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Thin Organic Layers for Photography and Electronic Devices
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The dye sensitization in photography is achieved by thin layers of J-aggregated dyes on silver halide grains. Studies by Yoshihara
et al. with picosecond and femtosecond spectroscopies have indicated that the migration of excitons in the dye layers plays im-
portant roles in their charge separation to inject electrons into the grains. Studies by Seki et al. with ultraviolet photoelectron
spectroscopy have revealed that the electronic structure of the interface between dye layers and a substrate is characterized by the
fact that the vacuum level of the former is lowered with respect to that of the latter by the electric double layer formed at the
interface, and that this characteristic structure is generally valid for the interfaces between organic layers and substrates. Hanna et
al. have confirmed the formation of such an electronic double layer at the interfaces between a liquid crystalline organic semicon-
ductor and electrodes by analyzing the current voltage characteristics.
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which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INRODUCTION

In most silver halide photographic materials, a photo-
sensitive element is a silver halide grain covered with a
monomolecular layer of J-aggregated dye molecules acting as
spectral sensitizers, which absorb incident photons and then
inject excited electrons to the grain to bring about spectral
sensitization of the photographic process [1]. Especially in
color films, we use a very thin tabular silver halide grain with
large surface to volume ratio in order for the grain to adsorb
the largest possible amount of sensitizing dye molecules in
order to enhance the capture of incident photons. Photons
captured by J-aggregated sensitizing dyes on a grain create
excitons, and created excitons migrate within the aggregates
and then inject to the grain electrons available for the forma-
tion of a latent image center composed of a silver cluster. It is
therefore considered that a J-aggregated sensitizing dye layer
on a silver halide grain is an effective “light-harvesting” sys-
tem and is regarded as an appropriate subject of this special
issue.

Since J-aggregated sensitizing dye molecules on a sil-
ver halide grain are regarded as a thin organic layer, fruit-
ful knowledge accumulated during various investigations on
spectral sensitization in photography for many years is ex-
pected to be valuable for the research and development of

electronic devices with thin organic layers such as organic
field-effect transistors, organic light-emitting devices, solar
cells with thin organic layers. Common phenomena tak-
ing place in these devices are activities of electrons, positive
holes, and excitons in thin organic layers in addition to elec-
tronic charge transfer processes across the interfaces between
thin organic layers and substrates.

This paper is initiated by an explanation of dye sensitiza-
tion in photography and solar cells to point out two impor-
tant factors for the photoelectric behavior of thin organic lay-
ers, that is, the behavior of excitons and the electronic struc-
ture of the interface between organic layers and substrates.
Then, descriptions are made on recent knowledge of the be-
havior of excitons in thin layers of J-aggregated dyes in pho-
tography, and the electronic structure and charge transfer
across the interfaces between organic layers and substrates.

2. DYE SENSITIZATION IN PHOTOGRAPHY
AND SOLAR CELL

Figure 1 illustrates the electronic structures of the interfaces
between organic layers and substrates for typical devices in-
cluding dye sensitization in photography [1], a solar cell
with a thin organic layer, and an organic light-emitting de-
vice (OLED). The replacement of silver halide by titanium
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Figure 1: Electronic structures of the interfaces between organic layers and substrates in photography, solar cell, and organic light-emitting
device (OLED), where CB and VB are the conduction band and the valence band, respectively, LUMO and HOMO are the lowest unoccupied
molecular orbital and the highest occupied one, respectively, EF is the Fermi level of a metal, AgX is silver halide, Org is organic layer, and
HTL and ETL are hole transport and electron transport layers, respectively.

dioxide in the electronic structure for photography gives the
electronic structure for a dye-sensitized solar cell as proposed
by Hagfeldt and Grätzel [2] and Grätzel [3].

A color negative film is composed of photosensitive layers
with ∼ 20 μm thickness in total on a film base with ∼ 100 μm
thickness. The photosensitive layers contain three major lay-
ers, which are coated one on another and are sensitive to
lights of three primary colors (i.e., blue, green, and red).
Each major layer is composed of three sublayers with dif-
ferent sensitivity. Photosensitive elements in color films are
silver halide grains. Silver halide grains in each major layer
are covered with sensitizing dye layers having sensitivity to
the light of one of the three primary colors. On exposure, the
dye layers absorb a sufficient number of photons to create ex-
citons, which migrate within the layers and are subjected to
the charge separation whereby electrons are injected into the
grains. In this way, a latent image center composed of a sil-
ver cluster is formed on the grain, and initiates photographic
development, by which the grain is reduced to form a silver
grain. In a color negative film, chemical reactions in its blue-,
green-, and red-sensitive layers during the development form
the dyes with colors of yellow, magenta, and cyan, respec-
tively, each of which is complementary to the corresponding
color of the absorbed light.

