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Description

Technical Field

[0001] This invention relates to a method for manufac-
turing an organic thin film transistor.

Background Art

[0002] A type of diamond in which carbon atoms are
bonded to each other through covalent bond by way of
sp3 hybrid orbital is widely known to have, due to its high
bonding energy, specific physical properties that cannot
be derived from other kinds of materials. In recent years,
it has been made possible to synthesize a film-like dia-
mond (diamond film) of high quality at low temperatures
by making use of a chemical vapor-phase deposition
method (CVD method). In this film-forming method, a
thermal filament CVD method or a microwave CVD meth-
od is generally employed.
[0003] According to these methods of forming a dia-
mond film, it is possible to form a monocrystalline dia-
mond film as a homoepitaxial film on a diamond substrate
(natural or high-pressure synthetic diamond). On the  oth-
er hand, it is also possible to form a polycrystalline dia-
mond film on a silicon, metal or quartz substrate.
[0004] Although it is certainly possible to synthesize a
monocrystalline diamond film of high quality on a dia-
mond substrate, it is required to employ, as a substrate,
natural diamond or high-temperature/high-pressure syn-
thetic diamond. In this case, the size of the substrate is
limited at most to about 10 mm x 10 mm at present.
[0005] On the other hand, a polycrystalline diamond
film can be formed on a substrate of relatively large size
using silicon. However, since the diamond film to be ob-
tained is a polycrystal, the surface of diamond film is high-
ly rough. Namely, since the grain diameter of crystal par-
ticles constituting the polycrystalline diamond film is as
large as 1-10 mm, the surface of diamond film is caused
to become prominent in roughness.
[0006] Furthermore, since it is required to heat a sub-
strate up to a high temperature of 800°C or more in the
synthesis of both a homoepitaxial film and polycrystalline
diamond film, it is considered necessary to employ a high
heat-resistant substrate such as expensive diamond, sin-
gle crystal silicon or quartz. Therefore, it is impossible to
employ a substrate which is suited for forming a diamond
film of  large area at low cost such as a glass substrate
or a polymer substrate to be used for a display for exam-
ple.
[0007] As described above, all of the conventional dia-
mond films are not suited for practical use because of
the cost of the substrate material and of the difficulties
to increase the size thereof.
[0008] Under the circumstances, it is now desired to
develop a nano-crystal diamond film which is formed of
fine crystal grains of the order of nanometers and hence
is smooth in surface, and which can be formed at low

temperatures on a substrate having a large surface area
and made of one of various kinds of materials. However,
no one has succeeded, as yet, in discovering such a film
and a method of forming such a film.
[0009] Incidentally, there is known a technique of man-
ufacturing diamond having a particle diameter ranging
from 20 to 50 nm, wherein carbon nanotubes are treated
at a high temperature of 1600°C or more under a high
pressure of 10 GPa or more to manufacture the diamond.
However the product thus prepared is not in the form of
film but merely in the form of particles (for example, JP
Patent Laid-open Publication (Kokai) No. 2002-66302).
[0010] Object of the present invention is to provide a
method for manufacturing an organic thin film transistor
comprising a step of forming a nano-crystal diamond film
which is formed of fine crystal grains of the order of na-
nometers and hence is smooth in surface, and which can
be formed on  substrates of various kinds of materials at
a temperature specifically suited for each of the sub-
strates.
[0011] US5633513 (A) discloses a diamond film field
effect transistor incorporating a p-type semiconducting
diamond layer of a specific thickness and B-doping con-
centration, which has a sufficiently large modulation of
the gate voltage dependent current flowing between the
source electrode and the drain electrode and whose tran-
sistor characteristics are not deteriorated even if adsorp-
tion of moisture occurs. Specifically, the diamond film
field effect transistor includes; an active layer formed of
a p-type semiconducting diamond wherein the concen-
tration of a p-type impurity is in the range between
1017/cm3 and 1010/cm3 and the film thickness is 0.14 mm
or less; and a gate electrode formed on the p-type sem-
iconducting diamond active layer through an insulating
layer. Further, conductive diamond layers are respec-
tively formed between the p-type semiconducting dia-
mond active layer and a source electrode, and between
the p-type semiconducting diamond active layer and a
drain electrode; and the electrically insulating diamond
layer is deposited such that it also covers part of the con-
ductive diamond layers.
[0012] Tsumura A. et al.: "Macromolecular electronic
device: Field-effect transistor with a polythiophene thin
film", APPLIED PHYSICS LETTERS, vol.49, no.18, 3
November 1986 (1986-11-03), pages 1210-1212,
XP000827904, AIP, AMERICAN INSTITUTE OF PHYS-
ICS, MELVILLE, NY [US] ISSN:0003-6951, DOI:
10.1063/1.97417 discloses a first solid-state field-effect
transistor utilizing a film of an organic macromolecule,
polythiophene, as a semiconductor. The device charac-
teristics have been optimized by controlling the doping
levels of the polymer. The device is a normally off type
and the source (drain) current can be modulated by a
factor of 102-103 by varying the gate voltage. The carrier
mobility and the transconductance have also been de-
termined to be -10-5 cm2/V s and 3 nS, respectively, by
means of electrical measurements.
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Disclosure of Invention

[0013] According to the present invention, there is pro-
posed a method for manufacturing an organic thin film
transistor according to claim 1.
[0014] Further beneficial embodiments are according
to claims 2-6.

Brief Description of Drawings

[0015]

FIG. 1 is a cross-sectional view showing a nano-
crystal diamond film;

FIG. 2A is a perspective view showing a main portion
of an electrode terminal of an electrochemical de-
vice;

FIG. 2B is a perspective view showing a pattern of
the electrode of an electrochemical device;

FIGS. 3A-3E are cross-sectional views each illus-
trating the manufacturing process of a main portion
of electrode terminal of an electrochemical device;

FIGS. 4A-4C are cross-sectional views each illus-
trating an electrochemical electrode whose surface
is coated with a nano-crystal diamond film;

FIG. 5 is a cross-sectional view showing a DNA chip;

FIG. 6 is a cross-sectional view showing an organic
electroluminescent device;

FIG. 7 is a cross-sectional view showing an organic
solar cell;

FIG. 8 is a cross-sectional view showing an organic
thin film transistor according to one application ex-
ample of the present invention;

FIG. 9 is a cross-sectional view showing a cold elec-
tron-releasing device;

FIG. 10 is a cross-sectional view showing a fuel  cell;

FIGS. 11A-11C are cross-sectional views each illus-
trating the manufacturing process of a nano-crystal
diamond film;
and

FIGS. 12A-12E are cross-sectional views each illus-
trating the manufacturing process of a cold electron-
releasing.

Best Mode for Carrying Out the Invention

[0016] The nano-crystal diamond film is formed of crys-
tal grains each having a grain diameter of the order of
nanometers. However, since each of these nano-parti-
cles is formed of diamond crystal, the nano-particles are
enabled to exhibit the same physical properties as those
of monocrystal diamond or polycrystal diamond. Namely,
the nano-crystal diamond film is capable of exhibiting
properties which are inherently peculiar to natural dia-
mond even though the crystal thereof is of nano-size.
[0017] Further, this nano-crystal diamond film can be
doped with impurity elements and hence is enabled to
control the semiconductor properties thereof depending
on the kinds and quantity of dopant. Further, this nano-
crystal diamond film can be effectively  surface-treated,
thus making it possible to modify the surface properties
thereof through the attachment thereto of various kinds
of functional groups.
[0018] The nano-crystal diamond film can be doped
with an impurity. As for the impurity, it is preferable to
employ at least one kind of material selected from the
group consisting of sulfur, boron, and oxygen.
[0019] Depending on the kind of impurity to dope, the
nano-crystal diamond film may exhibit n-type or p-type
impurity conductivity as well as semiconductor charac-
teristics and also high electric conductivity.
[0020] As for the substrate on which the nano-crystal
diamond film of the present invention is to be formed, it
is possible to employ at least one kind of substrate se-
lected from the group consisting of a silicon substrate, a
quartz substrate, a ceramic substrate, a metal substrate,
a glass substrate and a polymer substrate. Namely, the
nano-crystal diamond film can be formed, as a film having
almost the same physical properties as those of diamond,
on a practical substrate other than a diamond substrate.
For example, as for the practical substrate to be em-
ployed in a high-temperature process at a temperature
ranging from 500°C to 900°C, it is possible to employ a
silicon substrate, a quartz substrate, a  metal substrate
or a ceramic substrate. On the other hand, as for the
practical substrate to be employed in a low-temperature
process at a temperature ranging from 300°C to 500°C,
it is possible to employ a glass substrate. Further, as for
the practical substrate to be employed in a process at a
temperature ranging from 100°C to 300°C, it is possible
to employ a polymer substrate.
[0021] The nano-crystal diamond film may be formu-
lated so as to have an electron-donating group-terminat-
ed surface. By imparting an electron-donating group-ter-
minated structure to the surface of the nano-crystal dia-
mond film, it is possible to impart electric conductivity to
the surface of the film. Further, since the surface of the
nano-crystal diamond film is formed to have a low work
function, it is possible to attain practical properties such
as high electron-releasing property or electron injection
property especially when this nano-crystal diamond film
is applied to various kinds of electrode.
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[0022] Further, the nano-crystal diamond film may be
formulated so as to have an electron-attractive group-
terminated surface. By imparting an electron-attractive
group-terminated structure to the surface of the nano-
crystal diamond film, it is possible to enable the surface
of the  nano-crystal diamond film to have a high work
function. Therefore, it is possible, especially when this
nano-crystal diamond film is applied to various kinds of
electrode, to attain practical properties such as high hole
injection property.
[0023] Furthermore, when the nano-crystal diamond
film is terminated with a halogen atom such as fluorine
atom or chlorine atom, the surface of nano-crystal dia-
mond film is enabled to have a low friction coefficient,
thereby making it possible to apply the nano-crystal dia-
mond film to machine parts such as a micromachine and
also to make the surface of nano-crystal diamond film
hydrophobic or water-repellent.
[0024] A method for manufacturing a nano-crystal dia-
mond film comprises a step of forming a nano-crystal
diamond film on a substrate by means of a plasma CVD
method using a raw material gas comprising a hydrocar-
bon and hydrogen, the formation of the nano-crystal dia-
mond film being performed outside the plasma region.
[0025] In the method for manufacturing a nano-crystal
diamond film, it is possible to obtain various kinds of na-
no-crystal diamond films differing in structure such as
crystallinity, in conductivity and in semiconductor prop-
erties by controlling the ratio between the  hydrocarbon
and hydrogen in raw gas to be employed in the CVD
method. Therefore, it is possible to easily control the
physical properties of the film depending on the applica-
tions thereof.
[0026] Further, since the formation of film is performed
outside the plasma region, the temperature for forming
the film can be maintained at a lower temperature, thus
making it possible to control the crystal grain diameter.
[0027] In this method , the process of forming the film
should preferably be carried out with the temperature of
the substrate being confined within the range of 20°C to
not more than 900°C. Generally, the temperature for
forming a monocrystalline or polycrystalline diamond film
is set to not lower than 800°C. In the method however,
it is possible to greatly decrease the film-forming temper-
ature. The diameter of the crystal grains constituting the
nano-crystal diamond film can be controlled by control-
ling the temperature of substrate, thus making it possible
to control the structure and physical properties of the film
in various manners.
[0028] In this method , the nano-crystal diamond film
should preferably be formed by means of a microwave
plasma CVD method. It is possible, through the employ-
ment of microwave plasma  representing a high-density
plasma source, to effectively decompose the hydrocar-
bon constituting the raw gas, thereby making it possible
to improve the quality of film and the throughput of form-
ing the film.
[0029] In this method, the formation of a nano-crystal

