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ABSTRACT: Multi-layered organic thin films were prepared by stepwise vapor
deposition of planar molecules with delocalized n-electrons on indium tin oxide (ITO)
glass or KCl crystalline surface. The order of the deposition of n-planar molecules with
different redox potential can control enhancement or inhibition of the hole or electron
transfer according to the concept of “sequential potential field”, or a potential cascade by
the organization of redox components. This concept is here applied to electrochromic or

electroluminescent devices composed of multi-layered organic thin films.

INTRODUCTION

Macromolecular metal complexes have been expected to be one of the most promising candidates for
advanced materials due to their interesting properties, especially multifunctionalities (Ref. 1).
Macromolecular metal complexes are often compared with natural enzyme, where the metal complex
and the macromolecule in macromolecule complexes play a role of active cite and protein in natural
enzyme, respectively (Ref. 2). Thus, macromolecules can control the exact position of a series of active
cites, since the order and distance among the active cites are very important for the functions of natural
enzyme. A typical example is the case of the photosynthetic reaction center of green plants. In this
well-designed system, several molecules are precisely oriented in an ordered arrangement to play a role
of charge separation, charge (electron and/or hole) transfer and redox reaction, respectively. Such a
well-designed arrangement could be followed by the novel concept of “sequential potential field”, i.c., a
concept to produce a potential cascade by the designed alignment of redox components having different
energy states, which allow effective and vectorial electron and/or hole transfer as a whole (Ref. 3). In

order to realize this concept to develop a novel electronic device, the alignment of redox components
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must be considered carefully for the construction of a sequential potential field.

Here we choose planar molecules with delocalized n-electron as the redox components, and align
these components by stepwise vapor deposition. Since a phthalocyanine (pc) ligand has the ability to
coordinate to different kinds of metal, forming metallophthalocyanine ([M(pc)]), which has various
redox potentials depending on the kind of central metal and is enough stable against heat treatment for
vapor deposition (Ref. 4, 5), [M(pc)]s were used as the components for hole transfer. The double-
layered metallophthalocyanine thin films prepared by stepwise vapor deposition were examined for
clectrochromism. The results have shown that the “sequential potential field” concept can be applied to
the present electrochromism. The same double-layered thin films can be applied to the hole transfer
layer of the electroluminescent device. The results are again consistent with the novel concept. In the
case of double-layered thin films composed of perylene derivatives as an electron transfer layer, in
contrast, the results in electrochromism show that not only the order of the deposition but also the
substrates used for the deposition are important to control the electron transfer. In other words, not
only the order of the redox components but also the alignment of each molecules must be controlled for

the exact construction of the “sequential potential field”.

RESULTS AND DISCUSSION
Electrochromism of Double-layered Metallophthalocyanine Thin Films

Metallophthalocyanine {[M(pc)] has attracted a great deal of attention in connection with its
electrochemical and photochemical properties. As for electrochromism, rare-earth bis(phthalocyanine)
has been widely studied from the viewpoint of applications to a new-type of displays (Refs. 6-8).
However, few attempts have ever been made to examine the electrochromism of light transition-metal
complexes of phthalocyanine in thin film (Refs.9-13), since their electrochromisms were reported to be
irreversible.

In 1993, we first reported that a reversible electrochromism is available for a copper
phthalocyanine ([Cu(pc)]) thin film, prepared by vapor deposition, if the film is enough thin and the
scanning conditions are well controlled (Refs. 14, 15). In addition, the oxidation potentials of
metallophthalocyanine thin films were found to be enough different from each other depending on the
kind of central metal (Ref. 16). The oxidation potentials of four M(pc) thin films are illustrated in Fig.
1. This results suggest us that a combination of two kinds of M(pc)s with enough different oxidation
potentials may be used to control the hole transfer according to the construction of a “sequential
potential field”.

The [Ni(pc))/[Zn(pc)] double-layered thin film was prepared by stépWise vapor deposition of
[Ni(pc)] and [Zn(pc)] on an indium tin oxide (ITO) glass substrate. The film thickness was maintained
to be about 20 nm for each [M(pc)] film. In order to measure the electrochromism, the ITO glass
covered with [Ni(pc)] and [Zn(pc)] (ITO/[Ni(pc)l/[Zn(pc)]) was connected as a working electrode, and a
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Fig. 1. Oxidation potentials in deposited thin films
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Fig. 2. Cyclic voltammograms (1st-10th) during the second oxidation cycle of a
[Ni(pc))/[Zn(pc)] (a) and a {Zn(pc))/[Ni(pc)] (b) double-layered thin films in a 0.1
mol dm-3 NaNOj aqueous solution at the scanning rate of 20 mVs-1

platinum wire and an Ag/AgCl saturated KCl electrode were used as a counter and a reference electrode,
respectively. The resulting cyclic voltammograms in a 0.1 mol dm™ NaNO; aqueous solution at room
temperature are shown in Fig. 2 (a), which clearly indicates that both [Ni(pc)} and [Zn(pc)] are oxidized
under the present conditions and that both oxidations can be reversibly repeated.  On the other hand, the
double-layered film, composed of the same metallophthalocyanines but deposited in the reverse order,
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Fig. 3. Cyclic voltammograms of [Cu(pc)]-[Zn(pc)] sequentially deposited double-
layered thin films: (a) ITO/[Cu(pc))/[Zn(pc)] ; (b) ITO/{Zn(pc))/[Cu(pc)] thin films
in 0.1 mol dm-3 NaNOj solutions at the scanning rate of 20 mVs-1