The phenomenon, which makes a silver halide grain sen-
sitive to the light absorbed by dye layers on the grain, is
called spectral sensitization or dye sensitization, and was
discovered for silver halide photographic materials by Vo-
gel [4]. Such layers may consist of monomeric molecules
or dye aggregates. A dye in the state of a special kind of
such aggregates, termed J-aggregate, gives a sharper absorp-
tion band at longer wavelength than that in monomeric
state. J-aggregated cyanine dye molecules are adsorbed to the
surface of silver halide with edge-on orientation to form a
monomolecular dye layer with thickness of about 1 nm [1].

Silver halide grains used in modern color films are tabu-
lar and very thin, having very large surface-to-volume ratio
and thus suitable to adsorb large amounts of J-aggregated
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Figure 2: Chemical structure of a typical sensitizing dye used for
photographic materials.

sensitizing dyes. When light-excited, a J-aggregate of dye
molecules on a grain absorbs an incident photon to create
an exciton, which migrates within the aggregate and is sub-
jected to its charge separation to inject into the grain an elec-
tron available for the formation of a latent image center in
collaboration with an interstitial silver ion.

A dye-sensitized solar cell as proposed by Hagfeldt and
Grätzel [2] and Grätzel [3] and studied by many groups of
workers is composed of a layer of sintered titanium diox-
ide grains covered with sensitizing dye molecules. In order
to increase the amount of the dye in the layer, the grains are
as small as ∼ 20 nm in diameter. Electrons are excited in
dye molecules, injected into the grains, migrate among the
grains, and reach an ITO anode. Resultant positive holes in
the dye molecules are transferred to a cathode through a re-
dox system in an electrolyte solution.

While sensitizing dyes used for photographic materials
are mostly cyanine dyes (Figure 2) capable of forming J-
aggregates on the surface of silver halide grains, a typical sen-
sitizing dye used for a dye-sensitized solar cell is called N3
(Figure 3), being quite different from cyanine dyes in that an
N3 molecule contains a ruthenium atom in it, and does not
form any aggregate with other molecules on titanium dioxide
grains [2, 3].
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In photography, an electron in the highest occupied
molecular orbital (HOMO) in a dye molecule is excited to
the lowest unoccupied molecular orbital (LUMO), and is
transferred to the conduction band of silver halide as shown
in Figure 1. The quantum yield of the electron transfer as
a function of the energy gap was studied for many dyes on
the basis of the Marcus theory [5]. The energy gap in this
system is the height of LUMO of a sensitizing dye with re-
spect to the bottom of the conduction band of silver halide,
and is represented by its reduction potential under the as-
sumption that the reduction potentials of dyes with similar
structures in monomeric state in solutions are nearly paral-
lel with their LUMO levels in condensed states on the grains.
Figure 4 shows the energy gap dependence of the quantum
yield of the electron transfer. As represented by open circles
in this figure, the observed quantum yields are nearly unity
for the dyes, whose energy gaps are larger than the threshold
value. Among the dyes with the energy gaps smaller than the
threshold value, the quantum yields decreased steeply with
decreasing the energy gap. The comparison of the open cir-
cles with the solid line, which is derived from the Marcus
theory with adjusted parameters, indicates that the electron
transfer takes place in the absence of the inverted region with
small rearrangement energy.

The above-stated results indicate that J-aggregated sen-
sitizing dye in photography is one of the devices with thin
organic layers, in which the charge separation is determined
by the behaviors of excitons and the electronic structures of
their interfaces with substrates. In the following part of this
paper, descriptions are made on the behaviors of excitons
in J-aggregated cyanine dyes on silver halide grains and the
electronic structures of the interfaces between organic layers
and substrates.

