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(54) PHOTOELECTRIC CONVERSION ELEMENT

(57) A photoelectric conversion element and photo-
electric conversion apparatus, which are upgraded more
in both of the current intensity and response speed than
those of the conventional predecessors, are provided.

A photoelectric conversion element 10 includes : a
pair of electrodes including a first electrode 11 and a sec-
ond electrode 15; a first insulator 12 having a first capac-
itance "C1," and disposed to make contact with the first
electrode 11; a second insulator 14 having a second ca-
pacitance "C2," which is smaller than the first capacitance
"C1" of the first insulator 12, and disposed to make con-
tact with the second electrode 15; and an organic semi-
conductor 13 receiving a light to generate an electromo-
tive force, and interposed between the first insulator 12
the second insulator 14 to make contact with them. The
first insulator 12 having the larger capacitance "C1" en-
larges a polarization current by inducing the intermediate
layer of the organic semiconductor 13 to polarize. The
second insulator 14 having the smaller capacitance "C2"
enhances the photoelectric conversion element 10 in the
response characteristics. Hence, the photoelectric con-
version element 10 is upgraded more in both of the cur-
rent intensity and response speed than those of the con-
ventional predecessors.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a photoelectric
conversion element converting light energy into electric
energy.

BACKGROUND ART

[0002] For example, Patent Literature No. 1 discloses
an example of the conventional technologies for the pur-
pose of providing a photoelectric conversion element with
satisfactory photoelectric conversion efficiency and good
optical response characteristics. The photoelectric con-
version element comprises a photoelectric conversion
layer including a charge-separated layer and a polarized
layer. The charge-separated layer contains a semicon-
ductor material in which the electron mobility and hole
mobility differ on another, and a dopant having electron
conductivity. The polarized layer is formed of an ionic
liquid whose major components include a combination
of a positive ion and negative ion.

Related Technical Literature

Patent Literature

[0003] Patent Literature No. 1: Japanese Unexamined
Patent Publication (KOKAI) Gazette No. 2013-218924

Non-patent Literature

[0004]

Non-patent Literature No. 1: Ji Yu, Chong-XinShan,
Qian Qiao, Xiu-Hua Xie, Shuang-Peng Wang, Zhen-
Zhong Zhang and De-Zhen Shen, Enhanced Re-
sponsivity of Photodetectors Realized via Impact
Ionization, Sensors, 12, 1280-1287 (2012)
Non-patent Literature No. 2: Ghusoon M Ali and P
Chakrabarti, ZnO-based interdigitated MSM and MI-
SIM ultraviolet photodetectors, JOURNAL OF
PHYSICS (2010)
Non-patent Literature No. 3: W J Wang, C X Shan,
H Zhu, F Y Ma, D Z Shen, X W Fan and K L Choy,
Metal-insulator-semiconductor-insulator-metal
structured titanium dioxide ultraviolet photodetector,
JOURNAL OF PHYSICS (2009)

SUMMARY OF THE INVENTION

Assignment to be Solved by the Invention

[0005] However, conventional photoelectric conver-
sion elements, to which the technologies disclosed in
Patent Literature No. 1 and Non-patent Literature Nos.
1 through 3 are applied, have been associated with the

following problems. First, the capacitance of the polar-
ized layer can be enlarged in order to make a current
flowing within a system, but the enlarging time constant
makes it difficult to carry out a high-speed response. Sec-
ond, the capacitance of the polarized layer can be made
smaller in order to deal with a fast response, but a current
flowing within a system becomes smaller as the capac-
itance becomes smaller. That is, a current intensity and
a response speed have been in a contradicting relation-
ship.
[0006] The present invention has been made in view
of the issues as described above. It is therefore an object
of the present invention to provide a photoelectric con-
version element which is upgraded more in both of the
current intensity and response speed than those of its
conventional predecessors.

Means for Solving the Assignment

[0007] A first subject matter according to the present
invention, which is made in order to solve the aforemen-
tioned problems, comprises:

a pair of electrodes including a first electrode and a
second electrode;
a first insulator having a first capacitance, and dis-
posed to make contact with the first electrode;
a second insulator having a second capacitance,
which is smaller than the first capacitance of the first
insulator, and disposed to make contact with the sec-
ond electrode; and
an organic semiconductor receiving a light to gener-
ate an electromotive force, and interposed between
the first insulator and the second insulator to make
contact therewith.

[0008] The first subject matter constructed as de-
scribed above comprises the first insulator having a larg-
er capacitance (i.e., the first capacitance). Accordingly,
due to a photoexcited charge separation and polarization
in the intermediate layer of the organic semiconductor,
the first insulator is also polarized greatly. The polarized
first insulator makes a large electric field in the organic-
semiconductor intermediate layer. Consequently, the
charge separation is further facilitated in the organic-
semiconductor intermediate layer. The synergic effect of
these makes a polarization current larger within an entire
circuit. Moreover, the second insulator having a smaller
capacitance (i.e., the second capacitance) quickens the
first subject matter in the response speed. Therefore, the
first subject matter upgrades a photoelectric conversion
element more in both of the current intensity and re-
sponse speed than those of its conventional predeces-
sors.
[0009] A second subject matter according to the
present invention features that the first insulator includes
an ionic liquid whose major components are a positive
ion and a negative ion, or a solid insulator shaped by a
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predetermined insulating material.
[0010] The second subject matter constructed as de-
scribed above makes a large current flow in a photoelec-
tric conversion element because the first insulator has a
larger capacitance than does the second insulator wheth-
er the first insulator includes either an ionic liquid or a
solid insulator. Therefore, the second subject matter se-
curely upgrades a photoelectric conversion element
more in the current intensity than that of its conventional
predecessors.
[0011] A third subject matter according to the present
invention features that the organic semiconductor in-
cludes a fine-particle-shaped electric conductor inter-
mixed in a predetermined proportion.
[0012] The third subject matter constructed as de-
scribed above makes the organic semiconductor, in
which a fine-particle-shaped conductor is intermixed, ex-
hibit a decreased electric resistance and enhanced re-
sponse characteristics. Therefore, the third subject mat-
ter further upgrades the responsive speed of a photoe-
lectric conversion element.
[0013] A fourth subject matter according to the present
invention features that the light is at least one member
selected from the group consisting of pulsed lights,
chopped lights and modulated lights.
[0014] The fourth subject matter constructed as de-
scribed above makes a photoelectric conversion element
exhibit a strengthened current intensity and quickened
responsive speed even to lights whose light intensity is
modulated.
[0015] Note herein that the "current" flowing in a con-
ductive wire connecting between the first electrode and
the second electrode is mainly a transient current. The
"organic semiconductor" is a semiconductor formed of
an organic material which receives a light to be able to
separate a charge (also referred to as "carriers"). An ar-
bitrary or discretionary material is applicable to the or-
ganic material. The organic semiconductor is construct-
ed satisfactorily to directly receive a light. Alternatively,
when the electrodes or insulators are formed of a trans-
parent material, the organic semiconductor is construct-
ed properly to indirectly receive a light. On the other hand,
when the electrodes or insulators are formed of an
opaque material, they are formed satisfactorily in a thick-
ness through which a light is reachable to the organic
semiconductor; namely, they are formed properly of a
thin film. Both of the "first insulator" and "second insula-
tor" comprise an arbitrary or discretionary substance as
far as the dielectric property is superior to the electric
conductive property in the substance. The "first insulator"
even comprises satisfactorily an ionic liquid which in-
cludes a positive ion and negative ion as the major com-
ponents. Both of the paired electrodes, namely, both of
the first and second electrodes, are used so as to change
the polarities one another like electrodes in an alternat-
ing-current source. The term, "contact," involves joining,
and implies forms in which polarization is conveyed from
one member to another member via the contact face be-