(ITO/[Zn(pc)V/[Ni(pe)]) shows a quite different cyclic voltammograms (Fig. 2 (b)). Thus, only the
[Zn(pc)] film can be oxidized under the same conditions. In other words, hole can not pass to the
[Ni(pc)] film through the [Zn(pc)] film and the [Ni(pc)) film cannot be oxidized. Since the oxidation
potential of [Ni(pc)] film (0.94 V) is more positive than that of [Zn(pc)] film (0.55 V), the above results,
shown in Fig. 2 (a) and 2 (b), are quite reasonable and consistent with the “sequential potential field”
concept.

The similar results are observed for the electrochromism of double-layered thin films composed of
[Cu(pc)] and [Zn(pc)]. The cyclic voltammograms of ITO/[Cu(pc))/[Zn(pc)] films have two oxidation
peaks corresponding to {Cu(pc)] and [Zn(pc)], while those of the film with the reverse order
(ITO/[Zn(pc)/[Cu(pc)]) have only one peak corresponding to {Zn(pc)] (Fig. 3). These results are again

consistent with the concept of a “sequential potential field”.
Electroluminescence of Multi-layered Devices Containing Metallophthalocyanine Thin Films

Recently electroluminescent (EL) devices using organic materials have widely been studied from a
viewpoint of applications to a new type of displays (Refs. 17, 18). These EL devices consist of a
multi-layered thin film of oranic materials (Refs. 19, 20). The multi-léyérs often involve a light-
emitting layer and carrier transport layers.,  Since the [M(pc)] thin film works as a hole transfer layer in
the experiments of electrochromism in the previous section, we have examined the hole transfer property
of double-layered [M(pc)] films as a hole transfer layer of EL devices.
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Fig. 4. Electroluminescent device using Alqs and [M(pc)]
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Fig. 5. The maximum brightness of the EL device using various hole transfer layers

EL devices were prepared by vapor deposition of [M(pc)] as a hole transfer layer on ITO
transparent glass electrode, followed by deposition of tris(8-hydroxyquinoline)aluminium (Alg3) as an
emittion layer and then co-deposition of magnesium and silver as a metal electrode (Fig. 4(a)). When
the double-layered film was used as the hole transfer layer, the total thickness was kept to be the same as
the mono-layered one as shown in Fig. 4(b). o
The results of the EL brightness are quite interesting.  Figure 5 shows the maximum brightness of the
EL devices using various [M(pc)] hole transfer layer (Ref. 21). In the case of the
ITO/[Zn(pc))/[Cu(pc))/Alq3/MgAg device, the maximum brightness is lowest among the devices
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Fig. 6. Schematic band diagrams of the EL device with [tM(pc)] double hole transfer layers;
(2) [Cu(pe))/[Zn(pc)] and (b) [Zn(pc))/[Cu(pe)]

examined here. In contrast, the ITO/[Cu(pc)]/[Zn(pc))/Alq3/Mg-Ag device has about 5 times higher
brightness than the former. This is probably due to the easy hole transfer in the hole transfer layer of
the latter because the oxidation potential of the [Cu(pc)] film is more positive than [Zn(pc)] one (Fig.
6(a)). The reverse ordering of [M(pc)] films in the hole transfer layer makes the hole transfer difficult
(Fig. 6(b)). These results are consistent with the concept of “sequential potential field”. The similar

results were observed in the combination of [Ni(pc)} and [Zn(pc)], supporting the same concept in the

case of [Cu(pc)] and [Zn(pc)].
Electron Transfer in Double-layered n-Type Organic Semiconductors

The [M(pc)] films work as a p-type organic semiconductor. In contrast, porphyrin and perylene
derivatives can work as an n-type organic semiconductor. Thus, we examined some systems containing
these organic thin films.  The results are the similar to the case of [M(pc)] films for hole transfer. The
largest difference were observed in the alignment of the planar molecules. In the case of [M(pc)] films
the double-layer thin films prepared by vapor deposition on ITO glass, in which the molecular plane of
[M(pc)]s is perpendicular to the substrate, can work to enhance or inhibit the hole transfer. In contrast,
in the case of n-type organic semiconductor films, the film prepared by vapor deposition on ITO glass, in
which the molecular plane is perpendicular to the substrate, does not work to construct a “sequential
potential field”, but the film prepared on KCI crystalline substrate, in which the molecular plane is
parallel to the substrate, does work to construct the “sequential potential field”. These results suggest

that the molecular alignment is very important to construct the “sequential potential field”.
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