3. BEHAVIOR OF EXCITONS IN THIN LAYERS OF
J-AGGREGATED DYES IN PHOTOGRAPHY

Although quantum yields of dye sensitization by many sen-
sitizing dyes in photography are usually low owing to the
fact that excited electrons in the dye molecules are below the
bottom of the conduction band of silver halide, the quan-
tum yields of many sensitizing dyes can be improved to be
nearly unity by supersensitization as illustrated in Figure 5
[1, 5]. Namely, a supersensitizer molecule injects an electron
into a J-aggregate of sensitizing dyes in the excited state, and
thus enhances the charge separation (i.e., the electron trans-
fer from the excited J-aggregate to the conduction band of
silver halide). It is noted that the ratio of the amount of a
supersensitizer to that of a sensitizing dye for achieving ef-
fective supersensitization is usually very small owing to the
fact that only one supersensitizer molecule per a J-aggregate
composed of many sensitizing dye molecules is needed for
the supersensitization, since an exciton in a J-aggregate can
migrate and reach a supersensitizer molecule at the end of
a J-aggregate as illustrated in Figure 6. This is one of the
most important reasons for the fact that supersensitization
is particularly effective for sensitizing dyes in J-aggregated
state.
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Figure 3: Chemical structure of a typical sensitizing dye N3 used
for dye-sensitized solar cells.
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Figure 4: Quantum yield Φr of the electron transfer to silver bro-
mide grains in dye sensitization as a function of its energy gap be-
tween the LUMO level of a dye and the bottom of the conduction
band of silver bromide. The reduction potential of a dye (ER0 ) on the
abscissa is used to indicate the relative height of LUMO of the dye
on the basis of the linear relationship between them [2]. The solid
line is derived from the Marcus theory with rearrangement energy
of 0.05 eV.

Picosecond spectroscopy was used to measure the fluo-
rescence lifetime of sensitizing dyes on silver halide grains
for the evaluation of the rate constants of the electron trans-
fer and deactivation processes [5–9]. Figure 7 shows the re-
sult reported by some of the present authors [9]. As seen in
this figure, the electron transfer from excited dye molecules
in J-aggregated state to silver halide grains takes several tens
picoseconds, and becomes to be slower as the size of J-
aggregates increases. As illustrated in Figure 8, an exciton
migrates and is trapped by the molecule at the end of a J-
aggregate, which acts as a trap for an exciton and enhances its
charge separation to bring about the electron injection into a
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Figure 5: An illustration showing the mechanism of supersensitization for an inefficiently sensitizing dye (Dye) by a supersensitizer (SS) on
silver bromide, where Φr is the quantum yield of the electron transfer in dye sensitization, and Dye∗ and Dye� are the dye in the excited state
and the dye in one-electron-surplus state, respectively.
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Figure 6: An illustration showing the role of an exciton in super-
sensitization taking place in a J-aggregate.

silver halide grain, supporting the idea proposed by West and
Carroll 50 years ago [10, 11]. Since the concentration of the
molecules at the ends of J-aggregates decreases with increas-
ing the size of J-aggregates, the rate of the electron injection
decreases with increasing the size of J-aggregates.

The above-stated results characterize the behavior of ex-
citons in thin organic layers. Namely, the absorption of a
photon by an organic layer creates an exciton in it. The ex-
citon migrates within the layer and dissociates when it can
reaches a site, where the charge separation is possible. This
knowledge about exciton migration in thin organic layers is
supplied by the study on the exciton migration in thin layers
of J-aggregated sensitizing dyes on silver bromide grains by
Oh, Yoshihara et al. with femtosecond spectroscopy [12].

When randomly oriented J-aggregates are exposed to a
polarized light beam, each aggregate is excited with the prob-
ability, which depends on the angle between the electric field
vector of the light beam and the transition moment of the
aggregate. Then, a time-resolved measurement was made of
the components of the fluorescence intensity of the aggregate
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Figure 7: The rate constants of the electron transfer process (ks;©)
and competing deactivation processes (kL; �) in dye sensitization
of silver bromide grains by the dye in Figure 2. As indicated on the
abscissa, the quantum yield of dye sensitization (Φr) decreases with
increasing the size of the J-aggregates of the dye.

