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Epitaxial Growth and Molecular Orientation of Tetraphenylporphyrin Thin Film
Vacuum-Evaporated on KCl
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Abstract

5,10,15,20-Tetraphenylporphyrin (H,TPP; C,4H3Ny,
M, = 614-75) films were vacuum-evaporated onto a
KCl (001) surface. High-resolution electron micros-
copy and electron diffraction patterns indicated that
the H,TPP crystal in the film is monoclinic with
dimensions a =120, 56=1-90, ¢ =147 nm, B =91°
and Z = 4. The rectangular crystallites grow epitax-
ially along four directions, the (101) plane of the
crystal making parallel contact with the substrate
surface and the b axis making an angle of = 18-5°
with the KCI [100] or [010] directions. A high-
resolution electron micrograph of the film showed
fine structure in a thin crystal. Lattice fringes are
aligned parallel with a spacing of 0-95 nm, and short
parallel bands with a spacing of 0-38 nm are
arranged obliquely in the lattice fringe. The optical
diffraction pattern of the fine structure showed a
long-period structure with an interval of 1:91 nm for
every five bands. It is suggested that the planar
molecules of H,TPP orient themselves nearly perpen-
dicular to the substrate surface.

Introduction

Metalloporphyrins play an important role in photo-
biological phenomena of photosynthetic organisms
as photon-collecting complexes in chlorophylls. Solar
energy absorbed by porphyrins is transferred with
high efficiency to the electron-transport system,
which is integrated in a crystallographically ordered
arrangement (Deisenhofer, Epp, Miki, Huber &
Michel, 1985). A large number of attempts have been
made to construct an artificial photosynthetic system
using the photoelectrochemical properties of por-
phyrins (Calvin, 1978; Tabushi & Kugimiya, 1985).
Thin solid porphyrin films have been attracting inter-
est as an organic material for optoelectronic devices
such as photovoltaic solar-energy converters
(Kampas, Yamashita & Fajer, 1980; Harima &
Yamashita, 1985), and as optical data-recording
media by means of photochemical hole burning of
metal-free base porphyrins (Volker & MacFarlane,
1979). In order to improve the efficiency of energy
conversion, porphyrin derivatives, including various
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central metals (Katsu, Tamagake & Fujita, 1980)
and substituents (Yamashita, Kihara, Shimizu &
Suzuki, 1982; Yamashita, Matsumura, Harima,
Miura & Suzuki, 1984), have been synthesized so
that photocurrent quantum yields of 20-30% have
been achieved by the most efficient photovoltaic cells
using vacuum-evaporated thin films (Yamashita,
1982). For the purpose of modelling photovoltaic
cells with efficient energy transfer, close attention
should be paid to the molecular arrangement of the
porphyrins in thin films. Nevertheless, most of the
photovoltaic organic materials studied so far have
been amorphous or microcrystalline thin films depos-
ited at random on metal electrodes. Few investiga-
tions have been made concerning the orientation of
porphyrin crystals and their molecular arrangement
in thin films.

It is well known that phthalocyanine compounds,
synthetic analogues of porphyrins, show epitaxial
overgrowth in thin films formed by vacuum-
evaporation onto cleavage surfaces of alkali halides
(Uyeda, Ashida & Suito, 1965). Their crystal struc-
tures and growth mechanisms were investigated by
electron microscopy and electron diffraction
(Ashida, 1966). The molecular arrangement of
chlorinated copper phthalocyanine was directly
determined by high-resolution electron microscopy
(HREM) (Uyeda, Kobayashi, Suito, Harada &
Watanabe, 1972); this was the first observation of
a molecular image of a radiation-sensitive organic
compound. HREM is particularly suited to the
investigation of the local structure and molecular
orientation in thin crystals which cannot be analyzed
by X-ray diffraction methods.

In the present study, 5,10,15,20-tetraphenyl-
porphyrin (H,TPP, Fig. 1) films were vacuum-
evaporated onto a KCI (001) surface. The crystal
structure and orientation in the films were investi-
gated by HREM, and by X-ray and electron dif-
fraction.

Experimental

H,TPP, obtained from Tokyo Chemical Industry Co.
Ltd, was purified by sublimation in a nitrogen at-
mosphere at a pressure below 1 kPa and at 673 K. A
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The stacking of H,TPP molecules seems to be
different from that of phthalocyanine, because the
porphyrin ring is not planar but corrugated and the
quasi-planar skeleton is easily deformable (Hamor et
al., 1964). Nevertheless, this projection image sug-
gests that the planar molecules are almost normal to
the substrate surface so that they are imaged as dark
bands. From the molecular image and optical trans-
form, the relationship of the molecular arrangement
to the substrate face can be deduced (Fig. 10). All the
molecular planes are almost normal to the substrate
surface. The unit cell includes four molecules, two
molecules indicated by solid lines situated in the
(010) plane and the other two indicated by broken
lines in the (020) plane. Two of them tilt by about
+11° and the other two tilt by about —11° to the
(203) plane, as shown by the open and shaded ellip-
ses, respectively. The molecules along the a axis
project onto the (101) plane at intervals of 0-38 nm,
equal to d,o3. Every fifth molecule is situated in the
plane and thus gives rise to 1-91 nm periodicity.
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Fig. 10. Schematic diagrams of the molecular arrangement in an
H,TPP crystal orientated on the KCI substrate.
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Fig. 11. Schematic diagram of the relative orientation between the
H,TPP crystals and the KCl substrate.

From these results, the orientational relationship
between the deposited film and the substrate crystal
is presumed to be as shown in Fig. 11. The crystal-
lites adopt four sets of orientations as follows:
(10D, tep /7 (00)k i, [111]4,1pp Crosses [lOO]KCl or
[OlO]KC] at +26'5°. Two crystalllles have a mirror-
symmetry relationship to each other with respect to
the KCl (100) and (010) planes. The epitaxial
orientation of the crystals depends on the anisotropic
adsorption of the molecules onto the substrate
surface.

As reported in a paper by Yanagi, Ashida, Harima
& Yamashita (1990) the orientated H,TPP film
exhibited a photocurrent quantum yield three times
greater than that of a polycrystalline film. This
enhancement in quantum yield was attributed to the
perpendicular orientation of the planar molecules of
H,TPP to the surface of the substrate and this
orientation of H,TPP molecules was supported by an
infrared spectroscopic study.
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