diamond film should preferably be carried out with a sub-
strate being disposed on a downstream side of the reac-
tion gas flow in a CVD chamber. When a substrate is
disposed on a downstream side of the reaction gas flow,
the injection of ion to the surface of substrate can be
facilitated, thus making it possible to form a film of high
quality.
[0030] In this method, a raw gas may be mixed with at
least one kind of additive gas selected from the group
consisting of hydrogen sulfide, diborane, oxygen and car-
bon dioxide.
[0031] It is possible, through the control of the kind and
quantity of these additive gases, to obtain various kinds
of nano-crystal diamond films differing in structure such
as crystallinity, and in physical properties such as con-
ductivity, thus facilitating the control of the physical prop-
erties of the film.
[0032] According to the method, since the nano-crystal
diamond film can be formed with the temperature of the
substrate being selected from a wide range of 20°C to
900°C, it is possible to use  various kinds of substrate.
Namely, the substrate to be employed in the method may
be selected from the group consisting of a silicon sub-
strate, a quartz substrate, a ceramic substrate, a metal
substrate, a glass substrate and a polymer substrate. It
is possible to form a nano-crystal diamond film having
almost the same physical properties as those of diamond
on a practical substrate other than a diamond substrate.
For example, as for the practical substrate to be em-
ployed in a high-temperature process at a temperature
ranging from 500°C to 900°C, it is possible to employ a
silicon substrate, a quartz substrate, a metal substrate
or a ceramic substrate. On the other hand, as for the
practical substrate to be employed in a low-temperature
process at a temperature ranging from 300°C to 500°C,
it is possible to employ a glass substrate. Further, as for
the practical substrate to be employed in a process at a
temperature ranging from 100°C to 300°C, it is possible
to employ a polymer substrate.
[0033] According to the method, the surface of nano-
crystal diamond film may be subjected to a hydrogen
plasma treatment by making use microwaves or high-
frequency power after finishing the formation of the nano-
crystal diamond film by means of plasma CVD. Due to
this hydrogen plasma treatment, the  surface of a nano-
crystal diamond film can be terminated with hydrogen or
an electron-donating group, thus making it possible to
obtain a chemically very stable surface. Furthermore, it
is also possible to obtain a surface which exhibits not
only a high electric conductivity resulting from a surface
conduction phenomenon but also a negative electron af-
finity, the surface also exhibiting a low work function.
[0034] According to the method, the surface of a nano-
crystal diamond film may be subjected to a plasma treat-
ment by making use of a fluorinated or chlorinated gas
and by means of microwaves or high-frequency power
after finishing the formation of the nano-crystal diamond
film by means of plasma CVD. Due to this halogenating
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plasma treatment, the surface of a nano-crystal diamond
film can be terminated with a halogen atom or an electron-
attractive group, thus making it possible to obtain a chem-
ically very stable surface. Furthermore, it is also possible
to obtain a surface which is low in friction coefficient and
high in work function.
[0035] According to the method, it is possible to form
diamond of high quality on a practical substrate with the
temperature of the substrate being selected from a wide
range. Further, since the crystal grain is enabled to have
a diameter  of the order of nanometers, the surface of
the nano-crystal diamond film to be obtained is smooth
and flat, thus making it possible to manufacture a film
which is suited for practical applications. Additionally, it
is possible to control the impurity and the surface fea-
tures, thus making it possible to easily and highly con-
trollably impart various functional properties suited for
practical use to the surface of the nano-crystal diamond
film.
[0036] Further, it is possible, through the control of im-
purity, to obtain semiconductor properties, thus render-
ing the nano-crystal diamond film applicable to a wide
range of use as a diamond film having a high electron
mobility and a high hole mobility. For example, the nano-
crystal diamond film can be used in various fields of ap-
plications using carbonaceous materials, for example,
as a charged corpuscular-rays mask, a hard mask for
lithography, a micromachine, a covering material for tools
and magnetic heads, a cold cathode electron source, an
electrode film for a thin display device such as an elec-
troluminescent device and a liquid crystal display or an
electrode film for a solar cell, a surface acoustic wave
element, a biochip, an electrode for electrochemical re-
action, and an electrode for a secondary cell or for a fuel
cell.
[0037] Next, a nano-crystal diamond film according to
one aspect will be explained with reference to drawings.
[0038] FIG. 1 is a cross-sectional view illustrating the
nano-crystal diamond film.
[0039] As for a supporting substrate (base body) 1, it
is possible to employ a silicon substrate, a quartz sub-
strate, a ceramic substrate, a metal substrate, a glass
substrate or a polymer substrate.
[0040] The substrate shown in FIG. 1 is formed of a
planar substrate. However, the substrate may be formed
of a stereoscopic substrate such as a cylindrical sub-
strate, a spherical substrate, etc.
[0041] The nano-crystal diamond film 2 formed on the
substrate 1 includes diamond crystal grains each having
a grain diameter ranging from 1 nm to not more than 1000
nm. If the diameter of the crystal grains of the nano-crystal
diamond film is less than 1 nm, the grain boundary thereof
would become too large due to the microcrystallinity
thereof, or the amorphous component would become too
large, thus failing to derive the properties peculiar to nor-
mal diamond. Further, if the diameter of the crystal grain
of the nano-crystal diamond film is 1000 nm or more, the
roughness of the surface of the film would become prom-

inent, thus making the film unsuited for a working process
such as  patterning or for constructing a laminate struc-
ture with other kinds of materials; and therefore, such a
film cannot be used for practical applications. A prefera-
ble range for the diameter of the crystal grain would be
1 nm to 100 nm.
[0042] Incidentally, it should not be construed that the
nano-crystal diamond film is strictly limited to those which
do not include a crystal grain having a diameter of less
than 1 nm or having a diameter of 1000 nm or more.
Namely, even if a very small amount of crystal grains
having a diameter of less than 1 nm or a very small
amount of crystal grains having a diameter of 1000 nm
or more is included in the nano-crystal diamond film, it is
possible to substantially secure the effects of the present
invention. In other words, what is required in the present
invention is that not less than 80% of crystal grains in the
nano-crystal diamond film should be constituted by crys-
tal grains having a grain diameter ranging from 1 nm to
not more than 1000 nm.
[0043] Further, the nano-crystal diamond film may be
doped with at least one kind of impurity selected espe-
cially from sulfur, boron and oxygen. When the nano-
crystal diamond film is doped with these impurity, e.g.
sulfur as a donor, or boron functioning as an acceptor, it
is possible to enhance  the conductivity of the film itself
due to the conductivity of these impurity and also to derive
semiconductor properties.
[0044] The concentration of an impurity to be doped
into the nano-crystal diamond film may be suitably se-
lected such that the properties of the nano-crystal dia-
mond film would not be damaged by the impurity. For
example, the concentration thereof may be selected from
the range of 1016 to 1021/cm3.
[0045] As for the thickness of the nano-crystal diamond
film, there is not any particular limitation and hence it can
be suitably selected depending on the application there-
of.
[0046] Further, the surface of the nano-crystal dia-
mond film may be terminated with an electron-donating
group. As for the examples of the electron-donating
group, they include H and OR (wherein R is H or alkyl
group). When the surface of the nano-crystal diamond
film is formulated to have such a surface chemisorption
structure, it is possible to form a surface conductive layer
and hence to realize high conductivity and at the same
time, it is possible to obtain a nano-crystal diamond film
having a surface exhibiting a negative electron affinity
and a low work function.
[0047] As for the method of obtaining a nano-crystal
diamond film whose surface is terminated with H, it is
possible to employ a method wherein a nano-crystal  dia-
mond film is formed by means of plasma CVD method
and then the surface thereof is subjected to a hydrogen
plasma treatment. As for the method of obtaining a nano-
crystal diamond film whose surface is terminated with
OR, it is possible to employ a method wherein a nano-
crystal diamond film is formed by means of the plasma
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CVD method and then the surface thereof is treated by
means of the Williamson method.
[0048] On the other hand, the surface of the nano-crys-
tal diamond film may be terminated with an electron-at-
tractive group. As for examples of the electron-attractive
group, they include F and Cl. When the surface of the
nano-crystal diamond film is formulated to have such a
surface chemisorption structure, it is possible to obtain
a nano-crystal diamond film having a surface exhibiting
a low friction property and a high work function.
[0049] As for the method of obtaining a nano-crystal
diamond film whose surface is terminated with F or Cl, it
is possible to employ a method wherein a nano-crystal
diamond film is formed by means of plasma CVD method
and then the surface thereof is subjected to a plasma
treatment using a fluorinated gas or a chlorinated gas.
As for the fluorinated gas, it is possible to employ CF4 or
SF6. As for the chlorinated gas, it is possible to employ
Cl2 or CCl4.
[0050] In the case of the nano-crystal diamond film  ac-
cording to this embodiment which is constructed as de-
scribed above, it is possible to control the properties of
the film by controlling the crystal grain diameter or by
adding an impurity. The control of the crystal grain diam-
eter can be executed by controlling the temperature of
substrate on the occasion of forming the film. The control
of the properties of film through the addition of an impurity
can be executed by controlling the kind and dosage of
impurity.
[0051] Since the nano-crystal diamond film according
to this embodiment is high in crystailinity, the film is pro-
vided with various physical properties which are equiva-
lent to those of normal diamond. Further, since the sur-
face of nano-crystal diamond film is excellent in flatness,
the fine working as well as the formation of a laminated
device can be easily applied thereto. Therefore, the sur-
face of a nano-crystal diamond film is excellent in physical
features enabling it to be used for various kinds of appli-
cations including enhance hardness, enhanced Young’s
modulus, enhanced heat resistance, enhanced heat con-
ductivity, wide band gap, enhanced resitivity, etc.
[0052] Next, the method of manufacturing the nano-
crystal diamond film according to this embodiment ex-
plained above will be explained.
[0053] The nano-crystal diamond film according to this
embodiment can be formed by means of the CVD method
using a raw gas comprising hydrocarbon and hydrogen.
In this case, hydrogen is considered as serving not only
as a dilution gas for the hydrocarbon but also as a factor
for promoting the crystallization. Though it may depend
on the kind of hydrocarbon, the ratio between the hydro-
carbon and hydrogen may generally be within the range
of 1:99 to 50:50, more preferably 5:95 to 20:80. If the
ratio of hydrogen in the raw gas is too small, the film to
be obtained would become amorphous carbon. On the
other hand, if the ratio of hydrogen in the raw gas is too
large, the nano-crystal diamond film to be obtained may
contain a large quantity of crystal grain having a diameter