tween them. The "ionic liquid" comprises satisfactorily
either a liquid or a gel in so far as the liquid or gel includes
a positive ion and negative ion as the major components.
The term, "current intensity, " is also referred to as a cur-
rent magnitude. The phrase, "being intermingled or in-
termixed," involves "doping."

BRIEF DESCRIPTION OF THE DRAWINGS

[0016]

Fig. 1 is a cross-sectional view schematically illus-
trating First Embodiment of a photoelectric conver-
sion element according to the present invention;
Fig. 2 is a schematic diagram illustrating an operating
principle of the photoelectric conversion element;
Fig. 3 is a circuit diagram for measuring character-
istics of First Embodiment;
Fig. 4 is a graphic diagram showing the characteris-
tics of First Embodiment;
Fig. 5 is a cross-sectional view schematically illus-
trating Second Embodiment of a photoelectric con-
version element according to the present invention;
Fig. 6 is a graphic diagram showing characteristics
of Second Embodiment; and
Fig. 7 is a cross-sectional view schematically illus-
trating Third Embodiment of a photoelectric conver-
sion element according to the present invention.

MODE FOR CARRYING OUT THE INVENTION

[0017] Forms for executing or implementing the
present invention will be hereinafter described based on
the drawings . Note that, unless otherwise specified ex-
plicitly, the word, "connect," means to electrically connect
members with each other when it is used. The respective
drawings illustrate elements needed for describing the
present invention, but do not necessarily illustrate all of
the actual elements. When referring to directions, such
as up, down, right and left, they are based on notes or
designations implied or illustrate in the drawings.

(First Embodiment)

[0018] First Embodiment will be hereinafter described
with reference to Figs. 1 through 4. A photoelectric con-
version element 10A is one of the examples or variations
of a photoelectric conversion element 10. The photoe-
lectric conversion element 10A comprises a first elec-
trode 11, a first insulator 12, an organic semiconductor
13A, a second insulator 14, and a second electrode 15.
[0019] The first electrode 11 and second electrode 15
correspond to the claimed "a pair of electrodes." It is not
necessarily needed to use a transparent electrode, which
exhibits optical transparency, for the first electrode 11
and second electrode 15 as far as they have an elemental
structure capable of optically exciting the organic semi-
conductor 13A directly. However, when exciting the or-
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ganic semiconductor 13A by way of one of the electrodes,
the electrode is required to exhibit transparency. The fol-
lowing are exemplary materials for transparent electri-
cally conducting member: tin oxide with antimony or flu-
orine doped, such as ATO or FTO; and electrically con-
ducting metallic oxides, such as tin oxide, zinc oxide,
indium oxide, indium tin oxide (or ITO) and indium zinc
oxide (or IZO). The first electrode 11 and second elec-
trode 15 can even be a thin film made of metal, such as
gold, silver, chromium or nickel. The first electrode 11
and second electrode 15 may also be made of a thin film
including a mixture of an electric conducting metallic ox-
ide and metal, or a laminated member including thin films
made of an electric conducting metallic oxide and metal.
The first electrode 11 and second electrode 15 can even
be made of an inorganic electrically conducting sub-
stance, such as copper iodide or copper sulfide. The first
electrode 11 and second electrode 15 may also be made
of an organic electrically conducting substance, such as
carbon nanotube, polypyrrole, polyaniline, polythi-
ophene, polypyrrole, or polyethylenedioxythiophene.
The first electrode 11 and second electrode 15 can even
be a laminated substance which is formed by laminating
indium tin oxide (or ITO) and at least one member se-
lected from the group consisting of the metals, the inor-
ganic electrically conducting substances and the organic
electrically conducting substances. From the viewpoints,
such as high electrically conducting property and trans-
parency, the first electrode 11 and second electrode 15
are desirably made of a transparent and electrically con-
ducting metallic oxide.
[0020] The first electrode 11 and second electrode 15
can also be made of a material which hardly makes their
work functions different from one another, or can even
be made of distinct materials to one another so as to
make the work functions different. As set forth in Diction-
ary of Physics and Chemistry (5th Edition, Published by
IWANAMI SHOTEN in 1998), the term, "work function,"
means a minimum energy required for taking out an elec-
tron from the surface of substance (such as the crystal
of metal or semiconductor) to the outside. In order to
generate a current quickly and greatly, the first electrode
11 and second electrode 15 are made to exhibit work
functions between which the difference falls in a prede-
termined range. For example, the difference between the
work functions is set up desirably to fall in a range of from
1 eV to 3 eV. The first electrode 11 and second electrode
12 whose work functions are made different from one
another augment or build up the charge separation within
the organic semiconductor 13A. The first insulator 12,
and the second insulator 14 as well help a charge sep-
arate, and then covey the polarization, which has oc-
curred within the organic semiconductor 13A, to the first
electrode 11 and second electrode 15. Accordingly, a
transitional potential difference arises between the first
electrode 11 and the second electrode 15. Consequently,
the response characteristics of a photoelectric conver-
sion element, for instance, a time required for the organic