in Figure 2 with the transition moment parallel and perpen-
dicular to the electric field vector of the exciting light beam
(I‖ and I⊥, resp.). The polarization factor r(t), as defined
by [I‖(t) − I⊥(t)]/[I‖(t) + 2I⊥(t)], is 0.4 at t = 0, and de-
creases when excitons migrate among J-aggregates with dif-
ferent orientation. As shown in Figure 9, r(t) decayed with
two components, and the decay rate of fast component in-
creased with increasing the surface coverage of the grains by
the aggregates. Thus, the obtained result indicated that some
of excitons created in J-aggregates of the dye migrated, not
only within the aggregate, but also to other aggregates with
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Figure 8: An illustration showing the role of an exciton in its charge
separation (i.e., the electron transfer for dye sensitization) in a J-
aggregate with variation of size, where ks is the rate constant of the
electron transfer.
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Figure 9: The polarization function r(t) as derived from the time-
resolved fluorescence intensity of the dye in Figure 2, which formed
J-aggregates on silver bromide grains with variation of surface cov-
erage (θ).

different orientation within one picosecond. Taking into ac-
count the fact that it takes several tens picoseconds for an
exciton to dissociate to inject an electron into a silver halide
grain after it migrates among aggregates, it is considered
that an exciton could migrate to a long distance among J-
aggregates of sensitizing dyes on silver bromide grains.

4. ELECTRONIC STRUCTURE AND CHARGE
TRANSFER ACROSS INTERFACE BETWEEN
ORGANIC LAYER AND SUBSTRATE

The electronic structures of materials have been evaluated
by various methods including molecular orbital calcula-
tion, polarographic half-wave potential, phase-selective sec-
ond harmonic voltammetry, and ultraviolet photoelectron
spectroscopy (UPS) [13]. Among them, UPS is the only way
which gives the electronic energy levels in a material with re-
spect to its vacuum level. Seki, Tani, and collaborators use the
UPS apparatus, where a sample in a vacuum chamber emits
external photoelectrons to give a current in a circuit when
it is exposed to light. The measurement of the current as a
function of the retarding voltage makes it possible to eval-
uate the distribution of the kinetic energy (i.e., the energy
distribution curve) of the external photoelectrons [13].

The electronic structure of several merocyanine dyes on
a silver bromide layer has been studied [14]. In the first place,
the energy distribution curve of the silver substrate was mea-
sured using its Fermi level as the standard. Then, silver bro-
mide was evaporated on the substrate without breaking the
vacuum, and the energy distribution curve of silver bromide
was measured with respect to the Fermi level of the silver sub-
strate. Finally, a merocyanine dye was evaporated on the sil-
ver bromide layer without breaking the vacuum, and the en-
ergy distribution curve of the dye was measured with respect
to the Fermi level of the substrate.

Figure 10 shows the obtained electronic structure of the
interfaces between silver bromide and merocyanine dyes with
respect to the Fermi level of the silver substrate. Since it was
striking that the vacuum levels of all the dyes studied were
situated to be considerably below the vacuum level of silver
bromide, it was important to compare this result with the
photographic behaviors of the dyes studied. According to the
UPS measurements, Dyes A and B should be sensitizing dyes,
since their LUMO levels are above the bottom of the con-
duction band of silver bromide, and Dyes C and D should
be desensitizing dyes, since their LUMO levels are below the
bottom of the conduction band of silver bromide. In good
accord with this prediction, it was confirmed through pho-
tographic tests that Dyes A and B were good spectral sensi-
tizers, while Dyes C and D were desensitizers [1]. This result
directly proved the electron transfer mechanism of dye sen-
sitization [1, 15] for the first time, and also proved the result
that the vacuum level of a dye does not coincide with that of
its substrate, and that the vacuum levels of the dyes are situ-
ated to be below the vacuum level of the substrate (i.e., silver
bromide).

Seki and coworkers have considered that this result is im-
portant for the design of devices with organic layers, and ex-
tensively studied if this result is universally valid for the in-
terface between an organic layer and an electrode by study-
ing many organic compounds with widely varied ionization
energy, although they have not included dyes in monomeric
or J-aggregated state in their studies. It was found that the
vacuum level of an organic layer is lowered with respect to
that of an electrode for almost all the combinations between
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Figure 10: The electronic structure of the interfaces between me-
rocyanine dyes having different chain lengths and silver bromide as
determined by UPS measurement, where VL, EF , CB, and VB are
the vacuum level, Fermi level, conduction band, and valence band,
respectively, LUMO and HOMO are the lowest unoccupied and the
highest occupied molecular orbitals, respectively, and Δ is the dis-
placement of the vacuum level of a dye with respect of the vacuum
level of silver bromide.

organic layers and electrodes when they are in contact with
each other [16–19]. This result indicates that the contact be-
tween an electrode and an organic layer forms the electric
double layer at the interface, which lowers the electronic en-
ergy levels in an organic layer with respect to those in an elec-
trode.