of 1000 nm or more.
[0054] Incidentally, as for the hydrocarbon, it is possi-
ble to employ methane, ethane, propane, ethylene, acet-
ylene, etc. Among them, methane is most preferable.
[0055] Further, the raw gas containing the hydrocar-
bon and hydrogen may be further added with at least one
kind of gas selected from the group consisting of hydro-
gen sulfide, diborane, oxygen and carbon dioxide.
[0056] It is possible, through control of the mixing ratio
of these additive gases, to obtain various kinds of nano-
crystal diamond films differing in structure  such as crys-
tallinity, and in physical properties such as conductivity,
thus facilitating the control of the physical properties of
the film.
[0057] The nano-crystal diamond film should prefera-
bly be formed with the temperature of the substrate being
selected from the range of 20°C to 900°C, more prefer-
ably the range of 300°C to 600°C. The diameter of the
crystal grains of the film can be controlled by suitably
selecting the temperature of the substrate.
[0058] Further, the nano-crystal diamond film can be
formed by means of a microwave plasma CVD method
using a high-density plasma source, or an ECR plasma
method. When these methods are employed, a hydro-
carbon employed as a raw material can be effectively
decomposed, thus making it possible to enhance the
quality of the film and the throughput.
[0059] Further, when the nano-crystal diamond film is
to be formed by means of the plasma CVD method, it is
necessary to make sure that the formation of the nano-
crystal diamond film takes place outside the plasma re-
gion. When the formation of the nano-crystal diamond
film takes place outside the plasma region, the temper-
ature of substrate can be maintained at lower tempera-
tures and the radicals can be effectively utilized, thus
making it possible to obtain a nano-crystal diamond film
wherein the crystal  grain diameter is confined within the
range of 1 nm to 1000 nm.
[0060] The formation of a nano-crystal diamond film
should preferably be carried out with a substrate being
disposed on a downstream side of the reaction gas flow
in a CVD chamber. When a substrate is disposed on a
downstream side of the reaction gas flow, the injection
of ions into the surface of substrate can be facilitated,
thus making it possible to form a film of high quality.
[0061] In the formation of the nano-crystal diamond film
with the temperature of substrate being set to the range
of 500°C to 900°C, it is possible to employ a silicon sub-
strate, a quartz substrate, a metal substrate or a ceramic
substrate. On the other hand, when the temperature of
substrate is set to the range of 300°C to 500°C, it is pos-
sible to employ a glass substrate. Further, when the tem-
perature of substrate is set to the range of 100°C to
300°C, it is possible to employ a polymer substrate.
[0062] In a case where a silicon substrate is employed
as a base body, it is possible to obtain a nano-crystal
diamond film which can be applied to a charged corpus-
cular-rays mask, a hard mask for lithography, a microma-
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chine, etc.
[0063] Further, in a case where a glass substrate or a
polymer substrate is employed as a base body, it is  pos-
sible to obtain a nano-crystal diamond film which can be
applied to a cold cathode electron source, an electrode
film for a thin display device such as an electrolumines-
cent device and a liquid crystal display or an electrode
film for a solar cell, etc.
[0064] Furthermore, in a case where a metal (it is not
limited to a substrate but may be a stereoscopic config-
uration) is employed as a base body, it is possible to
obtain a nano-crystal diamond film which can be applied
to an electrochemical electrode or a covering material
for tools and magnetic heads.
[0065] Next, various examples of application of the na-
no-crystal diamond film according to one embodiment
which is explained above will be explained.
[0066] The nano-crystal diamond film according to one
embodiment can be applied to an electrochemical de-
vice, an electrochemical electrode, a DNA chip, an or-
ganic electroluminescent device, an organic photoelec-
tric receiving device, an organic thin film transistor, a cold
electron-releasing device, a fuel cell, and a catalyst.
[0067] Next, application examples of these devices will
be explained one after another.

1. Electrochemical device

[0068] The nano-crystal diamond film according to one
embodiment can be employed for  measuring the com-
position and concentration of a solution. Namely, this dia-
mond film can be applied to an electrochemical device
comprising one or more pairs of electrodes (including a
detection electrode) to detect the identification and con-
centration of a substance to be measured by taking ad-
vantage of redox reaction of the surface of electrodes.
[0069] Namely, when the nano-crystal diamond film
according to one embodiment is applied to the surface
of at least one of the electrodes, it is possible to provide
an electrochemical device comprising one or more pairs
of electrodes and designed to detect and measure the
kind and concentration of a substance to be measured
by taking advantage of a redox reaction of the surface of
the electrodes.
[0070] Since the electrochemical device according to
this embodiment employs a diamond film as an electrode,
the chemical and physical stabilities thereof would be-
come incomparably strong due to the strong diamond
bond, thus exhibiting very high reliability as compared
with other kinds of electrode materials. Further, since this
electrochemical device is now provided with a wide po-
tential window and a small background current, i.e. elec-
trochemical properties peculiar to diamond, it is possible
to measure a wide range of substances and to secure a
high S/N ratio, thus making it possible to  enhance the
sensitivity thereof.
[0071] In the electrochemical device according to this
embodiment, the diamond film should preferably be

formed of a nano-crystal diamond film having a crystal
grain diameter ranging from 1 nm to less than 1000 nm.
[0072] Further, in the electrochemical device accord-
ing to this embodiment, the surface flatness (root-mean
square surface roughness) of the nano-crystal diamond
film should preferably be confined to not more than 10
nm.
[0073] Further, in the electrochemical device accord-
ing to this embodiment, the aforementioned diamond film
or the nano-crystal diamond film should preferably be
formed as a pattern of optional configuration on the same
substrate so as to constitute a plurality of very fine elec-
trodes of micro- or nano-scale.
[0074] Especially, although the crystal grain size of the
nano-crystal diamond film is of the order of nanometers,
since each of these nano-grains is constituted by dia-
mond crystal, the film is capable of exhibiting almost the
same physical properties as those of monocrystalline or
polycrystalline diamond. Namely, even though the crystal
grains are of nano-size, they are capable of exhibiting
various physical features which are peculiar to normal
diamond. Further, the nano-crystal diamond film has a
very flat surface structure. Because of this, semiconduc-
tor lithography  techniques can be applied to the nano-
crystal diamond film, thus making it possible to create a
pattern on the nano-scale and hence to manufacture an
ultra-fine electrode and to realize the enhancement of
sensitivity.
[0075] In the electrochemical device according to this
embodiment, the base body on which a nano-crystal dia-
mond film can be formed may be formed of at least one
kind of substrate selected from the group consisting of a
silicon substrate, a quartz substrate, a ceramic substrate,
a metal substrate, a glass substrate and a polymer sub-
strate. Namely, the nano-crystal diamond film of the
present invention can be formed, as a film having almost
the same physical properties as those of diamond, on a
practical substrate other than a diamond substrate. For
example, as for the practical substrate to be employed
in a high-temperature process at a temperature ranging
from 500°C to 900°C, it is possible to employ a silicon
substrate, a quartz substrate, a metal substrate or a ce-
ramic substrate. On the other hand, as for the practical
substrate to be employed in a low-temperature process
at a temperature ranging from 300°C to 500°C, it is pos-
sible to employ a glass substrate. Further, as for the prac-
tical substrate to be employed in a process at a temper-
ature ranging from 100°C to 300°C, it is possible to em-
ploy a polymer substrate.
[0076] Particularly in a case where a glass substrate
or a polymer substrate is employed, since these sub-
strates are inexpensive and represent an insulating sub-
strate, it is no longer necessary to employ the insertion
of an insulating layer which is usually required in the case
of a conductive substrate. Accordingly, it is now possible
to easily achieve element isolation in the process of re-
fining the semiconductor elements or refining the terminal
portion of semiconductor elements.

11 12 



EP 2 431 504 B1

8

5

10

15

20

25

30

35

40

45

50

55

[0077] Further, in the electrochemical device accord-
ing to this embodiment, the diamond film or the nano-
crystal diamond film can be doped with an impurity ele-
ment, thus making it possible to control the semiconduc-
tor by suitably selecting the species and quantity of the
dopant.
[0078] Further, in the electrochemical device accord-
ing to this embodiment, the diamond film or the nano-
crystal diamond film should preferably be doped with an
impurity. As for the impurity, it is preferable to employ at
least one kind of material selected from the group con-
sisting of sulfur, boron, and oxygen.
[0079] Depending on the kind of impurity to dope, the
nano-crystal diamond film may exhibit n-type or p-type
impurity conductivity, thus obtaining semiconductor char-
acteristics and also high electric conductivity.
[0080] The electrochemical device according to this
embodiment can be manufactured by a method compris-
ing a step of forming at least a diamond film or a nano-
crystal diamond film on the surface of base body.
[0081] In this method, it is preferable to employ, as a
base body, a glass substrate or a polymer substrate and
to confine the temperature of forming a diamond film or
a nano-crystal diamond film to not higher than 500°C.
[0082] As described above, the nano-crystal diamond
film, in particular, can be formed at a low temperature of
not more than 500°C, under which condition the conven-
tional diamond film has failed to be formed. Accordingly,
it is now possible to form a nano-crystal diamond film on
a glass substrate or a polymer substrate, both being low
in melting point. Namely, since the nano-crystal diamond
film can be formed on an inexpensive insulating sub-
strate, it is now possible to easily perform the element
isolation, to simplify the structure of device and to reduce
the number of steps.
[0083] Further, the electrochemical device according
to this embodiment can be manufactured by a method
comprising a step of forming, at least, a diamond film or
a nano-crystal diamond film on a base body, and a step
of transforming the diamond film or the nano-crystal dia-
mond film into a pattern by means of lithography.
[0084] As described above, since the nano-crystal dia-
mond  film in particular is designed to have a very flat
surface structure, the technique of refining work for the
semiconductor can be easily applied to the nano-crystal
diamond film. Namely, the lithography technique using s
laser, electron beam, etc. can be applied to the nano-
crystal diamond film. As a result, it is possible to realize
ultra-fine working of a semiconductor element or the ter-
minal portions thereof, thus making it possible to enhance
the sensitivity of the semiconductor element.
[0085] Since the surface of electrode of the electro-
chemical device according to this embodiment is con-
structed by making use of a diamond film which is excel-
lent in physical and chemical stabilities, it is possible to
provide an electrochemical device which is excellent in
resistance in various respects and is improved in relia-
bility and in life. Further, when the nano-crystal diamond