semiconductor 13A to output a transient current after re-
ceiving a light, are enhanced more than that of its pred-
ecessors. The result is a higher light/current conversion
efficiency, and a shorter light/current conversion time.
[0021] The first insulator 12 and second insulator 14
have a function of electrically storing positive holes (or
simply referred to as "holes") and electrons which have
been separated in the organic semiconductor 13A. The
first insulator 12 is disposed to make contact with the first
electrode 11, and has a first capacitance "C1." The sec-
ond insulator 14 is disposed to make contact with the
second electrode 15, and has a second capacitance
"C2." The first insulator 12 and second insulator 14 are
formed so that the first capacitance "C1" is larger than
the second capacitance "C2" (namely, so that they satisfy
"C1" > "C2"). Note however that both of the first insulator
12 and second insulator 14 are formed satisfactorily of
an arbitrary or discretional material, which has both in-
sulation and electric storage properties combinedly, such
as a solid insulator or ionic liquid, for instance.
[0022] To the solid insulator, a fluorine-based plastic
(or fluororesin) is applicable. Exemplary materials of the
fluorine-based plastic are as follows: polyvinylidene dif-
luoride (or PVDF); polyvinyl fluoride (or PVF); poly-
tetrafluoroethyelene (or PTFE); tetrafluoroethylene-eth-
ylene copolymers (or ETFE); tetrafluoroethyelene-hex-
afluoropropylene copolymers (or FEP); tetrafluoroethye-
lene-perfluoroalkyl-vinylether copolymers (or PFA); poly-
chloro-trifluoroethylene (or PCTFE); and chlorotrifluor-
oethylene-ethyelene copolymers (or ECTFE).
[0023] Instead of the above-described solid insulator,
an ionic liquid including a positive ion and negative ion
as the major components can also be applied to the first
insulator 12. In general, an ionic liquid exerts extremely
low vapor pressures, and exhibits inflammability or non-
combustibility. Since the ionic liquid is sometimes re-
ferred to as an "ordinary-temperature molten salt," many
ionic liquids have a melting point which is present at
around room temperature. The ionic liquid according to
some of the present embodiments is preferably a liquid
in the service temperature range.
[0024] The positive ion is not at all limited especially.
The following are given however as some of the exam-
ples applicable to the positive ion: a cation of nitrogen-
containing compound; a quaternary phosphonium cati-
on; or a sulfonium cation. For example, the following are
applicable to the cation of nitrogen-containing com-
pound: a heterocyclic aromatic cation, such as an imida-
zolium cation or pyridinium cation; a heterocyclic aliphatic
cation, such as a piperidinium cation, pyrrolidinium cati-
on, pyrazolium cation, thiazolium cation or morpholinium
cation; a quaternary ammonium cation; or a cation with
a form to which an aromatic amine, aliphatic amine or
alicyclic amine is added.
[0025] The negative ion is not at all limited especially.
The following are given however as some of the exam-
ples applicable to the negative ion: a halide anion, such
as Cl-, Br- or I-; a boride anion, such as BF4

-, B(CN)4- or
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B(C2O4)2
-; an amide anion or imide anion, such as

(CN)2N-, [N(SO2F)2]-, [N(SO2CF3)2]- or [N(SO2C2F5)2]-

; a sulfate anion or sulfonate anion, such as RSO3
-

(where "R" expresses an aliphatic hydrocarbon group or
aromatic hydrocarbon group, and will signify the same
hereinafter), RSO4

-, RfSO3
- (where "Rf" expresses a flu-

orine-containing halogenated hydrocarbon group, and
will signify the same hereinafter) or RfSO4

-; a phosphate
anion, such as Rf2P(O)O-, PF6

- or Rf3P3
-; an antimony

anion, such as SbF6
-. In addition to the above, other var-

ious negative ions, such as lactate, a nitrate ion or trif-
luoroacetate, are also applicable to the negative ion.
[0026] The ionic liquid also comprises satisfactorily a
combination of a cation and anion, each of which is one
member selected from the group consisting of the above-
described cations and anions. Moreover, the ionic liquid
even comprises properly a cation and anion, one of which
or both of which are two or more members selected from
the group consisting of the above-described cations, and
which coexist mixedly therein.
[0027] The organic semiconductor 13A is an example
of the organic semiconductor 13. The organic semicon-
ductor 13A is interposed between the first insulator 12
and the second insulator 14 to make contact with them,
and has a function of receiving a light, which a light source
sheds or casts, to generate an electromotive force by
separating a charge. As far as the organic semiconductor
13A has the function, it comprises satisfactorily an n-type
organic semiconductor, a p-type organic semiconductor,
or an amphoteric semiconductor, or comprises properly
a multi-laminated film or mixture of the semiconductors.
The light source is an arbitrary or discretionary constitu-
ent which satisfactorily sheds or casts a light, like sun-
light, including light components with multiple wave-
lengths, or which properly sheds or casts a light, like a
laser light or LED light, including a light component with
a single wave length. However, the light is needed to
exhibit a modulated light or optical intensity. For example,
the following are applicable to a light which the light
source sheds or casts: pulsed lights, chopped lights, and
modulated lights or radiations which are used for light or
optical signal.
[0028] The n-type organic conductor is an acceptor or-
ganic semiconductor, and is an organic compound that
is represented mainly by electron transporting organic
compounds, and which is provided with such a property
that it is likely to accept electrons. To be concrete, it is
one of the two organic compounds that make contact
with one another to be used, and one of which exhibits
a larger electron affinity than that of the other.
[0029] To the acceptor organic semiconductor, an ar-
bitrary or discretionary organic compound is applied sat-
isfactorily as far as it is an organic compound having an
electron-accepting property. Some of the applicable ex-
amples are as follows: fullerenes selected from the
group0 consisting of fullerene and fullerene derivatives;
heterocyclic compounds containing nitrogen atom, oxy-
gen atom or sulfur atom; polyarylene compounds; flu-