Several origins, which should cause the formation of such
an electric double layer at the interface, have been discussed
[16–19]. Among them, one of the most probable origins
might be the pushback effect. Usually, the spillover of elec-
trons out of the surface of a metal forms an electric dou-
ble layer having negative and positive charges at the outside
and inside of the surface. Then, the contact of an organic
layer with a metal electrode depresses the spillover of elec-
trons, substantially bringing about the formation of the elec-
tric double layer with a dipole, which lowers the electronic

energy levels in an organic layer with respect to those in an
electrode.

The result is of basic importance in the development
of various devices with organic layers which should have
high carrier mobility, large area, and low cost. The amor-
phous organic semiconductors hitherto known afford lay-
ers having large area and low cost but only low carrier
mobility, since it is difficult for carriers to move smoothly
among randomly oriented molecules in amorphous mate-
rials. On the other hand, crystalline organic semiconduc-
tors afford layers having high carrier mobility but small
area and high cost. In order to fulfill all three require-
ments, Hanna and Funahashi have developed liquid crys-
talline organic semiconductors [20–23]. For this study, 2-(4′-
octylphenyl)-6-dodecyloxynaphthalene (8-PNP-O12) have
been used, which forms a smectic liquid crystal with high
carrier mobility. This compound is especially suitable for
studying the temperature-dependent current-voltage charac-
teristics of the interface between an electrode and an organic
layer, since the mobility of positive holes is as high as 2×10−4

and 1.5 × 10−3 cm2/Vs in its smectic A and B phases and
nearly independent of temperature and electric field.

The current in a semiconductor under the electric field
as applied by an electrode usually exhibits several com-
ponents including ohmic, injection-limited, and diffusion-
limited ones with increasing the applied voltage [24–26].
There are two models for the injection of carriers from an
electrode to a semiconductor, that is, the Schottky injection
with thermal activation of carriers and the tunnel injection.
It is therefore expected that the temperature dependence
of the injection-limited current according to the Schottky
model gives the barrier height for the charge injection.

Investigations of the interfaces of electrodes of platinum,
gold, and ITO with 8-PNP-O12 layers in liquid crystalline
state confirmed that the observed currents at a certain elec-
tric field region were due to the injection of positive holes
from the former to the latter according to the Schottky model
[27]. The plots of the currents due to the Schottky injection
exhibited straight lines. Slopes of which gave height of the
energy barriers for the injection of positive holes from elec-
trodes to 8-PNP-O12. According to the Schottky model, the
barrier height decreased linearly with the square root of the
electric field. Thus, the extrapolation of the straight line to
the ordinate gives the barrier height for the positive hole in-
jection, that is, the energy gap between the Fermi level of an
electrode and the HOMO level of the compound in the ab-
sence of the applied electric field.

The observed barrier heights were much larger than the
corresponding energy gaps, indicating the formation of the
electric double layer at the interface between 8-PNP-O12 and
electrodes [28]. This result provides direct evidence that the
vacuum level of an organic layer is lowered with respect to
that of an electrode when they are in contact with each other.
This result also indicates that the electric double layer formed
at the interface makes it difficult to inject positive holes from
an electrode into an organic layer as illustrated in Figure 11.

They have tried to enhance the positive hole injection by
diminishing the electric double layer with the adsorption of a
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Figure 11: Electronic structure of the interface between a platinum electrode and 8-PNP-O12 layer before and after they come in contact
with each other in the absence of applied voltage ((a) and (b), resp.) and in the presence of applied voltage (c), where VL is the vacuum level.

compound having an electric dipole with opposite direction
such as a nitrothiophenol and observed that the adsorption
of a thiophenol to Au electrode could increase the current
due to the injection of positive holes into the electrode [29].
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