film is applied to the surface of the electrochemical de-
vice, the surface of the electrochemical device is enabled
to have a very flat surface structure constituted by crystal
grains of the order of nanometers in diameter, the lithog-
raphy technique for semiconductor can be applied there-
to, thus making it possible to apply ultra-fine working of
the order of submicrons thereto. As a result, it is now
possible to realize the miniaturization of a semiconductor
element as well as the refining of the  terminal portion
thereof, and hence to increase the surface area of the
sensitive portion of the element, thus making it possible
to enhance the sensitivity of the semiconductor element.
[0086] Further, since the nano-crystal diamond film as
described above can be formed at a low temperature of
not more than 500°C, it is now possible to utilize, as a
base body, an inexpensive glass substrate or polymer
substrate, thus making it possible to reduce the manu-
facturing cost. At the same time, since it is possible to
utilize the aforementioned insulating substrate on the oc-
casion of refining the terminal portion, it is no longer re-
quired to employ a step of element isolation, resulting in
the simplification of the element structure and in the de-
crease in number of steps, thus realizing a reduction in
the manufacturing cost.
[0087] FIG. 2A is a perspective view illustrating a main
portion of the electrode terminal of the electrochemical
device according to one embodiment.
[0088] As for a base body 11, it is possible to employ
a silicon substrate, a quartz substrate, a ceramic sub-
strate, a metal substrate, a glass substrate or a polymer
substrate.
[0089] The base body shown in FIG. 2A is formed of
a planar substrate. However, the base body may be
formed  of a stereoscopic substrate such as a cylindrical
substrate, a spherical substrate, etc.
[0090] The diamond film 12 formed on the substrate
11 is preferably formed of a nano-crystal diamond film
comprising diamond crystal grains each having a grain
diameter ranging from 1 nm to not more than 1000 nm.
If the diameter of crystal grain of the nano-crystal dia-
mond film is less than 1 nm, the grain boundary thereof
would become too large due to the microcrystallinity
thereof or amorphous component would become too
large, thus failing to derive the properties peculiar to nor-
mal diamond. Further, if the diameter of crystal grains of
the nano-crystal diamond film is 1000 nm or more, the
roughness of the surface of the film would become prom-
inent, thus making the film unsuited for a working process
such as patterning or for constructing a laminate structure
with other kinds of materials, and therefore, such a film
cannot be used for practical applications. A preferable
range of the diameter of the crystal grain would be 1 nm
to 100 nm.
[0091] Incidentally, it should not be construed that the
nano-crystal diamond film is strictly limited to those which
do not include at all a crystal grains having a diameter of
less than 1 nm or having a diameter of 1000 nm or more.
Namely, even if a very small amount of crystal grain hav-
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ing a diameter of less than 1 nm or a very small amount
of crystal  grains having a diameter of 1000 nm or more
is included in the nano-crystal diamond film, it is possible
to substantially secure the effects of the present inven-
tion. In other words, what is required in the present in-
vention is that not less than 80% of crystal grains in the
nano-crystal diamond film should be constituted by crys-
tal grains having a grain diameter ranging from 1 nm to
not more than 1000 nm.
[0092] Further, the nano-crystal diamond film may be
doped with at least one kind of impurity selected espe-
cially from sulfur, boron and oxygen. When the nano-
crystal diamond film is doped with these impurity, e.g.
sulfur as a donor, or boron functioning as an acceptor, it
is possible to enhance the conductivity of the film itself
due to the conductivity of these impurity and also to derive
semiconductor properties.
[0093] As for the thickness of the nano-crystal diamond
film, there is not any particular limitation and hence it can
be suitably selected depending on the application there-
of.
[0094] Since the nano-crystal diamond film is high in
crystallinity, it is provided with various physical properties
which are equivalent to those of normal diamond. Fur-
ther, since the surface of electrochemical device is ena-
bled to have a very flat, the lithography  technique for a
semiconductor can be applied thereto, thus making it
possible to easily obtain an ultra-fine structure of the or-
der of submicrons.
[0095] When the aforementioned fine working is em-
ployed, it is possible to transform the diamond film 12’
into a pattern (for example, a tandem electrode) to there-
by increase the area of the electrode of the element, thus
realizing an enhancement in sensitivity of the element
(FIG. 2B).
[0096] Next, a method of manufacturing the electro-
chemical device according to this embodiment will be
explained with reference to drawings.
[0097] FIGS. 3A-3E are cross-sectional views each il-
lustrating the manufacturing process of a main portion of
electrode terminal of an electrochemical device accord-
ing to one embodiment.
[0098] First of all, by means of a CVD method using a
raw gas comprising hydrocarbon and hydrogen, a nano-
crystal diamond film 22 is formed (FIG. 3A).
[0099] Then, after finishing the formation of a hard
mask layer 23, a resist film is coated on the nano-crystal
diamond film 22 and worked into a pattern by means of
photolithography or electron-rays lithography to form a
resist pattern 24 (FIG. 3B).
[0100] Then, by means of RIE, the resist pattern 24 is
transcribed onto the hard mask layer 23 to form a hard
mask pattern 23’ (FIG. 3C).
[0101] By making use of the hard mask pattern 23’ as
an etching mask, the nano-crystal diamond film 22 is
worked by means of RIE using oxygen gas as a main
component to obtain a pattern 22’ of the detection portion
of electrochemical device (FIG. 3D).

[0102] Finally, the hard mask pattern 23’ is peeled
away to accomplish an electrochemical device (FIG. 3E).

2. Electrochemical electrode

[0103] The nano-crystal diamond film according to one
embodiment can be employed for purifying or unhazard-
izing a liquid or gas containing impurity, environmental
contaminants by making use of an electrochemical reac-
tion. Specifically, the nano-crystal diamond film can be
applied to an electrochemical electrode which is de-
signed to decompose a substance which can be hardly
decomposed by means of electrolysis.
[0104] In recent years, diamond is noticed as being
useful as an electrode material. Since the crystal of dia-
mond is constituted by a strong covalent bond of carbon
atoms of a 4-coordinated sp3 hybrid orbital, diamond ex-
hibits incomparable physical and chemical stabilities. Es-
pecially, the chemical stability, i.e. chemical resistance
and erosion resistance are indispensable in obtaining a
high-performance and high-reliability electrode material.
[0105] If diamond is to be used as such an electrode
material, it is required to provide diamond with conduc-
tivity. Diamond is an excellent insulating body having a
band gap of 5.5 eV. However, as in the case of silicon,
it is possible to provide diamond with conductivity through
impurity conduction which can be effected by the doping
of an impurity. One example of such a conductive dia-
mond which is most generally known nowadays is boron-
doped diamond which can be manufactured so as to have
a specific resistance of not more than several Ωcm.
[0106] The electrode constituted by the nano-crystal
diamond film according to one embodiment of the present
invention has the following features.

a) When the nano-crystal diamond film is applied to
an electrode, the surface area of the electrode can
be increased. Further, since the nano-crystal dia-
mond film can be formed at low temperatures of not
higher than 500°C, it can be formed on a substrate
which can be easily worked into a specific configu-
ration or can be easily deformed such as a glass
substrate or a polymer substrate. Further, the nano-
crystal diamond film can be formed by means of a
CVD method, the nano-crystal diamond can be uni-
formly coated on an irregular surface such as a pro-
jected/recessed surface or a curved surface. Fur-
ther, since the surface of the nano-crystal diamond
film is flat and smooth, lithography can be applied
thereto, thus making it possible to perform the fine
working of electrodes and to increase the reaction
area thereof.
b) Since the nano-crystal diamond film can be uni-
formly deposited on a substrate irrespective of the
degree to which the surface of substrate is rough-
ened, the surface of a silicon substrate can be formed
to have a projected/recessed configuration (pyra-
mid-like configuration), thus making it possible to in-
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crease the surface area thereof.

[0107] FIGS. 4A to 4C show respectively a cross-sec-
tion of an electrochemical electrode having a nano-crys-
tal diamond film adhered to the surface thereof, each
representing a configuration increased in surface area.
Namely, FIG. 4A shows an electrode wherein nano-crys-
tal diamond film 32 is formed on the opposite surfaces
of a substrate 31 having a zigzag configuration. FIG. 4B
shows an electrode wherein a nano-crystal diamond film
42 was formed on the opposite surfaces of a substrate
41 having a corrugate configuration. FIG. 4C shows an
electrode wherein a nano-crystal diamond film 52 was
formed on the opposite surfaces of a substrate 51 having
a serrated configuration.
[0108] A pair of these electrochemical electrodes are
designed to be disposed to face each other. Incidentally,
in the examples shown in FIGS. 4A to 4C, the nano-
crystal diamond film is deposited on the  opposite sur-
faces of the substrate. However, the nano-crystal dia-
mond film may be deposited on only one surface of the
electrode.

3. DNA chip

[0109] The nano-crystal diamond film according to one
embodiment can be applied to a DNA chip.
[0110] The conventional DNA chip is accompanied
with problems that since the surface of diamond film is
considerably roughened, the surface thereof is required
to be polished, resulting in an increase of manufacturing
cost and in the generation of crystal defects on the sur-
face thereof, thus badly affecting the property thereof as
a carrier. Further, since the substrate useful in this case
is limited to heat-resistant silicon, the manufacturing cost
of the chip is caused to increase and it.is difficult to in-
crease the surface area of the chip.
[0111] Additionally, since the diamond component in
the conventional DLC-based DNA chip is less than 30%
at most, it is impossible to secure sufficient stability and
to prevent contaminants other than carbon from easily
adhering onto the surface of the chip, thus failing to se-
cure satisfactory properties as a carrier.
[0112] Whereas, in the case of the DNA chip according
to this application example, since a nano-crystal diamond
film which can be formed at low temperatures is  em-
ployed, it can be formed even on a glass substrate or a
polymer substrate, thus making it possible to reduce the
manufacturing cost thereof. Further, this nano-crystal
diamond film is advantageous in that it is not required to
be polished as the surface thereof is inherently smooth
and flat, that the DNA can be prevented from being de-
sorbed during hydrolysis, and that the DNA-retaining
property thereof is excellent.
[0113] FIG. 5 shows a cross-sectional view of the DNA
chip according to this embodiment. In FIG. 5, a nano-
crystal diamond film 62 is deposited on the surface of a
substrate, 61, the surface of the nano-crystal diamond

film 62 is laminated and carboxylated, and the DNA is
immobilized through the presence of amino group and
carboxyl group.

4. Organic electroluminescent device

[0114] The nano-crystal diamond film according to one
embodiment can be applied to an organic electrolumi-
nescent device.
[0115] Namely, a nano-crystal diamond film can be
used as the anode or the cathode of the organic electro-
luminescent device or as a surface layer of anode or a
surface layer of a cathode of the organic electrolumines-
cent device, and, at the same time, the surface of these
electrodes is terminated with an electron-attractive group
or an electron-donating group. By doing so, it is possible
to realize both a  low work function and high work function
ranging from 2.8 eV to 6.5 eV, thus making it possible to
realize an organic electroluminescent device exhibiting
a high luminescence efficiency.
[0116] In this case, a nano-crystal diamond film is
formed by means of a plasma CVD method using a raw
gas comprising hydrocarbon and hydrogen. The surface
of the nano-crystal diamond film thus formed is subjected
to a plasma treatment using a gas containing an electron-
attractive atom or a gas containing an electron-donating
atom, thus making it possible to control the work function
by making use of the same material, thereby obtaining a
high work function and a low work function. By making
use of a thin film electrode comprising this nano-crystal
diamond film, it is now possible to obtain an organic elec-
troluminescent device exhibiting a high luminescence ef-
ficiency.
[0117] According to all of the methods described
above, a low temperature plasma is utilized, so that they
are suited for a device of large area such as a display
device. Therefore, these methods can be said as being
effective in practical use for forming a film of large size
at low temperatures.
[0118] FIG. 6 shows a cross-sectional view of an or-
ganic electroluminescent device according to this appli-
cation example. Referring to FIG. 6, an anode 72, an
anode surface layer 73, a hole transport layer 74, an or-
ganic  luminescent layer 75, an electron transport layer
76 and a cathode 77 are successively deposited on the
surface of a substrate 71, thereby constructing the or-
ganic electroluminescent device. In this example, the an-
ode surface layer 73 is formed by making use of a nano-
crystal diamond film. Namely, a nano-crystal diamond
film is deposited on the surface of the anode 72 consisting
for example of ITO by means of a plasma CVD method
using a raw gas comprising hydrocarbon and hydrogen.
Then, the surface of the nano-crystal diamond film
formed in this manner is subjected to a plasma treatment
using a gas containing electron-attractive atoms to obtain
a high surface work function.
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5. Organic solar cell