orene compounds; cyclopentadiene compounds; and si-
lyl compounds. The acceptor organic semiconductor
even comprises satisfactorily a metallic complex includ-
ing a nitrogen-containing heterocyclic compound as one
of the ligands.
[0030] The following are some of the examples appli-
cable to the above-described heterocyclic compounds:
pyridine, pyrazine, pyrimidine, pyridazine, triazine, quin-
oline, quinoxaline, quinazoline, phthalazine, cinnoline,
isoquinoline, pteridine, acridine, phenazine, phenanthro-
line, tetrazole, pyrazole, imidazole, thiazole, oxazole, in-
dazole, benzimidazole, benzotriazole, benzoxazole,
benzothiazole, carbazole, purine, triazolopyridazine, tri-
azolopyrimidine, tetrazaindene, oxadiazole, imidazopy-
ridine, pyrrolidine, pyrrolopyridine, thiadiazolopyridine,
dibenzazepine, and tribenzazepine.
[0031] The p-type organic semiconductor is a donor
organic semiconductor, and is an organic compound that
is represented mainly by hole transporting organic com-
pounds, and which is provided with such a property that
it is likely to donate electrons. To be concrete, it is one
of the two organic compounds that make contact with
one another to be used, and one of which exhibits a small-
er ionization potential than that of the other.
[0032] To the donor organic semiconductor, an arbi-
trary or discretionary organic compound is applied satis-
factorily as far as it is an organic compound having an
electron donating property. Some of the applicable ex-
amples are as follows: triaryl amine compounds; benzi-
dine compounds; pyrazoline compounds; styryl amine
compounds; hydrazone compounds; triphenylmethane
compounds; carbazole compounds; polysilane com-
pounds; thiophene compounds; phthalocyanine com-
pounds; subphthalocyanine compounds; quinacridone
compounds; porphyrin compounds; cyanine com-
pounds; merocyanine compounds; oxonol compounds;
polyamine compounds; indole compounds; pyrrole com-
pounds; diketo-pyrrolo-pyrrole compounds; pyrazole
compounds; polyarylene compounds; condensed aro-
matic cyclic hydrocarbon compounds; homopolymers,
such as polythiophene, polyfluorene and polypyrole; and
donor/accepter-type copolymers. The donor organic
semiconductor even comprises satisfactorily a metallic
complex including a nitrogen-containing heterocyclic
compound as one of the ligands.
[0033] The following are some of the examples appli-
cable to the above-described condensed aromatic cyclic
hydrocarbon compounds: naphthalene derivatives, an-
thracene derivatives, phenanthrene derivatives, tet-
racene derivatives, pyrene derivatives, perylene deriva-
tives, and fluoranthene derivatives.
[0034] The amphoteric organic semiconductor is also
called as a bipolar organic semiconductor, and shows
the characteristics of both n-type organic semiconductor
and p-type organic semiconductor. For example, bis(4-
dimethylaminodithiobenzil) nickel (II), or 1,3,6,8-tetra-
phenylpyrene, and the like, is applicable to the ampho-
teric organic semiconductor.
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[0035] The first insulator 12, which is interposed be-
tween the first electrode 11 and the organic semiconduc-
tor 13A, and the second insulator 14, which is interposed
between the organic semiconductor 13A and the second
electrode 15, keep a dark current from generating as less
as possible, even if a pin hole should have occurred dur-
ing a manufacturing process of the photoelectric conver-
sion element 10A. It is because the first insulator 12 and
second insulator 14 inhibit both of the positive holes and
electrons from moving, even if a charge, which is sepa-
rated at the organic semiconductor 13A, tries to move
toward one of the first electrode 11 and second electrode
14.
[0036] The photoelectric conversion element 10A is
manufactured arbitrarily or discretionarily. For example,
the photoelectric conversion element 10A, which has a
structure illustrated in Fig. 1, is satisfactorily fabricated
in turn from the left side, namely, from the first electrode
11, to the right side; or is satisfactorily fabricated in turn
from the right side, namely, from the second electrode
15, to the left side. These fabrication methods mentioned
herein do not damage the organic semiconductor 13A at
all, because they are free of a step of vapor depositing
the organic semiconductor 13A onto the first electrode
11 or second electrode 15.
[0037] The principle how the photoelectric conversion
element 10A constructed as described above operates
will be hereinafter described with reference to Fig. 2. As
illustrated in Fig. 2, the first insulator 12 has a thickness
"T1" for securing the first capacitance "C1." The organic
semiconductor 13A has a thickness "T2." The second
insulator 14 has a thickness "T3" for securing the second
capacitance "C2."
[0038] The first capacitance "C1," and the second ca-
pacitance "C2" are made to satisfy an inequality, namely,
"C1" > "C2." The second insulator 14 has the second
capacitance "C2," namely, a smaller capacitance, to
bring about a high-speed response. Accordingly, the sec-
ond insulator 14 desirably has the thickness "T3" that is
made thick adequately in order to give the second insu-
lator 14 an insulating property sufficiently. For example,
the thickness "T3" falls desirably in a range of from 50
nm to 1,000 nm. Moreover, the first insulator 12 has the
first capacitance "C1," namely, a larger capacitance, to
bring about a large current. Accordingly, the first insulator
12 desirably has the thickness "T1" that is made thin ad-
equately in order to make the first capacitance "C1" larger
when the first insulator 12 is made up of a solid dielectric
substance or ferroelectric substance. For example, the
thickness "T1" falls desirably in a range of from 10 nm to
200 nm. Note that, when the first insulator 12 is made of
an electrolyte like an ionic liquid, the thickness "T1" falls
satisfactorily in a range of from 10 nm to 1 mm, because
the formation of solid-liquid interface electric double layer
does not depend on the thickness "T1" at all.
[0039] The light is shed or cast satisfactorily onto the
organic semiconductor 13A from any of directions as far
as the irradiated organic semiconductor 13A is excited.

