are omitted for the purpose of clarity.
b) Schematic description of photon absorption and exitons separation
process in a porphyrin SURMOF photovoltaic device. The energy value
of iodine/triiodine electrolyte in acetonitrile was taken from Ref. [17].
EF = Fermi level.
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tional based tight-binding) nearly coincides with the 1.60 eV
HOMO–LUMO gap of the saturated single porphyrin
molecule. The value of the saturated single porphyrin
molecule can be compared with higher level theory (TD-
DFT), which gives 1.51 eV for the same system. Introduction
of metal centers increases the band gap to 1.94 eV (Pd
porphyrin Zn-SURMOF 2) and 1.88 eV (Zn porphyrin Zn-
SURMOF 2).

Next, we investigated the GGA-DFT band structure of Pd
porphyrin Zn-SURMOF 2, the system with the highest
efficiency in this study (Figure 5). At first sight the band
structure appears to comply with the expectation that the
bands are essentially flat.

A closer inspection, however, reveals a small but distinct
dispersion of about 3 meV for both valence and conduction
bands. The strongest dispersion is seen in the G-Z direction,
perpendicular to the paddle-wheel-planes, along the columns
of the stacked porphyrin disks. This observation reveals that
the intermolecular overlap is strongest along the columns.
The dispersion allows the effective masses of the charge
carriers to be estimated, giving 4.5me (holes) and 9.6 me

(electrons). These values are an order of magnitude higher
than in traditional semiconductors such as silicon, but
appreciable in comparison with other organic materials.
Importantly, the minimum in the conduction band (CB) is
at the Z-point, whereas the maximum of the valence band
(VB) is at the G-point. The SURMOF 2 structure thus has to
be classified as an indirect band-gap semiconductor.[18] The
energy gain from the band dispersion is only on the order of
5 meV and thus certainly not sufficient for electron–hole
separation. However, once electrons and holes are relaxed,
direct electron–hole recombination is suppressed unlike in
direct band-gap systems. Good carrier mobility along with
suppressed recombination is consistent with the impressive
behavior of the MOF-based OPV realized.

To our knowledge, indirect band gaps have not yet been
realized in connection with organic semiconductors and also
only in very few cases has the possibility of this feature been
discussed.[2] The fact that the indirect band-gap for the Pd
porphyrin Zn-SURMOF 2 is substantially larger than for the
free-base porphyrin Zn-SURMOF 2 is fully consistent with
the substantially better OPV performance of the metal
porphyrin system.

A calculation of the exciton lifetime which would allow an
estimation of the exciton diffusion length is beyond the scope
of the present work. We feel that we can safely link the
experimentally observed, unexpected high performance of
the MOF-based OPV devices to the fact that the porphyrin-

MOFs are indirect band-gap semiconductors.
Since the crystalline lattices fabricated

herein are highly porous we see the chance
of achieving much higher performances, in
particular a better charge separation, in the
future by loading the pores within the frame-
works with other, charge-donating or charge-
accepting molecules. Photoactive molecules,
such as fullerenes or Eu-based luminescent
molecules,[19] have already been successfully
loaded into MOF frameworks. In addition, the
liquid-phase epitaxy process used to fabricate
the SURMOFs is well suited for heteroepi-
taxy,[20] so that the stacking of different
SURMOF layers with porphyrin-based
ligands modified to absorb in different spec-
tral areas becomes possible. Finally, because
of their favorable mechanical properties,[21]

MOF thin films are also suitable for the
fabrication of flexible devices. Further devel-
opments will profit from the possibility to
apply high-level theory for these highly
ordered systems.

Experimental Section
The porphyrin SURMOFs were deposited directly onto various
substrates using a high-throughput automated spray system. The
samples were comprehensively characterized with XRD, IR, XPS,
SEM, Fluorescence spectroscopy, CV, UV/Vis, QCM, TAS, and FP-
TRMC. For the photovoltaic devices porphyrin SURMOFs were
grown on FTO anodes, Pt-coated glass together with I¢/I3

¢ electrolyte
was used as anode. Full details of substrates treatment, porphyrin
SURMOF preparation, device fabrication, characterization tech-
niques and force field and DFT calculations are available in the
Supporting Information.

Keywords: metal–organic frameworks · semiconductors ·
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