[0119] The nano-crystal diamond film according to one
embodiment can be applied to an organic solar cell.
[0120] Namely, a nano-crystal diamond film can be
used as the anode or the cathode of the organic solar
cell or as a surface layer of anode or a surface layer of
cathode of the organic solar cell, and, at the same time,
the surface of these electrodes is terminated with an elec-
tron-attractive group or an electron-donating group. By
doing so, it is possible to realize both low work function
and high work function ranging from 2.8 eV to 6.5 eV,
thus making it possible to  realize an organic solar cell
exhibiting a high luminescence efficiency.
[0121] In this case, a nano-crystal diamond film is
formed by means of a plasma CVD method using a raw
gas comprising a hydrocarbon and hydrogen. The sur-
face of the nano-crystal diamond film thus formed is sub-
jected to a plasma treatment using a gas containing elec-
tron-attractive atoms or a gas containing electron-donat-
ing atoms, thus making it possible to control the work
function by making use of the same material, thereby
obtaining a high work function and a low work function.
By making use of a thin film electrode comprising this
nano-crystal diamond film, it is now possible to obtain an
organic solar cell exhibiting a high luminescence efficien-
cy.
[0122] According to the method described above, a low
temperature plasma is utilized, so that it can be employed
for forming a film of large size at low temperatures. There-
fore, this method can be said as being effective in prac-
tical use for the manufacture of a device of large area
such as a solar cell.
[0123] FIG. 7 shows a cross-sectional view of an or-
ganic solar cell according to this application example.
Referring to FIG. 7, an anode 82, an anode surface layer
83, a p-type organic semiconductor layer 84, an n-type
organic semiconductor layer 85 and a cathode 86 are
successively deposited on the surface of a  substrate 81,
thereby constructing the organic solar cell. In this exam-
ple, the anode surface layer 83 is formed by making use
of a nano-crystal diamond film. Namely, a nano-crystal
diamond film is deposited on the surface of the anode 82
consisting for example of ITO by means of a plasma CVD
method using a raw gas comprising a hydrocarbon and
hydrogen. Then, the surface of the nano-crystal diamond
film formed in this manner is subjected to a plasma treat-
ment using a gas containing an electron-attractive atom
to obtain a high surface work function.

6. Organic thin film transistor

[0124] The nano-crystal diamond film is applied to an
organic thin film transistor of the present invention.
[0125] Namely, a nano-crystal diamond film can be
used as the anode or the cathode of the organic thin film
transistor or as a surface layer of anode or a surface layer
of cathode of the organic thin film transistor, and, at the

same time, the surface of these electrodes is terminated
with an electron-attractive group or an electron-donating
group. By doing so, it is possible to realize both low work
function and high work function ranging from 2.8 eV to
6.5 eV, thus making it possible to realize an organic thin
film transistor exhibiting a high luminescence efficiency.
[0126] In this case, a nano-crystal diamond film is
formed by means of a plasma CVD method using a raw
gas comprising a hydrocarbon and hydrogen. The sur-
face of the nano-crystal diamond film thus formed is sub-
jected to a plasma treatment using a gas containing elec-
tron-attractive atoms or a gas containing electron-donat-
ing atoms, thus making it possible to control the work
function by making use of the same material, thereby
obtaining a high work function and a low work function.
By making use of a thin film electrode comprising this
nano-crystal diamond film, it is now possible to obtain an
organic thin film transistor exhibiting high switching char-
acteristics.
[0127] According to the method described above, a low
temperature plasma is utilized, so that it can be employed
for forming a film of large size at low temperatures. There-
fore, this method can be said as being effective in prac-
tical use for the manufacture of a device of large area
such as a display device.
[0128] FIG. 8 shows a cross-sectional view of an or-
ganic thin film transistor according to this application ex-
ample. Referring to FIG. 8, a gate electrode 92 and a
gate insulating film 93 are formed on an insulating sub-
strate 91. On this gate insulating film 93 are formed a
source electrode 94 and a drain electrode 95 so as to
face each other. On the surfaces of these source elec-
trode 94 and drain electrode 95, there are deposited a
source electrode surface layer 96 and a  drain electrode
surface layer 97, respectively. On these source electrode
surface layer 96, drain electrode surface layer 97 and
gate insulating film 93, there is deposited a p-type organic
semiconductor layer 98, thereby constructing the organic
thin film transistor.
[0129] In this example, the source electrode surface
layer 96 and the drain electrode surface layer 97 are
formed by making use of a nano-crystal diamond film.
Namely, a nano-crystal diamond film is deposited on the
surfaces of the source electrode 94 and the drain elec-
trode 95 by means of a plasma CVD method using a raw
gas comprising hydrocarbon and hydrogen. Then, the
surface of the nano-crystal diamond film formed in this
manner is subjected to a plasma treatment using a gas
containing an electron-attractive atom to obtain a high
surface work function.

7. Cold electron-releasing device

[0130] The nano-crystal diamond film according to one
embodiment can be applied to a cold electron-releasing
device.
[0131] The cold electron-releasing device (FED) is
now noticed as useful in particular as an electron source
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of a high-performance flat panel display device of the
next generation. This FED can be employed substituting
for the thermoelectronic emission device of conventional
CRT. Specifically, by making use of the  fine working
technique for semiconductor, a minute field emission
type electron-releasing device (cold electron-releasing
device) is attached to every pixel to thereby make it pos-
sible to reduce the thickness of display device while tak-
ing advantage of the same principle of cathode lumines-
cence as that of CRT which is excellent in high lumines-
cence and in high display speed.
[0132] This cold electron-releasing device is designed
such that, by way of field emission, electrons are enabled
to be released from a solid surface to a vacuum chamber,
wherein the characteristics thereof can be determined
depending on the structure of the surface of electron-
releasing material and on the work function (electronic
affinity).
[0133] On the other hand, the hydrogen-terminated
surface of diamond is provided with negative electronic
affinity. Namely, once this hydrogen-terminated surface
of diamond is left to stand in vacuum, a large quantity of
electrons are enabled to be released without necessitat-
ing the application of electric field, which is unique char-
acteristics other kinds of materials fail to have.
[0134] Therefore, although diamond (hydrogen-termi-
nated surface thereof) is useful as an electron-releasing
element material in principle, it has been considered im-
possible to date to apply it on an inexpensive glass  sub-
strate of large area, which is typically employed as a sub-
strate for a display device because of the reason that it
requires high temperatures (800°C). Further, since the
conventional diamond is large in crystal grain, it is difficult
to uniformly deposit it as a thin film on a surface of refined
structure.
[0135] In the case of the nano-crystal diamond film of
the present invention however, since it can be uniformly
deposits as a thin film on a surface of a refined structure,
it is now possible to apply diamond, which is an ideal
material, to a cold electron-releasing device.
[0136] Specifically, when the nano-crystal diamond
film is employed as a surface layer of an emitter of a cold
electron-releasing device and the resultant surface is
treated so as to be terminated with an electron-donating
group, it is possible to realize the creation of a negative
electronic affinity (low work function: 2.8 eV), thus ob-
taining a cold electron-releasing device of high efficiency
and low voltage driving. In this case, the nano-crystal
diamond film is formed by means of a plasma CVD meth-
od using a raw gas comprising a hydrocarbon and hy-
drogen, and then the surface of the nano-crystal diamond
film is subjected to a plasma treatment using a gas con-
taining electron-donating atoms, thereby making it pos-
sible to control the surface work function by making use
of the same  material and hence to realize a low work
function (negative electronic affinity). Therefore, when
this nano-crystal diamond film is used as an emitter sur-
face layer, it is possible to obtain a cold electron-releasing

device of high efficiency and low voltage driving.
[0137] According to the method described above, a low
temperature plasma is utilized, so that it can be employed
for forming a film of large size at low temperatures. There-
fore, this method can be said as being effective in prac-
tical use for the manufacture of a device of large area
such as a display device.
[0138] FIG. 9 shows a cross-sectional view of a cold
electron-releasing device according to this application
example. Referring to FIG. 9, in a manner that a hole can
be created on an insulating substrate 101, an insulating
layer 103 and a gate electrode 54 are selectively and
successively formed on the insulating substrate 101 hav-
ing an emitter wiring 102 formed thereon. A cone-shaped
emitter 106 is formed on a portion of the emitter wiring
102 which is exposed through the hole. On this emitter
106, a nano-crystal diamond film 107 is deposited, there-
by constructing the cold electron-releasing device. In this
example, a nano-crystal diamond film is deposited on the
surface of the emitter 106 made of a metal by means of
a plasma CVD method. Then, the surface of this nano-
crystal  diamond film is subjected to a hydrogen plasma
treatment to realize a high surface work function.

8. Electrode catalyst for fuel cell

[0139] The nano-crystal diamond film according to one
embodiment can be applied to an electron catalyst for a
fuel cell.
[0140] Since the nano-crystal diamond is very minute
in size and the secondary structure thereof can be con-
trolled, the nano-crystal diamond is advantageous in that
even if it is formed of a very thin film, it is possible to
secure high physical strength, that the surface area,
which is one of the most important features of the elec-
trode for a fuel cell can be greatly increased, and that
gas and liquid are enabled to permeate into the interior
of the electrode. In the case of an electrode made of
activated carbon or carbon black which has been con-
ventionally employed, these raw materials are required
to be mixed with a polymer-based binder before the mold-
ing thereof in order to retain the structure of electrode.
Therefore, even though a raw material having a large
surface area as a primary particle is employed, a fairly
large magnitude of the surface area is not effectively uti-
lized in any way, thus necessitating a large amount of a
noble metal such as Pt to be employed as a catalyst.
[0141] Further, in the case of activated carbon or car-
bon black, since they are mainly constituted by a graphite
structure, the ratio of graphite plane (so-called Basel
plane) is comparatively large for its large apparent sur-
face area thereof. Therefore, the site which is available
for the adsorption of catalytic metal in its highly dispersed
state is not necessarily large. This situation is also con-
sidered as a cause for the requirement of a large quantity
of catalyst.
[0142] Whereas, in the case of the nano-crystal dia-
mond film, since all of the atoms existing on the surface
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thereof act to maintain the sp3 structure, the surface of
the film is enabled to become an active surface, thus
permitting a catalytic metal to adsorb thereon in a highly
dispersed state.
[0143] FIG. 10 is a cross-sectional view illustrating a
single cell unit of a fuel cell.
[0144] As shown in FIG. 10, nano-crystal diamond
films 112 and 113, each carrying a catalyst, are deposited
on the surfaces of cathode 110 and anode 111, respec-
tively. Between these cathode 110 and anode 111, an
electrolyte is integrally sandwiched so as to face the na-
no-crystal diamond films 112 and 113, thereby constitut-
ing a single cell unit of fuel cell.

9. Catalyst

[0145] The nano-crystal diamond film according to one
embodiment can be applied to catalysts of various types
for effecting various kinds of reaction.
[0146] Namely, it is possible to obtain a metal-carrying
nano-crystal diamond catalyst which is constituted by a
carrier made of a nano-crystal diamond film, and by cat-
alytic metal particles carried on the carrier and having a
particle diameter of the order of nanometers.
[0147] In this catalyst according to this application ex-
ample, since the particle diameter of the crystal grain
constituting the nano-crystal diamond film to be em-
ployed as a carrier is of the order of as fine as nanome-
ters, it is possible to carry a metallic catalyst of the order
of nanometers, thus making it possible to achieve an en-
hancement of the catalytic reaction rate.