The shedding or casting directions shown by the graphic
arrows in Figs. 2 and 3 are just one of the examples. The
light according to the present embodiment mode is arbi-
trary or discretionary as far as being one of lights used
for optical communication. For example, infrared or vis-
ible rays are applicable to the light. The light has an ar-
bitrary or discretional wavelength falling in a range of 10
GHz or less .
[0040] The organic semiconductor13A, which receives
the light, undergoes an energy excited state so that the
charge is separated therein, as illustrated in Fig. 2. That
is, the charge is separated into the positive holes illus-
trated with δ+ and electrons illustrated with δ- so that a
polarization arises in the organic semiconductor 13A.
The resulting polarization then polarizes the first insulator
12 and second insulator 14. The polarizations occurred
in the first insulator 12 and second insulator 14 are trans-
mitted to an external circuit (i.e., to the conducting wiring
"W" illustrated in Fig. 2) to yield a polarization current.
When the shedding or casting of the light is turned off,
the polarizations are canceled so that another current
flows in the external circuit in another direction which is
opposite to that of the polarization current flowing when
the light is being shed or cast.
[0041] When the light illuminates the second electrode
15, the first insulator 12 and second insulator 14 electri-
cally store electrons which are separated at the organic
semiconductor 13A. When the light does not illuminate
the second electrode 15, the first insulator 12 and second
insulator 14 electrically discharge the stored electrons.
The first insulator 12 having the larger capacitance facil-
itates the charge separation within the organic semicon-
ductor 13A to securely enlarge the current intensity of a
transient current flowing in the conducting wiring "W." On
the other hand, the second insulator 14 having the small-
er capacitance makes the response speed of a current
flowing in the conducting wiring "W" greater securely.
Hence, the photoelectric conversion element 10A makes
the current intensity and response speed compatible with
one another.
[0042] Next, operations of the photoelectric conversion
element 10A, which is repetitively illuminated by the light
and then is not illuminated by it, will be hereinafter de-
scribed with reference to Figs. 3 and 4. As illustrated in
Fig. 3, a gauging circuit comprises an ammeter 20 inter-
posed between the first electrode 11 and the second elec-
trode 15 for the purpose of measuring characteristics of
the photoelectric conversion element 10A. The ammeter
20 includes a conducting wiring "W" connecting between
the first electrode 11 and the second electrode 15, and
gauges a current "I" flowing in the conducting wiring "W."
[0043] The photoelectric conversion element 10A,
which served as one of the constituents of the gauging
circuit illustrated in Fig. 3, was constructed was described
below. The second electrode 15 was made using indium
tin oxide (or ITO) glass. The second insulator 14 was
made using a polymethylmethacrylate (or PMMA) resin,
and had a thickness of 200 nm. The organic semicon-
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ductor 13A was made using Sn(II) naphthalocyanine, and
had a thickness of 70 nm. The first insulator 12 was made
of a solid insulator, was made using polyvinylidene dif-
luoride (or PVDF), and had a thickness of 400 nm. Alter-
natively, the first insulator 12 was made of an ionic liquid,
was made using TMPA-TFSI, and had a thickness of 100
mm. The terms, "TMPA," is an abbreviation of trimethyl-
ammonium, and the term, "TFSI," is an abbreviation of
trifluoromethanesulfonimide whose chemical formula is
[N(SO2CF3)2]-. The first electrode 11 was made using
silver. The photoelectric conversion element 10A was
illuminated by a light from the side of the second electrode
15. Accordingly, the second electrode 15 made a cath-
ode.
[0044] In Fig. 4, the upper half shows a temporal
change of the shed or cast light, and the lower half shows
temporal changes of the current "I" flowing in the con-
ductive wiring "W." At the upper half, the designation
"ON" signifies that the light is shed or cast, and the des-
ignation "OFF" signifies that the light is not shed or cast.
That is, the photoelectric conversion element 10A was
illuminated by the light from a time "t10" to a time "t11,"
from a time "t12" to a time "t13," from a time "t14" to a
time "t15," and from a time "t16" to a time "t17," respec-
tively. A cycle "Cy1" signifies a repetitive interval that took
for shedding or casting the light and not shedding or cast-
ing it. In the present embodiment, 500 nanoseconds (i.e.,
2 MHz expressed in the frequency) are applied to the
cycle "Cy1" as an example .
[0045] At the lower half in Fig. 4, a dashed-line char-
acteristic curve "L1" shows characteristics of the photo-
electric conversion element 10A in which the ionic liquid
was applied to the first insulator 12. Moreover, a bold-
continuous-line characteristic curve "L2" shows charac-
teristics of a comparative example to which a photoelec-
tric conversion element disclosed in Patent Literature No.
1, for instance, was applied. In addition, a thin-continu-
ous-line characteristic curve "L3" shows characteristics
of another comparative example in which a solid insulator
was applied to the photoelectric conversion element dis-
closed in Patent Literature No. 1.
[0046] The characteristic curves "L1" and "L2" are
identical with one another in that the current "I" flowed in
a certain direction (e.g., in the direction of the current "I"
shown in Fig. 3) within the cycle "Cy1" when the photo-
electric conversion elements were illuminated by the
light, and in that the current "I" flowed in the opposite
direction (e.g., in the opposite direction to that of the cur-
rent "I" shown in Fig. 3) when they were not illuminated
by the light. Under the circumstances, the electric storage
and discharge of the electrons occurred repeatedly for
every half cycle of the cycle "Cy1." Note that the charac-
teristic curve "L1" rose up more sharply than the charac-
teristic curve "L2" did. That is, the photoelectric conver-
sion element 10A according to the present embodiment
exhibited a faster response speed to the illumination and
non-illumination by the light than did the comparative ex-
ample, one of the conventional predecessors.

[0047] Moreover, the characteristic curves "L1" and
"L3" indicate that the current intensity was saturated with-
in the half cycle because the current increased fast as
shown in Fig. 3. As illustrated in the drawing, the char-
acteristic curve "L1" exhibited a maximum current that
was |I13| in absolute value, and the characteristic curve
"L3" exhibited a maximum current that was |I11| in abso-
lute value . Since the two absolute values apparently sat-
isfied an inequality, |I13| > |I11|, the photoelectric con-
version element 10A according to the present embodi-
ment securely exhibited a current intensity that was equal
to or more than that of the other comparative example,
another one of the conventional predecessors.
[0048] Note that Fig. 4 illustrates the characteristics of
the photoelectric conversion element 10A which was il-
luminated by the light and then was not illuminated by it
at a frequency of 2 MHz. Although the drawing does not
illustrate the following at all, the same characteristics as
those illustrated in the drawing were also obtained by the
photoelectric conversion element 10A which was illumi-
nated by the light and was then not illuminated by it at a
frequency up to 10 GHz.

(Second Embodiment)

[0049] A photoelectric conversion element 10B ac-
cording to Second Embodiment of the present invention
will be hereinafter described with reference to Figs. 5 and
6. Note that, in order to concisely illustrate and describe
Second Embodiment, descriptions on the same constit-
uents as those employed in First Embodiment will be
omitted by designating them with identical reference nu-
merals or symbols unless specified otherwise explicitly.
Hence, descriptions on Second Embodiment will be here-
inafter provided mainly regarding only the features that
are distinct from those of First Embodiment.
[0050] The photoelectric conversion element 10B illus-
trated in Fig. 5 is one of the examples of the photoelectric
conversion element 10. The photoelectric conversion el-
ement 10B comprises the first electrode 11, the first in-
sulator 12, an organic semiconductor 13B, the second
insulator 14, and the second electrode 15. The photoe-
lectric conversion element 10B differs from the photoe-
lectric conversion element 10A in that the organic sem-
iconductor 13B is used instead of the organic semicon-
ductor 13A.
[0051] The organic semiconductor 13B is one of the
examples of the organic semiconductor 13. The organic
semiconductor 13B is interposed between the first insu-
lator 12 and the second insulator 14 to make contact with
them, and has a function of receiving a light, which an
external light source sheds or casts, to separate a charge
in the manner as the organic semiconductor 13A. The
organic semiconductor 13B differs from the organic sem-
iconductor 13A in that it includes a fine-particle-shaped
electric conductor intermingled or intermixed therein in a
predetermined proportion.
[0052] To the fine-particle-shaped electric conductor,
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any of the following is applied, for instance: metals, elec-
trically-conductive resins (or referred to as "electrically-
conductive plastics" as well), and nanometer-size con-
ducting substances. The metals involve copper, silver,
and aluminum. The electrically-conductive resins involve
polyacethylene, polypyrrole, polythiophene, and poly-
aniline. The nanometer-size conducting substances in-
volve nanotube, graphene, and nanocarbon. The prede-
termined proportion is set up preferably in such a range
as the electric conductor does not at all hinder the pho-
toexcitation of the organic semiconductor 13B while de-
creasing the electric resistance of the organic semicon-
ductor 13B to enhance the response characteristics; and
moreover as the electric conductor does not at all shield
the organic semiconductor 13B electromagnetically. For
example, an applicable predetermined proportion is to
intermingle or intermix the electric conductor in the or-
ganic semiconductor 13B in a proportion of 50% by vol-
ume or less.
[0053] Next, how the photoelectric conversion element
10B, which is illuminated by the light and then is not illu-
minated by it repetitively, operates will be hereinafter de-
scribed with reference to Fig. 6. Note that a gauging cir-
cuit according to Second Embodiment is constructed in
the same manner as that of the gauging circuit illustrated
in Fig. 3. That is, the gauging circuit comprises the con-
ducting wiring "W" connecting between the first electrode
11 and the second electrode 15, and the ammeter 20
interposed between the first electrode 11 and the second
electrode 15 to gauge the current "I" resulting from the
organic semiconductor 13B to flow in the conducting wir-
ing "W."
[0054] As illustrated in Fig. 5, the photoelectric conver-
sion element 10B, which was used in the gauging circuit,
was constructed as described below. The second elec-
trode 15 was made using indium tin oxide (or ITO) glass.
The second insulator 14 was made using a polymethyl-
methacrylate (or PMMA) resin, and had a thickness of
200 nm. The organic semiconductor 13B was made using
Sn(II) naphthalocyanine, and had a thickness of 70 nm.
Moreover, the organic semiconductor 13B further includ-
ed gold fine particles serving as an electric conductor.
Note that, in the organic semiconductor 13B, the gold
fine particles were intermingled or intermixed in the Sn(II)
naphthalocyanine in such a ratio (or the claimed "prede-
termined proportion") as the Sn(II) naphthalocyanine :
the gold fine particles = 1 to 10 by volume . The first
insulator 12 was made using an ionic liquid which includ-
ed TMPA-TFSI, and had a thickness of 100 mm. The first
electrode 11 was made using silver. The photoelectric
conversion element 10B was illuminated by a light from
the side of the second electrode 15. Accordingly, the sec-
ond electrode 15 made a cathode.
[0055] In Fig. 6, the upper half shows a temporal
change of the shed or cast light, and the lower half shows
temporal changes of the current "I" flowing in the con-
ductive wiring "W" in the same manner as Fig. 4. The
photoelectric conversion element 10B was illuminated