Examples

[0148] Next, specific examples of the present invention
will be explained in detail with reference to the drawings.

Reference Example 1

[0149] As shown in FIG. 11A, by making use of a mi-
crowave plasma CVD apparatus, a nano-crystal dia-
mond film 122 was formed on a monocrystalline silicon
substrate 121 having a thickness of 525 mm.
[0150] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas)
Temperature of substrate: 500°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500W
[0151] By means of the microwave plasma CVD and
under the aforementioned conditions, a nano-crystal dia-
mond film 122 having a thickness of 500 nm was formed.
Upon finishing the formation of the film, the surface of
the nano-crystal diamond film 122 was subjected to a
hydrogen plasma treatment for 5 minutes.

[0152] When the nano-crystal diamond film 122 thus
manufactured was observed by means of a transmission
electron microscope (TEM), it was possible to confirm a
crystal grain diameter of the order of nanometers. At the
same time, by means of electron energy loss spectros-
copy (EELS), the existence of sp3 (diamond bonding)
was confirmed.
[0153] Further, when the identification of an adsorbed
species on the surface of the film was performed by
means of X-rays photoelectron spectroscopy (XPS), only
carbon was detected and the non-existence of oxygen
was confirmed. Further, it was possible to confirm,
through the measurement of ultraviolet photoelectron
spectroscopy (UPS), a negative electron affinity (NEA).
When the electric conductivity of the surface of the film
was measured, a sheet resistance of several kΩ was
recognized.

Reference Example 2

[0154] As shown in FIG. 11B, by making use of a mi-
crowave plasma CVD apparatus, a nano-crystal dia-
mond film 132 was formed on a glass substrate 131 hav-
ing a thickness of 1.1 mm.
[0155] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas)
Temperature of substrate: 300°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500W
[0156] By means of the microwave plasma CVD and
under the aforementioned conditions, a nano-crystal dia-
mond film 132 having a thickness of 500 nm was formed.
Upon finishing the formation of the film, the surface of
the nano-crystal diamond film 132 was subjected to a
hydrogen plasma treatment for 5 minutes.
[0157] As a result, it was possible to obtain a nano-
crystal diamond film 132 having almost the same features
as those obtained in Reference Example 1 even in this
example.

Reference Example 3

[0158] As shown in FIG. 11C, by making use of a mi-
crowave plasma CVD apparatus, a nano-crystal dia-
mond film 142  was formed on a polymer substrate 141
having a thickness of 1 mm.
[0159] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas) Temperature of substrate: 100°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 200W
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[0160] By means of the microwave plasma CVD and
under the aforementioned conditions, a nano-crystal dia-
mond film 142 having a thickness of 300 nm was formed.
Upon finishing the formation of the film, the surface of
the nano-crystal diamond film 142 was subjected to a
hydrogen plasma treatment for 5 minutes.
[0161] As a result, it was possible to obtain a nano-
crystal diamond film 142 having almost the same features
as those obtained in Reference Example 1 even in this
example.
[0162] Next, examples related to various application
examples of the nano-crystal diamond film will be ex-
plained.

Reference Example 4

[0163] One example wherein the nano-crystal dia-
mond film was applied to an electrochemical device will
be  explained with reference to FIGS. 3A to 3E.
[0164] As shown in FIG. 3A, by making use of a micro-
wave plasma CVD apparatus, a nano-crystal diamond
film 22 was formed on a glass substrate 21 having a
thickness of 1 mm.
[0165] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas) Temperature of substrate: 400°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500W
[0166] By means of the microwave plasma CVD and
under the aforementioned conditions, a nano-crystal dia-
mond film 22 having a thickness of 1 mm was formed.
Upon finishing the formation of the film, the surface of
the nano-crystal diamond film 22 was subjected to a hy-
drogen plasma treatment for 5 minutes.
[0167] Then, as shown in FIG. 3B, by making use of a
mixed gas comprising silane, ammonia and hydrogen
and by means of a high-frequency plasma CVD appara-
tus, a silicon nitride film was formed as a hard mask layer
23.
[0168] The conditions for the high-frequency plasma
CVD were as follows.
Raw gas: silane (flow rate: 5 sccm), ammonia (flow rate:
20 sccm) and hydrogen (flow rate: 175 sccm)
Temperature of substrate: 200°C
Reaction pressure: 133 Pa (1 Torr)
RF power: 180W
[0169] By means of the high-frequency plasma CVD
and under the aforementioned conditions, a silicon nitride
film having a thickness of 0.2 mm was formed.
[0170] Then, a photo-resist (OFPR; Tokyo Ohka In-
dustries) was coated to a film thickness of 1.2 mm and
then the photo-resist was exposed to g-rays and devel-
oped to obtain a photo-resist pattern 24 (line width: 5 mm).
[0171] Then, as shown in FIG. 3C, by making use of
the photo-resist pattern 24 as a mask, a silicon nitride

film to be employed as a hard mask layer 23 was worked
by means of RIE using C2F6 and hydrogen gas to obtain
a hard mask pattern 23’.
[0172] The conditions for the RIE were as follows.
Raw gas: C2F6 (flow rate: 32 sccm) and hydrogen (flow
rate: 3 sccm)
Temperature of substrate: room temperature
Reaction pressure: 4 Pa (0.03 Torr)
RF power: 300W
[0173] Then, as shown in FIG. 3D, by making use of
the hard mask pattern 23’ consisting of silicon nitride as
a mask, a nano-crystal diamond film 22 was worked by
means of RIE using oxygen gas as a major component
to  obtain terminal portions 22’ of electrochemical device.
[0174] The conditions for the RIE were as follows.
Raw gas: O2 (flow rate: 100 sccm)
Temperature of substrate: room temperature
Reaction pressure: 4 Pa (0.03 Torr)
RF power: 300W
[0175] Finally, as shown in FIG. 3E, the terminal por-
tions 22’ were peeled away by means of etching to obtain
an electrochemical device.

Reference Example 5

[0176] One Reference Example wherein the nano-
crystal diamond film was applied to an electrochemical
electrode will be explained with reference to FIG. 4A.
[0177] As shown in FIG. 4A, by making use of a micro-
wave plasma CVD apparatus, a nano-crystal diamond
film 32 was formed on the opposite surfaces of a sub-
strate 31 having a zigzag configuration which was creat-
ed through the working of a glass substrate having a
thickness of 1 mm.
[0178] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas)
Temperature of substrate: 300°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500W
[0179] By means of the microwave plasma CVD and
under the aforementioned conditions, a nano-crystal dia-
mond film 32 having a thickness of 5 mm was formed.
Upon finishing the formation of the film, the surface of
the nano-crystal diamond film 32 was subjected to a hy-
drogen plasma treatment for 5 minutes to obtain a sensor
electrode having a configuration as shown in FIG. 4A.

Reference Example 6

[0180] One Reference Example wherein the nano-
crystal diamond film was applied to an electrochemical
electrode will be explained with reference to FIG. 4B.
[0181] As shown in FIG. 4B, by making use of a micro-
wave plasma CVD apparatus, a nano-crystal diamond
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film 42 was formed on the opposite surfaces of a sub-
strate 41 having a corrugate configuration which was cre-
ated through the working of a polymer substrate having
a thickness of 100 mm.
[0182] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas)
Temperature of substrate: 200°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500W
[0183] By means of the microwave plasma CVD and
under the aforementioned conditions, a nano-crystal dia-
mond film 42 having a thickness of 3 mm was formed.
Upon finishing the formation of the film, the surface of
the nano-crystal diamond film 42 was subjected to a hy-
drogen plasma treatment for 5 minutes to obtain a sensor
electrode having a configuration as shown in FIG. 4B.

Reference Example 7

[0184] One Reference Example wherein the nano-
crystal diamond film was applied to an electrochemical
electrode will be explained with reference to FIG. 4C.
[0185] As shown in FIG. 4C, by making use of a mi-
crowave plasma CVD apparatus, a nano-crystal dia-
mond film 52 was formed on the opposite surfaces of a
substrate 51 having a serrated configuration which was
created through the working of a silicon substrate having
a thickness of 525 mm.
[0186] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas)
Temperature of substrate: 500°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500W
[0187] By means of the microwave plasma CVD. and
under the aforementioned conditions, a nano-crystal dia-
mond film 52 having a thickness of 5 mm was formed.
Upon finishing the formation of the film, the surface of
the nano-crystal diamond film 52 was subjected to a hy-
drogen plasma treatment for 5 minutes to obtain a sensor
electrode having a configuration as shown in FIG. 4C.

Reference Example 8

[0188] One Reference Example wherein the nano-
crystal diamond film was applied to a DNA chip will be
explained with reference to FIG. 5.
[0189] By making use of a microwave plasma CVD ap-
paratus, a nano-crystal diamond film 62 was formed on
a glass substrate 61 having a thickness of 1 mm.
[0190] The conditions for the microwave plasma CVD

were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas)
Temperature of substrate: 400°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500W
[0191] By means of the microwave plasma CVD and
under the aforementioned conditions, a nano-crystal dia-
mond film  62 having a thickness of 1 mm was formed.
Upon finishing the formation of the film, the surface of
the nano-crystal diamond film 62 was subjected to a hy-
drogen plasma treatment for 5 minutes.
[0192] Then, the nano-crystal diamond film 62 was ir-
radiated with UV-rays in an atmosphere of chlorine gas
to chlorinate the hydrogenated surface of the nano-crys-
tal diamond film 62.
[0193] Thereafter, the nano-crystal diamond film 62
was irradiated with UV-rays in an atmosphere of ammo-
nia gas to aminate the surface of the nano-crystal dia-
mond film 62.
[0194] Finally, by making use of succinic acid, the sur-
face of nano-crystal diamond film was carboxylated and
then activated to immobilize DNA.

Reference Example 9

[0195] One Reference Example wherein the nano-
crystal diamond film was applied to an organic electro-
luminescent device will be explained with reference to
FIG. 6.
[0196] As shown in FIG. 6, by means of a direct current
reactive sputtering method using, as a target, an ITO
containing 5 wt% of tin and by introducing a mixed gas
consisting of 99% of argon (20 sccm) and 1% of oxygen
(0.2 sccm) into a reaction chamber, an ITO film was
formed, as an anode 72, at room temperature on a glass
substrate having a thickness of 1 mm and employed as
an insulating substrate 71. In this case, the film  thickness
of the ITO film was set to 200 nm.
[0197] Then, by making use of a microwave plasma
CVD apparatus, a nano-crystal diamond film 73 was
formed, as an anode surface layer 73, on an anode 72.
[0198] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas)
Temperature of substrate: 300°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500W
[0199] By means of the microwave plasma CVD and
under the aforementioned conditions, a nano-crystal dia-
mond film 73 having a thickness of 50 nm was formed.
[0200] Then, the nano-crystal diamond film 73 was
subjected to a high-frequency plasma treatment by mak-

27 28 



EP 2 431 504 B1

16

5

10

15

20

25

30

35

40

45

50

55

ing use of an RIE apparatus provided with plane-parallel
plate electrodes and employing CF4 gas. The conditions
for the plasma treatment in this case were set to 35 sccm
in flow rate of CF4 gas, 4 Pa (0.03 Torr) in reaction pres-
sure, 300W in high-frequency power and 3 minutes in
treatment time.
[0201] As a result, it was possible to create a fluorine-
terminated surface structure on the surface of the nano-
crystal diamond film 73 acting as an anode surface  layer.
This fluorine-terminated surface structure was analyzed
by means of X-rays photoelectron spectroscopy to con-
firm a C-F structure. Further, when the surface potential
of the fluorine-terminated surface was measured and re-
duced by making use of a Kelvin probe microscope
(KFM), it was found possible to obtain a high surface
work function of as high as 6.5 eV.
[0202] Subsequently, a hole transport layer 74, an or-
ganic luminescent layer 75 and an electron transport lay-
er 76 were continuously vacuum-deposited on the sur-
face of nano-crystal diamond film 73. Then, finally, an A1
thin film having a thickness of 200 nm was deposited, as
a cathode 77, on the resultant surface by means of the
electron beam deposition method, thus accomplishing
the manufacture of an organic electroluminescent device
as shown in FIG. 6.