by the light from a time "t20" to a time "t21," from a time
"t22" to a time "t23," from a time "t24" to a time "t25," and
from a time "t26" to a time "t27," respectively. The same
cycle as applied to the cycle "Cy1" shown in Fig. 4, name-
ly, 500 nanoseconds (i.e., 2 MHz expressed in the fre-
quency) were applied to a cycle "Cy2."
[0056] At the lower half in Fig. 6, a dashed-line char-
acteristic curve "L4" shows characteristics of the photo-
electric conversion element 10B in which the fine-parti-
cle-shaped electric conductor was intermingled or inter-
mixed in the organic semiconductor 13B. For reference,
a continuous-line characteristic curve "L5" shows char-
acteristics of a photoelectric conversion element which
was free from the fine-particle-shaped electric conductor
intermingled or intermixed in the organic semiconductor
13B, namely, those of the photoelectric conversion ele-
ment 10A. That is, the characteristic curve "L5" corre-
sponds to the characteristic curve "L1."
[0057] The characteristic curves "L4" and "L5" are
identical with one another in that the current "I" flowed in
a certain direction (e.g., in the direction of the current "I"
shown in Fig. 3) within the cycle "Cy2" when the photo-
electric conversion elements were illuminated by the
light, and in that the current "I" flowed in the opposite
direction (e.g., in the opposite direction to that of the cur-
rent "I" shown in Fig. 3) when they were not illuminated
by the light. Under the circumstances, the photoelectric
conversion elements 10A and 10B completed the electric
storage and discharge of the electrons within the half
cycle of the cycle "Cy2," respectively, but the photoelec-
tric conversion element 10B exhibited the characteristic
curve "L4" which rose up faster than the characteristic
curve "L5" did. Thus, the photoelectric conversion ele-
ment 10B provided a further enhanced response speed
to the illumination and non-illumination by the light.
[0058] Comparing the characteristic curve "L4" with the
characteristic curve "L5," the photoelectric conversion el-
ement 10B was found to exhibit a current intensity that
rose faster than that of the photoelectric conversion ele-
ment 10A. The advantage was produced by the electric
conductor which was intermingled or intermixed with the
organic semiconductor 13B to decrease the electric re-
sistance of the entire circuit. As illustrated in Fig. 6, the
results were the characteristic curve "L4" exhibiting a
maximum current that was |I22| in absolute value; and
the characteristic curve "L5" exhibiting a maximum cur-
rent that was |I21| in absolute value; wherein the two
absolute values apparently satisfied an inequality, |I22|
> |I21|.
[0059] Note that Fig. 6 illustrates the characteristics of
the photoelectric conversion element 10B which was il-
luminated by the light and then was not illuminated by it
at a frequency of 2 MHz. Although Fig. 6 does not illus-
trate the following at all, the photoelectric conversion el-
ement 10B, which was illuminated by the light and then
was not illuminated by it at a frequency up to 10 GHz,
produced the same characteristics as those shown by
the characteristic curve "L4" in the drawing.
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(Other Embodiments)

[0060] Although modes for executing or implementing
the present invention have been described so far in ac-
cordance with First and Second Embodiments, the
present invention is not at all limited to the embodiments.
In other words, the present invention is executed or im-
plemented variously in other modes within a range not
departing from the gist or spirit of the present invention.
For example, the present invention is materialized satis-
factorily by each of modes described below.
[0061] In First and Second Embodiments described
above, the organic semiconductor 13 is sandwiched by
the first insulator 12 and second insulator 14 to construct
the photoelectric conversion element 10 (see Figs. 1 and
5). Instead of the embodiments, the photoelectric con-
version element 10 may also be constructed as another
structure. The other structure is constructed other than
the sandwiched structure, and is applied to a photoelec-
tric conversion element 10C as illustrated in Fig. 7, for
instance. The photoelectric conversion element 10C
comprises the first electrode 11, the first insulator 12, the
organic semiconductor 13, the second insulator 15 and
the second electrode 14, all of which are arranged on a
substrate 16. The second insulator 14 is disposed to
make contact with the second electrode 15 so as to cover
it. The organic semiconductor 13 is disposed to make
contact with the second insulator 14 so as to cover it.
The first insulator 12 is disposed to make contact with
the organic semiconductor 13 and first electrode 11 so
as to cover them. The second electrode 15 is connected
with a conductive wire "W1." The first electrode 11 is
connected with a conductive wire "W2." Since the con-
ductive wires "W1" and "W2" are disposed to an output
electric signal, it does not matter whether they penetrate
thorough the substrate 16 or not. Although the drawing
does not depict the following explicitly, the constituents,
namely, the first electrode 11, first insulator 12, organic
semiconductor 13, second insulator 14 and second elec-
trode 15, do not necessarily have a cross-sectional con-
figuration that the drawing illustrates. The constituents
can have any geometric configuration involving circular
configurations and polygonal configurations. In whatever
configuration the constituents are shaped, the first elec-
trode 11 is made to be in contact with the first insulator
12; the second insulator 14 is made to be in contact with
the second electrode 15; and the organic semiconductor
13 is made to intervene between the first insulator 12 and
the second insulator 14 to be in contact with them. There-
fore, the photoelectric conversion element 10, which is
constructed to have any structure, operates and produc-
es advantageous effects in the same manner as First
and Second Embodiments do.
[0062] Above-described First and Second Embodi-
ments comprise an ionic liquid which is applied to the
first insulator 12. The ionic liquid is made to work as a
liquid at ordinary or room temperature. Instead of the
embodiments, a gelled ionic liquid is applied satisfactorily

to the first insulator 12 in order to prevent the ionic liquid
from leaking. In addition to the ionic liquids described
above, the following may also be applied to the first in-
sulator 12: polyoxometalates, ionic conductors, and pro-
tonicconductors. A "polyoxometalate" is a molecule
whose chemical formula is expressed by [MxOy]n- (where
"M" is at least one member selected from the group con-
sisting of Mo, V, W, Ti, Al and Nb, for instance), and is a
condensed oxyacid, which is generated by condensing
an oxyacid made of an earlier-cycle transition metal el-
ement belonging to a group other than Group 3, (i.e., an
anionic metallic polynuclear oxygen complex) . The ionic
conductor is a conductor in which the displacement of
ions makes a charge. The protonic conductor is a con-
ductor in which protons (e.g., hydrogen ions) function as
the most dominant charge carrier within the crystal.
Whichever one of the aforementioned materials is ap-
plied to the first insulator 12, an electric double layer is
formed readily at the interface between a solid and a
liquid. Accordingly, positive holes and electrons, which
result from a charge, are donated and accepted securely.
Consequently, the first insulator 12 modified as described
above provides the same operations and advantageous
effects as the first insulator 12 according to First and Sec-
ond Embodiments does .
[0063] Above-described First and Second Embodi-
ments are constructed by applying the organic semicon-
ductor 13, which comprises an n-type organic semicon-
ductor or p-type organic semiconductor, to a charge sep-
arating member, which separates a charge into positive
holes and electrons (see Figs. 1 and 5). Instead of the
embodiments, another semiconductor may be applied to
construct the organic semiconductor 13. The other sem-
iconductor is formed using the following: a donor (or elec-
tron donor) or acceptor (or electron acceptor) having an
absorption band in a specific wavelength range; a
charge-transfer complex comprising a compound of a
donor and acceptor which has a charge-transfer absorp-
tion band in a specific wavelength range; or a mixture of
a donor and acceptor. That is, the other semiconductor
includes satisfactorily any one of the following: a) a donor
having an absorption band in a specific wavelength
range; b) an acceptor having an absorption band in a
specific wavelength range; c) a charge-transfer complex
comprising a compound of a donor and acceptor which
has a charge- transfer absorption band in a specific wave-
length range; and d) a mixture of a donor and acceptor
which are given in above a) through c). In short, the other
semiconductor is an arbitrary or discretionary charge
separating member or material which is capable of sep-
arating a charge into positive holes and electrons when
being illuminated by a light. The thus constructed organic
semiconductor 13, which is formed of a substance having
an absorption band in a specific wavelength range, sep-
arates a charge in compliance with the wavelength of a
light to be shed or cast. Therefore, the organic semicon-
ductor 13 modified as described above provides the
same operations and advantageous effects as the or-
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ganic semiconductors 13A and 13B according to First
and Second Embodiments do.