Reference Example 10

[0203] One Reference Example wherein the nano-
crystal diamond film was applied to an organic solar cell
constituted by an organic photoelectric receiving device
will be explained with reference to FIG. 7.
[0204] As shown in FIG. 7, by means of a direct current
reactive sputtering method using, as a target, an ITO
containing 5 wt% of tin and by introducing a mixed gas
consisting of 99% of argon (20 sccm) and 1% of oxygen
(0.2 sccm) into a reaction chamber, an ITO film was
formed, as an anode 82, on a glass substrate having a
thickness of 1 mm and employed as an insulating sub-
strate 81. In this case, the film thickness of the ITO film
was set to 200 nm.
[0205] Then, by making use of a microwave plasma
CVD apparatus, a nano-crystal diamond film 83 was
formed, as an anode surface layer 83, on an anode 82.
[0206] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas)
Temperature of substrate: 300°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500N
[0207] By means of the microwave plasma CVD and
under the aforementioned conditions, a nano-crystal dia-
mond film 83 having a thickness of 50 nm was formed.
[0208] Then, the nano-crystal diamond film 83 was
subjected to a high-frequency plasma treatment by mak-

ing use of an RIE apparatus provided with plane-parallel
plate electrodes and employing CF4 gas. The conditions
for the plasma treatment in this case were set to 35 sccm
in flow rate of CF4 gas, 4 Pa (0.03 Torr) in reaction pres-
sure, 300W in high-frequency power and 3 minutes in
treatment time.
[0209] As a result, it was possible to create a  fluorine-
terminated surface structure on the surface of the nano-
crystal diamond film 83 acting as an anode surface layer.
This fluorine-terminated surface structure was analyzed
by means of X-rays photoelectron spectroscopy to con-
firm a C-F structure. Further, when the surface potential
of the fluorine-terminated surface was measured and re-
duced by making use of a Kelvin probe microscope
(KFM), it was found possible to obtain a high surface
work function of as high as 6.5 eV.
[0210] Subsequently, a p-type organic semiconductor
layer 84 and an n-type organic semiconductor layer 85
were continuously vacuum-deposited on the surface of
nano-crystal diamond film 83. Then, finally, an Al thin film
having a thickness of 200 nm was deposited, as a cath-
ode 87, on the resultant surface by means of electron
beam deposition method, thus accomplishing the man-
ufacture of an organic solar cell as shown in FIG. 7.

Example 11

[0211] One example wherein the nano-crystal dia-
mond film was applied to an organic thin film transistor
will be explained with reference to FIG. 8.
[0212] As shown in FIG. 8, by means of a sputtering
method, a Ta thin film having a thickness of 200 nm was
formed, as a gate electrode 92, on a glass substrate hav-
ing a thickness of 1 mm and employed as an  insulating
substrate 91.
[0213] Then, by means of photolithography, the Ta thin
film was formed into a pattern. Then, by means of rf plas-
ma CVD method using silane and dinitrogen monoxide
as a raw gas, an SiO2 film 93 was formed on the resultant
surface under the conditions of: 300°C in substrate tem-
perature, 1 Torr in reaction pressure and 180W in rf pow-
er. The film thickness of the SiO2 film 93 was set to 1 mm.
[0214] Subsequently, an Al thin film to be employed as
a source electrode 94 and a drain electrode 95 was de-
posited to a thickness of 200 nm by means of an electron
beam deposition method and then the Al thin film was
formed into a pattern by means of photolithography.
[0215] Then, by making use of a microwave plasma
CVD apparatus, nano-crystal diamond films 96 and 97
were formed to use them as a source electrode surface
layer 96 and a drain electrode surface layer 97, respec-
tively.
[0216] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas)
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Temperature of substrate: 300°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500W
[0217] By means of the microwave plasma CVD and
under the aforementioned conditions, the nano-crystal
diamond films 96 and 97 both having a thickness of 50
nm were formed.
[0218] Then, these nano-crystal diamond films were
subjected to a high-frequency plasma treatment by mak-
ing use of an RIE apparatus provided with plane-parallel
plate electrodes and employing CF4 gas. The conditions
for the plasma treatment in this case were set to 35 sccm
in flow rate of CF4 gas, 4 Pa (0.03 Torr) in reaction pres-
sure, 300W in high-frequency power and 3 minutes in
treatment time.
[0219] As a result, it was possible to create a fluorine-
terminated surface structure on the surfaces of the nano-
crystal diamond films 96 and 97 acting as a source elec-
trode surface layer and a drain electrode surface layer,
respectively. This fluorine-terminated surface structure
was analyzed by means of X-rays photoelectron spec-
troscopy to confirm a C-F structure. Further, when the
surface potential of the fluorine-terminated surface was
measured and reduced by making use of a Kelvin probe
microscope (KFM), it was found possible to obtain a high
surface work function of as high as 6.5 eV.
[0220] Subsequently, a redundant portion of the  nano-
crystal diamond films 96 and 97 was removed. Then, a
p-type organic semiconductor layer 98 having a pre-
scribed configuration was formed by means of printing,
thus accomplishing the manufacture of an organic thin
film transistor as shown in FIG. 8.

Reference Example 12

[0221] One Reference Example wherein the nano-
crystal diamond film was applied to a cold electron-re-
leasing device will be explained with reference to FIGS.
12A to 12E.
[0222] First of all, as shown in FIG. 12A, by means of
sputtering method or vacuum deposition method, an in-
sulating layer 153 and a gate electrode 154 were suc-
cessively formed on a glass substrate 151 having an
emitter wiring 152 formed in advance. Then, by making
use of a photolithography and reactive ion etching meth-
od (RIE), part of the insulating layer 153 and the gate
electrode 154 was etched away until the surface of the
emitter wiring 152 was exposed to form a circular opening
(gate hole).
[0223] Then, as shown in FIG. 12B, by means of ob-
lique deposition, a lift-off material 155 was selectively
formed only over the gate electrode 154. As for the ma-
terial for the lift-off material 155, it is possible to employ
Al, MgO, etc.
[0224] Subsequently, as shown in FIG. 12C, by means
of the ordinary anisotropic deposition method directed in
a direction perpendicular to the substrate 151, a  metallic
material for forming an emitter 156 was deposited on the

surface of the substrate 151. In this case, as the depo-
sition was continued, the pore diameter of the gate hole
was gradually caused to narrow and at the same time, a
cone-like emitter 156 was formed, in a self-aligned man-
ner, on the surface of the emitter wiring 152. The depo-
sition is continued until the gate hole is ultimately closed.
As for the material for the emitter, it is possible to employ
Mo, Ni, etc.
[0225] Then, as shown in FIG. 12D, the lift-off material
155 is etched away and the gate electrode 154 is pat-
terned as required.
[0226] Finally, by making use of a microwave plasma
CVD apparatus, a nano-crystal diamond film 157 was
formed.
[0227] The conditions for the microwave plasma CVD
were as follows.
Raw gas: methane (flow rate: 2 sccm) and hydrogen (flow
rate: 18 sccm)
Doping gas: hydrogen sulfide (0.01 to 5 vol% based on
the raw gas)
Temperature of substrate: 300°C
Reaction pressure: 667 Pa (5 Torr)
MW power: 500W
[0228] By means of the microwave plasma CVD and
under the aforementioned conditions, a nano-crystal dia-
mond film 157 having a thickness of 30 mm was formed.
Upon  finishing the formation of the film, the surface of
the nano-crystal diamond film 157 was subjected to a
hydrogen plasma treatment for 5 minutes.
[0229] As a result, it was possible to create a hydrogen-
terminated surface structure on the surface of the nano-
crystal diamond film formed on the emitter. This hydro-
gen-terminated surface structure was analyzed by
means of FT-IR method to confirm a C-H structure. Fur-
ther, when the surface potential of the hydrogen-termi-
nated surface was measured and reduced by making
use of a Kelvin probe microscope (KFM), it was found
possible to obtain a high surface work function of as high
as 2.8 eV.
[0230] Subsequently, a redundant portion of the nano-
crystal diamond film was removed, thus accomplishing
the manufacture of a cold electron-releasing device as
shown in FIG. 12E.

Reference Example 12

[0231] One Reference Example wherein the nano-
crystal diamond film was applied to an electrode catalyst
for use in a fuel cell will be explained with reference to
FIG. 10.
[0232] A nano-crystal diamond film 112 of the present
invention was formed, as a cathode 110, on the surface
of carbon paper having a thickness of 100 mm and formed
of fibers having a diameter of 10 mm. An average crystal
grain diameter of the nano-crystal diamond film 112 in
this case was limited to about 1 to 2 nm and at  most to
5 nm.
[0233] By means of a dipping method, fine platinum
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particles were allowed to carry on an electrode material
having this nano-crystal diamond precipitated on the sur-
face thereof. More specifically, an aqueous alkaline so-
lution comprising an aqueous solution of platinic chloride
(H2PtCl6) which was conditioned by the addition of sodi-
um hydrogencarbonate was gradually dropped on the
surface of the nano-crystal diamond film 112, thereby
allowing fine particles of platinum hydroxide (Pt(OH)4) to
precipitate thereon. This electrode material was then re-
duced in a hydrogen gas stream at a temperature ranging
from 100 to 700°C, thus enabling the electrode material
to be employed as the cathode 110.
[0234] Likewise, as for an anode 111, there was em-
ployed an electrode material comprising a nano-crystal
diamond film 113 formed on the surface of carbon paper
having a thickness of 100 mm and formed of fibers having
a diameter of 10 mm. By means of a dipping method, fine
particles of 30 wt% Pt-Rh alloy could be carried on the
surface of nano-crystal diamond film 113, thus obtaining
the anode 111.
[0235] An electrolyte film 114 (having a thickness of
150-200 mm, for example) formed of a fluorinated resin
having sulfonic acid (for example, Nafion 117; Du Pont
Co., Ltd.) was sandwiched between the cathode 110 and
the anode 111 both provided with the aforementioned
the nano-crystal diamond film 112 and the nano-crystal
diamond film 113, respectively. The resultant composite
body was formed into an integral body at a temperature
of 100°C and at a pressure of 100 atm, thus manufactur-
ing a fuel cell as shown in FIG. 10.
[0236] A liquid fuel consisting of a mixture comprising
methanol and water was fed to the anode 111 of a fuel
cell (for example, 10 cm2 in electrode area) thus obtained,
while dry air was fed to the cathode 110, thus enabling
the fuel cell to generate electric energy. The temperature
for the power generation was set to 60°C. As a result, it
was possible to obtain an output power of 70W/cm2.
When the temperature for the power generation was set
to 70°C, it was possible to obtain an output power of
100W/cm2.

Reference Example 13

[0237] One Reference Example wherein the nano-
crystal diamond film was applied to a catalyst will be ex-
plained.
[0238] First of all, a solution comprising a metal salt
functioning as a catalyst, and a solvent for the metal salt
was prepared. Then, the nano-crystal diamond film ob-
tained in the same manner as described above was
dipped into this solution. After dipping the nano-crystal
diamond film for a suitable period of time, the solvent was
allowed to evaporate with the nano-crystal diamond film
being kept dipped in the solution. As a  result, the catalytic
metal atoms were allowed to adhere onto the surface of
the nano-crystal diamond film at a high dispersion, thus
obtaining a precursor of a catalyst.
[0239] Then, this catalyst precursor was sintered in an

inert gas atmosphere or air atmosphere. When the sin-
tering is to be performed in an air atmosphere, the con-
ditions thereof should preferably be 400-800°C in tem-
perature and 3-5 hours in sintering time. When the sin-
tering temperature is lower than 400°C, residual impurity
such as nitric acid cannot be sufficiently removed, thus
preventing or deteriorating the development of catalytic
activity. The sintering temperature may be increased up
to about 800°C. However, when the sintering tempera-
ture exceeds 800°C, the nano-crystal diamond film may
react with the catalytic metal to create graphite consisting
of the catalytic metal and carbon, thus undesirably de-
stroying the catalytic activity thereof.
[0240] Then, this catalyst precursor was subjected to
a reduction treatment for imparting a catalytic activity to
this catalyst precursor. This reduction treatment can be
performed in a reducing gas atmosphere, e.g. in a flow
of a reducing gas such as hydrogen gas. The reducing
temperature should preferably be selected from the
range of 300 to 500°C. If the reducing temperature is
lower than 300°C, it may be impossible to  sufficiently
reduce the metal. On the other hand, if the reducing tem-
perature is higher than 800°C, part of the nano-crystal
diamond film may be permitted to react with the catalytic
metal to create graphite consisting of the catalytic metal
and carbon, thus undesirably destroying the catalytic ac-
tivity thereof.
[0241] As for the catalytic metal, it is possible to employ
nickel, cobalt, iron, ruthenium, rhodium, palladium, irid-
ium, platinum or a combination thereof.
[0242] Specifically, a nano-crystal diamond film having
crystal grains of about 8 nm was employed as a carrier,
and nickel was employed as a catalytic metal. Then, a
metal-carrying nano-crystal diamond catalyst was man-
ufactured as follows.
[0243] A prescribed quantity of a nano-crystal diamond
film was immersed in a saturated aqueous solution of
nickel nitrate and left to stand overnight. Thereafter, wa-
ter was allowed to evaporate to obtain dried catalyst pre-
cursor, which was then sintered in a nitrogen gas atmos-
phere at a temperature ranging from 400°C to 500°C,
thus removing nitric acid and residual nickel nitrate and
obtaining a metal-carrying nano-crystal diamond cata-
lyst.

Claims

1. A method for manufacturing an organic thin film tran-
sistor comprising a substrate, a gate electrode
formed on the substrate, a gate insulating film cov-
ering the gate electrode, a source electrode and a
drain electrode spaced apart from each other, and
an organic semiconductor layer covering the space
between the source electrode and the drain elec-
trode; and it comprises a step of forming a nano-
crystal diamond film on the surface of the source
electrode and/or the drain electrode by a method for
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manufacturing a nano-crystal diamond film contain-
ing at least one impurity selected from the group con-
sisting of sulfur, boron and oxygen doped with a con-
centration of 1016 to 1021/cm3, not less than 80 % of
crystal grains in the nano-crystal diamond film being
constituted by crystal grains having a grain diameter
ranging from 1 nm to not more than 1000 nm,
the method comprising forming a nano-crystal dia-
mond film on a substrate by means of a plasma CVD
method using a raw material gas comprising hydro-
carbon, hydrogen, and at least one additive gas se-
lected from the group consisting of hydrogen sulfide,
diborane, carbon dioxide and oxygen, the substrate
being placed outside a plasma region and down-
stream of the raw material gas flow from the plasma
region.

2. The method according to claim 1, wherein the form-
ing of nano-crystal diamond film is carried out by
setting the temperature of the substrate to be within
the range of 20 °C to 900 °C.

3. The method according to claims 1 or 2, wherein the
forming of a nano-crystal diamond film is carried out
by means of a microwave plasma CVD method.

4. The method according to any of claims 1 to 3, where-
in the substrate is at least one selected from the
group consisting of a silicon substrate, a quartz sub-
strate, a ceramic substrate, a metal substrate, a
glass substrate and a polymer substrate.

5. The method according to any of claims 1 to 4, which
further comprises subjecting the nano-crystal dia-
mond film formed in a previous step to a hydrogen
plasma treatment by making use of microwave or
high-frequency.

6. The method according to any of claims 1 to 5, which
further comprises subjecting the nano-crystal dia-
mond film formed in a previous step to a plasma treat-
ment by making use of microwaves or high-frequen-
cy power using fluorinated gas or chlorinated gas.

Patentansprüche

1. Verfahren zur Herstellung eines organischen Dünn-
filmtransistors, der ein Substrat, eine auf dem Sub-
strat gebildete Gate-Elektrode, einen die Gate-Elek-
trode bedeckenden Gate-Isolierfilm, voneinander
räumlich getrennt eine Quellenelektrode und eine
Drain-Elektrode, und eine den Raum zwischen der
Quellenelektrode und der Drain-Elektrode bedek-
kende organische Halbleiterschicht umfasst; und es
umfasst einen Schritt des Bildens eines Nanokristall-
diamantfilms auf der Oberfläche der Quellenelektro-
de und/oder der Drain-Elektrode durch ein Verfahren

zur Herstellung eines Nanokristalldiamantfilms, der
zumindest eine Verunreinigung enthält, die aus der
Gruppe ausgewählt ist, die aus Schwefel, Bor und
Sauerstoff besteht, die mit einer Konzentration von
1016 bis 1021/cm3 dotiert ist, wobei nicht weniger als
80% an Kristallkörnern in dem Nanokristalldiamant-
film aus Kristallkörnern mit einem Korndurchmesser,
der von 1 nm bis nicht mehr als 1000 nm reicht, auf-
gebaut sind,
das Verfahren umfasst Bilden eines Nanokristalldia-
mantfilms auf einem Substrat mittels eines Plasma-
CVD-Verfahrens unter Verwendung eines Rohma-
terialgases, das Kohlenwasserstoff, Wasserstoff
und zumindest ein Additivgas umfasst, das aus der
Gruppe ausgewählt ist, die aus Schwefelwasser-
stoff, Diboran, Kohlenstoffdioxid und Sauerstoff be-
steht, wobei das Substrat außerhalb einer Plasma-
region und stromabwärts des Rohmaterialgasflus-
ses von der Plasmaregion platziert wird.

2. Verfahren nach Anspruch 1, wobei das Bilden eines
Nanokristalldiamantfilms durch Einstellen der Tem-
peratur des Substrats innerhalb des Bereiches von
20°C bis 900°C durchgeführt wird.

3. Verfahren nach Anspruch 1 oder 2, wobei das Bilden
eines Nanokristalldiamantfilms mittels eines Mikro-
wellen-Plasma-CVD-Verfahrens durchgeführt wird.

4. Verfahren nach einem der Ansprüche 1 bis 3, wobei
das Substrat zumindest eines ist, das aus der Grup-
pe ausgewählt ist, die aus einem Siliziumsubstrat,
einem Quarzsubstrat, einem Keramiksubstrat, ei-
nem Metallsubstrat, einem Glassubstrat und einem
Polymersubstrat besteht.

5. Verfahren nach einem der Ansprüche 1 bis 4, wel-
ches ferner Unterziehen des Nanokristalldiamant-
films, der in einem vorhergehenden Schritt gebildet
wird, einer Wasserstoffplasmabehandlung unter
Verwendung von Mikrowellen oder Hochfrequenz
umfasst.

6. Verfahren nach einem der Ansprüche 1 bis 5, wel-
ches ferner Unterziehen des Nanokristalldiamant-
films, der in einem vorhergehenden Schritt gebildet
wird, einer Plasmabehandlung unter Verwendung
von Mikrowellen oder Hochfrequenzenergie unter
Verwendung von fluoriertem Gas oder chloriertem
Gas umfasst.

Revendications

1. Procédé pour fabriquer un transistor à film mince
organique comprenant un substrat, une électrode de
grille formée sur le substrat, un film d’isolation de
grille couvrant l’électrode de grille, une électrode de
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source et une électrode de drain distantes l’une de
l’autre, et une couche de semi-conducteur organique
couvrant l’espace entre l’électrode de source et
l’électrode de drain ; et il comprend une étape de
formation d’un film de diamant nanocristallin sur la
surface de l’électrode de source et/ou de l’électrode
de drain par un procédé pour fabriquer un film de
diamant nanocristallin contenant au moins une im-
pureté choisie dans le groupe consistant en le sou-
fre, le bore et l’oxygène dopant avec une concentra-
tion de 1016 à 1021/cm3, pas moins de 80 % des
grains cristallins dans le film de diamant nanocris-
tallin étant constitué par des grains cristallins ayant
un diamètre de grain allant de 1 nm à pas plus de 1
000 nm,
le procédé comprenant la formation d’un film de dia-
mant nanocristallin sur un substrat au moyen d’un
procédé CVD à plasma utilisant un gaz de matière
première comprenant un hydrocarbure, de l’hydro-
gène et au moins un gaz additif choisi dans le groupe
consistant en le sulfure d’hydrogène, le diborane, le
dioxyde de carbone et l’oxygène, le substrat étant
placé à l’extérieur d’une région de plasma et en aval
du courant de gaz de matière première à partir de la
région de plasma.

2. Procédé selon les revendications 1, où la formation
d’un film de diamant nanocristallin est réalisée en
fixant la température du substrat pour qu’elle soit
dans la plage de 20°C à 900°C.

3. Procédé selon les revendications 1 ou 2, où la for-
mation d’un film de diamant nanocristallin est réali-
sée au moyen d’un procédé CVD à plasma hyper-
fréquence.

4. Procédé selon l’une quelconque des revendications
1 à 3, où le substrat est au moins un choisi dans le
groupe consistant en un substrat de silicium, un
substrat de quartz, un substrat céramique, un subs-
trat métallique, un substrat de verre et un substrat
de polymère.

5. Procédé selon l’une quelconque des revendications
1 à 4, qui comprend en outre l’exposition du film de
diamant nanocristallin formé  dans une étape précé-
dente à un traitement par plasma d’hydrogène en
utilisant des micro-ondes ou une haute fréquence.

6. Procédé selon l’une quelconque des revendications
1 à 5 qui comprend en outre l’exposition du film de
diamant nanocristallin formé dans une étape précé-
dente à un traitement par plasma en utilisant des
micro-ondes ou une énergie haute fréquence au
moyen d’un gaz fluoré ou d’un gaz chloré.
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