(Operations and Advantageous Effects)

[0064] Above-described First and Second Embodi-
ments, as well as the other embodiments, produce ad-
vantageous effects as described below, respectively.

(1) As illustrated in Figs. 1 and 5, the photoelectric
conversion element 10 (e.g., 10A or 10B) is con-
structed to comprise: the first insulator 12 having the
first capacitance "C1," and disposed to make contact
with the first electrode 11; the second insulator 14
having the second capacitance "C2," which is small-
er than the first capacitance "C1" of the first insulator
12, and disposed to make contact with the second
electrode 15; and the organic semiconductor 13 in-
terposed between the first insulator 12 and the sec-
ond insulator 14 to make contact with them. The thus
constructed photoelectric conversion element 10 en-
larges the current "I" because the first insulator 12
has a larger capacitance, namely, the first capaci-
tance "C1," so that the polarized first insulator 12
facilitates the charge separation in the intermediate
layer of the organic semiconductor 13. Moreover,
the photoelectric conversion element 10 exhibits en-
hanced response characteristics because the sec-
ond insulator 14 has a smaller capacitance, namely,
the second capacitance "C2," so that it makes the
current "I" likely to flow in the external circuit. There-
fore, the photoelectric conversion element 10 is up-
graded more in both of the current intensity and re-
sponse speed than those of the conventional pred-
ecessors. In addition, the first insulator 12, which is
interposed between the first electrode 11 and the
organic semiconductor 13, and the second insulator
14, which is interposed between the organic semi-
conductor 13 and the second electrode 15, suppress
the occurrence of dark current even if a pin hole
should have arisen during a process or step of man-
ufacturing the photoelectric conversion element 10.
(2) The first insulator 12 is constructed to include an
ionic liquid whose major components are a positive
ion and negative ion, or a solid insulator shaped by
a predetermined insulating material. Whichever one
of the ionic liquid and solid insulator the thus con-
structed first insulator 12 includes, the first insulator
12 has such a large capacitance that it polarizes to
facilitate the charge separation in the intermediate
layer of the organic semiconductor 13. Accordingly,
the first insulator 12 makes the current "I" greater.
Consequently, the first insulator 12 provides the pho-
toelectric conversion element 10 yielding a current
intensity which is upgraded securely to be better than
that of the conventional predecessors.
(3) The organic semiconductor 13B is constructed
to include a fine-particle-shaped electric conductor

intermingled or intermixed in a predetermined pro-
portion (see Fig. 5). The thus constructed organic
semiconductor 13B is decreased in the electric re-
sistance and is enhanced in the responsive charac-
teristics by the intermingled or intermixed fine-parti-
cle-shaped electric conductor. Therefore, the organ-
ic semiconductor 13B provides the photoelectric
conversion element 10 yielding a further upgraded
current intensity.
(4) The light is constructed to be at least one member
selected from the group consisting of pulsed lights,
chopped lights and modulated lights or radiations.
The photoelectric conversion element 10 construct-
ed as described above yields a strengthened current
intensity and quickened response speed to a light
whose light intensity is modulated.

Industrial Applicability

[0065] A photoelectric conversion element according
to the present invention has a function of receiving a light
to generate an electromotive force. Parts or apparatuses,
to which the present photoelectric conversion element is
applicable and which make good use of the function, are
as follows: light-current conversion elements, light sen-
sors involving photodiodes, luminosity sensors, and so
on. A light-current conversion element converts at an ul-
trafast rate a pulse of infrared beam, which propagates
through an optical fiber, into a current. A luminosity sen-
sor detects the intensity of a light.

Explanation on Reference Numerals

[0066]

10 (e.g., 10A, 10B, or 10C): Photoelectric Conver-
sion Element;
11: First Electrode;
12: First Insulator (e.g., Ionic Liquid, or Solid Insula-
tor);
13 (e.g., 13A, or 13B): Organic Semiconductor;
14: Second Insulator (e.g., Solid Insulator) ; and
15: Second Electrode

Claims

1. A photoelectric conversion element comprising:

a pair of electrodes including a first electrode
and a second electrode;
a first insulator having a first capacitance, and
disposed to make contact with the first electrode;
a second insulator having a second capaci-
tance, which is smaller than the first capacitance
of the first insulator, and disposed to make con-
tact with the second electrode; and
an organic semiconductor receiving a light to
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generate an electromotive force, and interposed
between the first insulator and the second insu-
lator to make contact therewith .

2. The photoelectric conversion element as set forth in
claim 1, wherein the first insulator includes an ionic
liquid whose major components are a positive ion
and a negative ion, or a solid insulator shaped by a
predetermined insulating material.

3. The photoelectric conversion element as set forth in
claim 1 or 2, wherein the organic semiconductor in-
cludes a fine-particle-shaped electric conductor in-
termixed in a predetermined proportion.

4. The photoelectric conversion element as set forth in
any one of claims 1 through 3, wherein the light is at
least one member selected from the group consisting
of pulsed lights, chopped lights and modulated lights.
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